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Chapter 1: Introduction and Background

1.1 THE NEED FOR CONSTRUCTED WETLANDS

Many studies have shown that urban developmenttivegaimpacts both the
hydrology and water quality of surrounding streand other natural water bodies
(Barco et al. 2008). High energy runoff causeshifiahydrographs and is the source
of many of the symptoms associated with the “UrBameam Syndrome,” which
includes channelization of streams and rivers gased nutrient loadings, and
decreased biotic diversity (Walsh et al. 2005). ilé/tihe reduction of stream
meanders limits areas of denitrification, increasettient loadings can further
increase phosphorous and nitrogen levels. Agtcallrunoff has also been cited as a
large contributor of non-point source pollutiomt@tural waterways (Kadlec and
Knight 1996). Excess nutrients from fertilizerslaanimal waste runoff promote
eutrophic aquatic ecosystems downstream. Eutrapbig in turn, can reduce
biodiversity and overall natural water health (Beneaal. 2005).

Natural treatment systems, including constructetiands, offer a more
sustainable solution to wastewater and stormwatesff treatment than current
conventional facilities such as detention pondswsastewater treatment plants
(Kadlec and Knight 1996; Campbell and Ogden 19%9)vetland is an area of land
with saturated soil, either permanently or seasgrslistaining plant species that
grow well under such conditions. These areastofated soil generally represent the
transition from land to open water in a landscapeth constructed and natural

wetlands serve crucial functions including floochtrol, erosion control, groundwater



recharge, nutrient cycling, pollutant retentiond &mod chain support (Finlayson and
Moser 1991). Wetlands can be used as buffers leatwdan areas and aquatic
ecosystems, redistributing runoff in time and spaw@ treating runoff before it
reaches natural streams. Constructed wetlandsettends that have been
specifically designed to treat a number of différtgpes of water, such as urban and
agricultural runoff, municipal, industrial, and denine drainage (USEPA 2000).
They can be classified as either surface-flow drsurface flow wetlands (Mitsch
and Gosselink 2007).

The effectiveness of a wetland is greatly influehbg its design. Current
design methods often use overly simplified indimedetermine the physical
characteristics of a proposed wetland. An inadexdesign will cause the wetland to
fail to serve its intended functions, with its letegm sustainability unmet. This
study will focus mainly on modeling surface-flownstructed wetlands that are
designed to treat municipal wastewater, urban gnidwdtural runoff, as well as to

provide habitat.

PROBLEM: Constructed wetlands could be a sustamtibhtment
solution to runoff and wastewater effluent. Cutren
generalized design criteria, however, are overly
simplified such that non-optimal designs can result

1.2 CONSTRUCTED WETLAND MODELING

While the EPA has very specific water quality badedign guidelines for
wastewater treatment wetlands, the scientific basiarban runoff water quality
wetland design, as defined by the Maryland Departraéthe Environment (MDE),

is not as well defined (USEPA 2000; Hayes et aD@MDE 2009). Conversely,



water quantity control is not greatly accountedifoEPA wastewater wetland design,
while the Army Corps of Engineers (USACE) and tharifiand Department of the
Environment (MDE) concentrate heavily on contraliwater quantity and overall
hydrology (USEPA 2000; Hayes et al. 2000; MDE 2008)number of MDE
specifications regarding the water depth requirdsand wetland spatial
organization are not visibly supported by any redear theory. Additionally, the
origin and effects of a number of literature degygidelines remain untestested and
not well-understood. Therefore, a more comprekerapproach to wetland design
is needed. Specifically, the designer or polickeraneeds more in-depth knowledge
of the effect of design decisions.

A number of wetland models have been developeddeardo better
understand and predict wetland behavior. KumarZivab (2011) identified two
primary model types in the literature, black-boxdals and process-based models.
They defined black-box models as simplistic modeds used general rate constants
to relate the influent and effluent pollutant camications of a wetland. Some
examples include first-order models, regressionetmdime-dependent retardant
models, tanks-in-series (TIS) models, Monod modwsyal networks, and statistical
methods (Kumar and Zhao 2011). The most extensusdd black-box model is the
first-order model or the k*C model (Kadlec and Kmig 996; Kumar and Zhao
2011). However, Kadlec (2000) found first-orderdals to be inadequate for
modeling wetland behavior, emphasizing the need toetter understanding of

internal wetland hydraulics. This study also fodinalt first-order, plug-flow models



only accurately described the data with which tiveye calibrated and did not
perform well with different data sets in the samege (Kadlec 2000).
Process-based models focus on modeling the physice¢sses within a
wetland in order to better understand water moveraed pollutant behavior (Kumar
and Zhao 2011). A number of process-based moedisedtransformation and
degradation processes using the Monod equatiorchvidyi itself is a black-box
model. While process-based models can provide meight to wetland processes,
more detailed data collection would also be reguicevalidate and calibrate such
models (Kumar and Zhao 2011). One study alsgestgd that more intensive
wetland monitoring could provide necessary datar¢ate better, process-based
models, allowing the modeling of multifunction watts (Ng and Eheart 2008).
Therefore, a need exists for more detailed wetlfandels with adequate data to
calibrate them. The literature, however, doesgngt any guidance on exactly what
data are needed and how much data are necessargui@tely calibrate a process-
based model. It would be of value to know the nmaigoenefit of additional
measured data. This leads to the question: Howratcan wetland designs be if
we currently lack data to properly calibrate thedele? A lack of data is certainly a
source of design uncertainty. Modeling can prowdme idea of the value of data,

especially the marginal benefit of additional data.

PROBLEM: Existing wetland models are overly simiglifto effectively model
spatio-temporal processes and the connection bettheedatabase required to
calibrate intensive process-based models anddbeuracy is not well-defined.




1.3 SUSTAINABILITY

Models that connect ecosystem sustainability anthwe performance
metrics were not found in the literature. Groffneral. (2006) stressed the need for
establishing a connection between ecosystem furgfice., water quality
improvement, flood control, etc.) and the contribgtecosystem components and
processes. Long-term wetland performance is vergimtied to the general
sustainability of the facility. If a constructecktdand ecosystem degrades below the
intended state for which it was designed, it wilt perform the intended ecosystem
functions (i.e., water quality improvement, etchherefore, if one design component
fails to function properly, that wetland ecosystemction will be impaired and also
impair the overall wetland’s ability to perform ethfunctions. For a wetland to
maintain its effectiveness the components of thiéanwd must be located and sized

using long-term sustainability criteria.

PROBLEM: Current design guidelines do not addresg-term wetland
sustainability criteria.

1.4 MODEL CALIBRATION

Model calibration is crucial to the developmentaakliable and useful model.
If multi-function constructed wetlands are goingoeffective over the long-term,
they must be designed based on sustainabilityrieritd his will require accurate
assessments of the connections between sustaipabdirics and measured long-
term effectiveness criteria. These connectionpassible only through calibrating
the model with measured data. The process aidittie model to measured data

enhances its reliability. However, the developnnhodels should not wait until



extensive data are available, as concept-basedigahyprocess models can be used to
identify the type of data needed and the valuafdr sample sizes at appropriate

time and space scales.

PROBLEM: The failure to quantitatively connect tiedationship between wetland
inputs and outputs will lead to inaccurate designs.

1.5 UNCERTAINTY AND SENSITIVITY ANALYSES

Both uncertainty and sensitivity analyses are ubogs tools in the
environmental field. Studies, however, have ngrapched uncertainty and
sensitivity from the perspective of a system’s wedi sustainability. While sensitivity
analysis is a common univariate tool for deterngrtime relevance of single input to
output values, it does not provide a measure oékpected variation of an effect. It
is congruent to knowing a mean value but not undedsng the accuracy of the
mean. Uncertainty analysis is an alternative tsi@ity analysis that produces a
measure of the range of a criterion. It could $eduto evaluate both existing design
criteria (e.qg., the percentage of the wetland devtd the macropool) and long-term
sustainability metrics. Knowing the uncertaintg@sated with model input
parameters allows the model user to judge the fagh can be placed in the

component design.

PROBLEM: Significant design inaccuracy can resudtrf uncertainties in wetland
model inputs and components. Assessing uncertearthe context of sustainability
metrics has not been reported in the literature.




1.6 SUMMARY OF PROBLEMS

Current wetland design models are inadequate be¢hag do not address

problems such as the following:

e Wetland design criteria do not necessarily refley-term sustainability.

¢ Wetland design methods are often overly simpliaad not based on
systematic assessments.

e The current design methods are insufficiently ssidated to enable the
design engineer to understand how changing indalidomponents of the
wetland of a proposed design can influence overatland effectiveness.

e Better designs of constructed wetlands can be aetiiey understanding
the uncertainty and sensitivity of outputs and congnts of the wetland.

1.7 RESEARCH GOALS AND OBJECTVES

The aim of the current study was to develop a mumsimulate wetland
design conditions to meet the objectives of anyasfastakeholders and to determine
the most sustainable wetland design that would the@#tneeds. The model allows
different types of constructed wetlands to be regméed and allows for the analysis
of unique wetland designs with differing functioongbinations. While a farmer may
be most concerned with nitrogen and phosphorusaomtildlife organizations may
place higher value on the wildlife habitat adjadenthe farm. A well-designed
wetland can address the concerns of these conflistakeholders. The proposed
model will be able to identify an optimal wetlanésign that balances the objectives

of various stakeholders.



The overall goal and objectives of this researehliated as follows:

Goal: To model and evaluate the sensitivity of the nfianctions of constructed
wetlands using sustainability metrics as the prinuaiteria.

Objectives:

1.

To formulate a long-term spatio-temporal model af@tipurpose
constructed wetland, which includes relevant preeesnd components of
different types of wetland systems.

. To define sustainability as it applies to wetlaadsd to develop metrics based

on sustainability principles that connect wetlaegign with intended wetland
functions.

To calibrate the model using both hydrologic andewguality data from an
actual wetland.

To quantify the sensitivity and uncertainty asstedawvith each design
function and contributing variable.

To evaluate the reliability of design criteria @mtly used in the design of
wetlands and assess whether or not they lead taisaisle designs.



Chapter 2: Literature Review

This section is a detailed compilation of the catr@nd relevant wetland,
sustainability, and uncertainty literature. It egby defining each type of wetland
to be incorporated in the model as well as thapeetive hydrologic and water
quality performance. Information collected on modgwetland hydrology and
chemistry is included next. Sustainability asdttpins to wetland performance is

then discussed. Finally, the uncertainty analytsigature is reviewed.

2.1 DEFINING WETLANDS AND THEIR FUNCTIONS

A wetland is an area of land with saturated sdtilezi permanently or
seasonally, sustaining plant species that grow weler such conditions (Kadlec and
Knight 1996; Trimble 2008). These areas of satutabil generally represent the
transition from land to water in a landscape. Bmihstructed and natural wetlands
serve crucial functions including flood controlpsion control, nutrient cycling,
pollutant retention, and food chain support (Fistay and Moser 1991). As a result,
wetlands can be used as buffers between urban @mdasguatic ecosystems,
redistributing and purifying runoff before it reashnatural streams. Constructed
wetlands are wetlands that have been specificaltygthed to treat a number of
different types of water, such as urban and agdticail runoff, municipal, industrial,
and acid mine drainage (USEPA 2000). Constructettavwds can be classified as
either surface-flow or sub-surface flow wetlandstfigh and Gosselink 2007). This
study will focus mainly on surface-flow wetlanddabitat wetlands are also a type of

constructed wetland created to provide wildlife itet{Kadlec and Knight 1996).
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The constructed wetlands of concern for this stugymunicipal wastewater
wetlands, urban and agricultural runoff wetlanagl habitat wetlands. The current
study will incorporate design components from thdifferent types of constructed
wetlands into one general model.

The Army Corps of Engineers (USACE) emphasizedrtiportance of
designing a wetland with the site characterisacs] its desired functions in mind
(Hayes et al. 2000). Depending on its locatiosit@amay not be able to perform a
given function. For example, a site with a veny lvater table and low permeable
soil will not provide significant groundwater recba or baseflow maintenance. The
USACE used specific design criteria to achievedidgred functions for a wetland.
Design criteria were defined as quantitative messof wetland component services,
and divided into four categories, biological, hyldgic, geotechnical, and
engineering design (Hayes et al. 2000).

Biological criteria include vegetation type andresponding water depth,
shoreline slopes, media type, and nutrient deménages et al. 2000). Because
biology can change dramatically from site to ditere are few broad guidelines for
biological criteria. The USACE used nine main tojdgic criteria for design,
including (1) hydrologic setting, (2) flooding dtin and timing, (3) flooding depth,
(4) flow velocities, (5) flow resistance, (6) hydta retention time (HRT), (7)
storage capacity, (8) surface area, and (9) witahf@Hayes et al. 2000). Seven
specific geotechnical criteria were also taken attoount, (1) geological setting, (2)

geomorphic setting, (3) wetland form and size s@l) composition and texture, (5)
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hydrogeologic processes, (6) geomorphic proceasels(7) geomorphic trends
(Hayes et al. 2000).

The USACE also divided wetland functions into thcagegories, (1)
hydrology, (2) water quality, and (3) life suppo&ome functions may be compatible
while others are conflicting (Hayes et al. 2000able 2-1 further defines wetland
functions and their interactions. Hydrologic ftinos include groundwater recharge,
groundwater discharge (movement of water from gaexater to surface water),
flood flow alteration (temporary storage, volumel dlow reduction), and shoreline
stabilization. Sediment/Toxicant retention andrieat removal/transformation are
the main wetland water quality functions. Becawsfands are ecosystems they also
provide life support to a number of organisms. Titeen life support functions are
production export (vegetation and organic matéeiaving the wetland), aquatic
diversity and abundance, and wildlife (birds, martsnamphibians, reptiles)

diversity and abundance (Hayes et al. 2000).

2.2 CURRENT WETLAND DESIGN GUIDELINES

The following section outlines the design procedwed criteria for
stormwater management constructed wetlands aseddby the Maryland
Department of the Environment (MDE), for municipalstewater treatment
constructed wetlands as defined by the United S@&twironmental Protection
Agency (USEPA), agricultural wastewater treatmeetiands as specified by the
National Resources Conservation Service (NRCS)waldllife habitat constructed

wetland as designed by the NRCS
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Table 2-1General wetland functions and their interactiongefined by the U.S. Army Corps of Engineers (UEAC

where * indicates two functions are compatiblendi¢cates no known interaction, and X suggests bgtie conflict
(Hayes et al. 2000).

Interaction with

Hydrologic Water Quality Life Support
Function - - - - - —
Groundwater | Groundwater | Flood flow | Shoreline Sediment/ | Nutrient Production | Aquatic Wildlife
Recharge Discharge Alteration | Stabilization | Toxicant | Removal/ Export Diversity/ Diversity/
Retention | Transformation Abundance | Abundance
Groundwater
Recharge 0 * 0 X * 0 0 0
Groundwater
Discharge 0 X X X 0 * * *
Flood flow . . . . .
Alteration X 0 0
Shoreline . . .
Stabilization 0 X 0 X X
Sediment/Toxicant . . .
Retention 0 0 0 X X
Nutrient Removal/
Transformation * 0 * * * X 0 0
Production Export
X * 0 0 0 0 * 0
Aquatic Diversity/
Abundance X * * 0 0 0 0 *
Wildlife Diversity/ . N N
Abundance X 0 0 0 0
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2.2.1 MDE Stormwater Treatment Wetlands

Urban stormwater is generally high in metals contlere to vehicle emissions
and tire and brake wear; as well as high in orgaoident due to leaves, wood litter,
and road materials. Urban stormwater can alscagohigh nutrient loads due to
fertilizer use as well as seasonal senescence ¢&aatid Knight 1996). Urban runoff
also requires volume and peak flow reduction duaitamal infiltration in
impervious surfaces. These wetlands are ofteridrby available space in urban
areas (Kadlec and Knight 1996).

As specified by the Maryland Department of the Emwvinent (MDE),
stormwater constructed wetlands are designed tbdmugh runoff to prevent
flooding downstream, to promote settling of TSSJ emreduce peak flows. Nutrient
control is not well defined by the MDE. Typicalmponents of a stormwater
wetland are an inlet, a forebay, high (< 6-in. walkepth) and low (6-18-in. water
depth) marsh areas, a wet pond, an emergency apjlevmicropool, an outlet, and a
wetland buffer that extends 25-ft from the maximwater level, and an additional
15-ft from any buildings or structures. The wetlaurface area should be 1 to 2% of
the drainage area and water depths should be etbeacordingly, a minimum of
35% of surface area must be less than or equainoahd at least 65% of it must be
less than or equal to 18 in. to promote sustainabltand vegetation (MDE 2009).
Therefore at least 30% of the surface area shaultekignated to depths between 6
in. and 18 in. In general, the wetland walls sddwdve a slope of 3:1 or flatter for
erosion control purposes. Additionally, the ovienadtland length-to-width ratio

must be at least 1.5:1 to avoid short-circuiting@2009).
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MDE also specifies a number of design parameteartsatte applicable to all
stormwater best management practices. These desigmeters are given in

designated volumes, water quality volunvéQ, ), recharge volume (R$ channel

protection storage volume (¢ overbank flood protection volume (Qp), and

extreme flood volume (Qf). The water quality voleilVQ, (ac-ft)is the storage

required to capture and treat runoff from 90% ef @awerage annual rainfall (42-in.
for Maryland) and is defined by the following eqoat(MDE 2009):

_P-R,-DA

13 (2-1)

wQ,

where P is the precipitation depth, which is set tn. in the Eastern Rainfall Zone,

R, is the volumetric runoff coefficient, andA is the drainage area (acred}, was

defined as (MDE 2009):

R, = 005+ 0.009. | (2-2)
where| represents the percent of imperviousness (%) adith@age area. Two
methods were used to estimate the required amduvdter to be infiltrated from a
given design site. Water can be infiltrated viacural or non-structural methods.
Structural methods use the wetland and/or othegded BMP facilities such as
infiltration trenches to infiltrate water from tldeainage area. Non-structural
methods infiltrate water within the drainage argaduting water from impervious
surfaces to grass channels, filter strips, streaffefs, etc. before it reaches the
constructed wetland. If water is infiltrated wittthe wetland, a percent volume
method is used to calculated the volume of watatr ust infiltrate down to

groundwater within the wetland (MDE 2009):
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_S-R,-DA
12

(2-3)
whereSis the soil specific recharge factor (values tiste Table 2-2), andRe, is the
required recharge volume (ac-ft). Fe, is to be treated non-structurally, the percent
area method is used (MDE 2009):

Re, =S A (2-4)

where A is the impervious area cover (acres), and indageRe, is equal to the area

(acres) of non-structural treatment that must lo&iged for infiltration of water from

the impervious surfaces within the drainage area.

Table 2-2NRCS soil groups and their corresponding soil ggeecharge factors
(MDE 2009). Recharge factors are dimensionlesgifnas.

. Soil Specific Recharge
Soil Group Factor (S)
A 0.38
B 0.26
C 0.13
D 0.07

The Cp,, Q,, andQ, volumes are chosen based on desired storm size
control. TheCp, is typically equivalent to the volume producedthg drainage area
during a 1-yr, 24-hr storm. The corresponding wigd@ time for theCp, volume is

determined based on the water use designationvaistceam waters (given in Table
2-3). Wetlands that drain into waters with troedquire a 12-hr detention time in

order to maintain acceptable water temperaturesgM009). Conversely, wetlands
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serving general water uses such as waters desipftateecreational use or nontidal

warmwater aquatic life could drain tl@&p, volume over a 24-hr period.

Table 2-3Different categories of water use and their cqroesling maximum
allowable extended detention times.

Maximum Allowable of Extended
Water Use )
Detention (hrs)
Use | (general) 24
Use Il (tidal) N/A (if direct discharge)
Use Il (reproducing trout) 12
Use IV (recreational trout) 12

Both theQ, andQ; volume controls may vary depending on the
requirements of the local authorities. Howevee, @ often represents the volume

required to reduce the peak discharge rate forg 124-hr storm from the drainage

area to pre-development values. T@g generally controls up to a 100-yr, 24hr

flood if construction is allowed in the 100-yr fidplain and downstream conveyance
is not adequate at such flows (MDE 2009). The MIBEs TR-55 to determine all

relevant post- and pre-development flows assochattiithe calculation oCp,, Q,,

and Q, and their corresponding weir and orifice confidimas.

MDE also requires specific design criteria for agrtwetland components.
The inlet to the wetland must be 6 in. below theree collection site, and it should
not be submerged at normal pool levels. All stoatewwetlands are also required to
have a forebay and a micropool, which are setphogis at the inlet and before the
outlet of the wetland. The forebay should be asi& ft deep and should be sized at

0.1-in./acre of drainage area. The micropool sthéwel about 3 to 6 ft deep, account
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for about 5% of the wetland surface area, and begded to drain within 24 hours of
a storm event. If extended detention is includethe design, it should account for
50% of the wetland surface area and should havaterwdepth no higher than 3-ft

above the normal pool (MDE 2009).

2.2.2 USEPA Municipal Wastewater Treatment Wetlands

Municipal wastewater treatment wetlands are desigo@educe pollutant
levels according to wastewater effluent regulati@dSEPA 2000). These wetlands
are used to treat primary-treated municipal wasteneffluent, which generally has
higher pollutant loads than stormwater. As a itesié goals of a wastewater
treatment wetland are to remove harmful bacterthvaruses, reduce nutrient loads,
reduce BOD and TSS, and to remove any other palisif@SEPA 2000).
Downstream hydrology is not a main design factottiese wetlands.

According to USEPA, a treatment wetland consistthiife consecutive zones
(see Figure 2-1). The first and third zones aeafidal, both with a depth of 2 to 3ft
and heavily vegetated with emergent vegetatiorallg, these zones are anaerobic,
i.e., have very low oxygen levels. Zone 2 has temndepth of 4 to 5 ft with
submerged and floating vegetation, which promaaenration and aerobic conditions.
Soil in all zones is generally anaerobic. Zonednmtes ammonification,
flocculation, sedimentation, and minimal BOD redmat while zone 2 allows for
further BOD removal. Nitrification, and sedimemntatand denitrification are the
primary functions of zone 3 (USEPA 2000). If flaisdaminar, settling will be
optimized. Dense vegetation and controlled inftifeaw can help reduce velocities,

allowing for laminar flow (USEPA 2000). These zerage not physically separated
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by berms or other structures. Therefore, in ngdlite treatment process is not strictly
sequential. USEPA (2000) suggested that separttesg zones into individual cells
with outlet controls could also promote greaterlared performance and performance
control.

In general, average () and maximum (Qay primary effluent discharge
rates are used to design treatment wetlands. dfaulation purposes Qxis assumed
to be 2Q.g (USEPA 2000). Both flowrates are dependent oVWNETP service area
water usage (USEPA 2000). While flows will flucteidbased on peak hours,
seasonal variation, and extreme events (e.qg.) fitles flow entering wastewater
treatment wetlands is generally relatively constant

USEPA (2000) also cited a number of treatment wetldesign specifications
to promote sufficient pollutant reduction. Botimeol and zone 3 should have an
average retention time of 2-days for optimal sgftiind to ensure significant
denitrification (USEPA 2000). Zone-2 should havetntion time of 2 to 3 days to
ensure sufficient time for BOD removal and nitrdion, but not enough time for
algal blooms to occur, which could add TSS to tla¢ewand eventually cause
significant dissolved oxygen (DO) reduction in #exobic zone-2 (USEPA 2000).
An overall length-to-width ratio is not requirecRatios of installed wastewater
wetlands range from 1:1 up to 90:1 with a suggesf#onum range of 3:1 to 5:1
(USEPA 2000). Larger length-to-width ratios weot found to significantly
improve performance or more closely mimic plug floehavior, which promotes the

most efficient water quality performance, versusiben ratios (USEPA 2000).
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Figure 2-1 Cross-section of an example municipal wastewagatinent wetland with
sequential zones 1, 2, and 3. Zones 1 and 3 al®wstwith emergent vegetation
while zone 2 is deeper with submerged vegetatid@@HRA 2000).

In addition to the three-zone wetland system, &t Bettling zone was also
incorporated into designs for which influent watexrs expected to have high TSS
concentrations. This inlet area was specifiedatieera hydraulic retention time of 1
day at Qugand a depth of 3 ft. It should span the widtithefinlet cell (zone 1) of
the wetland. An inlet settling zone was discoudafge influent waters with lower
levels of settleable solids and high algae (suabxatation lagoons) and or dissolved
solids concentrations that required flocculatiod ather processes for removal,
however, quantitative limits were not given (USEPG00).

In order to reduce influent flowrates to treatmestlands, USEPA (2000)
also suggested that wetlands be divided into at k®a parallel trains, each
containing a minimum of three cells (zones 1, 2| an This configuration allows
for better system hydraulics as well as re-routiiggater when maintenance is
required in one zone. Additional cells (or zonem) be added in series so long as

every open water zone (defined as zone 2 in thie basfiguration) is followed by a
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shallow zone (zones 1 and 3 in basic configuratfofgEPA 2000). Data were not

given to compare wetland performance of wetlandk different cell configurations.

2.2.2.1 Municipal Wastewater Treatment Wetland Design Procedure

USEPA (2000) used an example to outline the USE®&3Agth procedure for a
municipal wastewater treatment wetland. This eXartngatment wetland was
designed as secondary treatment in a municipalewaser treatment plant.
Therefore, this wetland design was required to r&EPA water quality standards
for secondary effluent, of which selected constitaere shown in Table 2-4
(USEPA 2000). Based on these effluent requiremémscorresponding maximum
areal loading rates for BOD, TSS, and TKN (see @&b#l) could be estimated for a
given wetland design (USEPA 2000). Additionallypital water quality

concentrations of primary-treated water are shawhable 2-5.

Table 2-4 Secondary effluent required concentrations for BOSS, and TKN and
corresponding treatment wetland areal loading fateseatment wetlands composed
of both fully vegetated and open-space areas asediethy the USEPA (2000).

. Secondgry Effluent Wetland Areal Loading
Constituent Requirements Rate (kg/ha-d)
(mg/L)
BOD 30 60
TSS 30 50
TKN (NH3-N+0Org-N) 10 Not adequate data

Table 2-5Estimated effluent water quality characteristicpoimary treatment and
facultative lagoons (USEPA 2000).
Typical Primary Effluent Typical Facultative

Constituent (mg/L) Lagoon Effluent (mg/L)
BOD 40-200 11-35

TSS 55-230 20-80

TN 20-85 8-22

NHs-N 15-40 0.6-16

NOs-N 0 0.1-0.8
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An areal loading size method, which relates infiemeal loading rates with
effluent concentrations of target constituents.(8@®D, TSS, TKN, etc.), is used by
the EPA to size treatment wetlands (USEPA 2000hil&\the areal loading method
is common due to its simplicity, it often does napture the complexity of processes
and transformations that occur within a wetlanddliéa and Knight 1996; USEPA

2000). The areal loading rate,() was defined accordingly (USEPA 2000):

Fa = 0001 2 ¢ (2-5)
Ay

whereQ represents the influent flowrate i) to the wetlandC is the influent

concentration of the constituent of conce#dy, is the wetland area (ha), ang is the

areal loading rate (kg/ha-d) for constitu€ht The term 0.001 serves as a conversion
factor.

The hydraulic retention time (;) was also an important factor in EPA
treatment wetland design. The hydraulic retentimes of zones 1 and 3 should 2
days, with longet,; values allowing time for harmful algal blooms (Seble 2-6).

Zone 3 should have ta;of at least 2 days. The following equation wasiuse

determine the overall wetlartgd, (USEPA 2000):
h -
t,, =10,000- % (2-6)

wheret,; is the wetland hydraulic retention time (days)represents the mean
wetland depth (m)¢ is a measure of vegetation density and the reguttorosity of
the flow path through the wetland (dimensionleasy] 10,000 is a conversion factor
from ha to M. From Table 2-6, for example, zone 2 has af 1 because the

21



submerged vegetation does not cause flow constnictHowever, zones 1 and 3 have
a ¢ of 0.75 due to the tenuous flowpath created bye@&mergent vegetation.
Equation 2-6 can also be applied to individual Zon€he depths, hydraulic retention
times, porosity, and vegetation type specified IBEBA (2000) for each zone are

summarized in Table 2-6.

Table 2-6Different zones within a wastewater treatment aretland their
corresponding design parameters (USEPA 2000).

Zone Hydraulic Retention | Water depth Porosity & Vegetation
Time at Qmax (days) (ft) Type
1 2 2-3 0.75 Emergent
2 >2 4-5 1 Submerged
3 2 2-3 0.75 Emergent

2.2.3 NRCS Agricultural W astewater Treatment Wetland

Agricultural wastewater is generally comprised wihaal waste from
agricultural areas. Throughout the literature |arets were found to be used for the
treatment of wastewater from dairy, swine, andldmcfarms (USEPA 1995; Cronk
1996; NRCS 2002). As a result of these wastevaerces, wetland influents have
very high organic contents. Farmers often wamptréserve a fraction of the nutrients
within the wastewater for later irrigation of cro@¢RCS 2002). The amount of
nutrients needed for irrigation depends on thd twiganic content of the animal
wastewater as well as the area of cropland reqyiriigation.

Constructed wetlands can be used to reduce wastepa@tutant and organic
contents to acceptable levels for cropland irrmati Therefore, constructed wetlands
can be implemented as a natural method for reayelgricultural wastewater for use

as irrigation water. Due to the high nutrient @mttof agricultural wastewater, it is
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crucial to use wetland plants that are tolerantigh nutrient levels (Cronk 1996).
For example, Cronk (1996) cited that both giantumh and softstem bulrush were
observed to survive in water with Nidoncentrations greater than 200 mg/L.

In addition to constructed wetlands, pretreatmegeinerally required to
reduce pollutant and organic levels below toxielevor wetland vegetation.
Pretreatment facilities can include a combinatiba oumber primary treatment
facilities including settling ponds, waste treatml@goons, flotation tanks, and

mechanical separators (USEPA 1995; Cronk 1996; NRIIR).

2.2.3.1 Agricultural Wastewater Treatment Wetland Design Procedure

In order to design an agricultural wastewater trest wetland, the
wastewater as well as the nutrient requirementth®receiving cropland must be
characterized. The NRCS Environmental Engineeriagdhook (2002) suggested
sizing wetlands based on either a 5-day biochenoixyglen demand (BOD) or the
total nitrogen (TN) required effluent loads. BesaU' N area requirements are most
often greater, the NRCS wetland sizing method veaeth on TN effluent loads rather
than BOD loads.

Most agricultural wastewater treatment wetlandstrbeszero-discharge
facilities, meaning that wetland effluent cannaieemeceiving natural streams. As a
result, a number of designs require wastewateagéofacility at the outlet of the
wetland in order to store wetland effluent durimnrgrowing seasons. These storage
periods were also incorporated into the NRCS wdtldasign method as discussed in

more depth later in this section (NRCS 2002).
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The NRCS outlined two design procedures for contgdiwetlands, (1) the
presumptive method and (2) the field test methblde presumptive method is
intended for the design of a wetland for an agtigal site that has either not been
constructed or from which data have not been catecConversely, the field test
method requires characteristic waste quality arahtity data of pre-treatment
effluent water. Both methods require the knowledfyeutrient requirements of
receiving cropland. Because it uses more datafgpeceach design site, the field
test method was cited as being more accurate divihenethods (NRCS 2002). Both

methods are discussed here.

2.2.3.2 Presumptive Design Method

The NRCS presumptive method for constructed wettlesign procedure is
outlined below:

1. Estimate the average dailN, (Ib-TN/d) and annual' N, (Ib-TN/d) pre-

treatment effluent total TN loads. These loadshmaestimated based on the
proposed type and magnitude of agricultural agtifetg., a dairy farm with
500 cows), and the type of pretreatment used.

2. Determine cropland area (acres) required to utpizetreatment effluent total
TN loads (NRCS 2002):

TN
A _ a 2-7
( CropTN Requirment g (27)

Fractionof TN afterlosse

where A, represents the required cropland area (ac) taeutihe annual pre-

treatment TN load’N, (Ib-TN/yr). The crop TN requirement (Ib-N/yr) tise
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total annual TN demand of the crops planted orr¢heiving cropland, and
the fraction of TN after losses represents all Tilable to the crop after
losses due to irrigation and storage. If the tesyrequired area is greater
than the existing cropland area, a constructedawetis required to further
reduce TN loads before the wastewater can be wsexdpland irrigation.
Otherwise, a wetland is not required (NRCS 2002).

. Estimate the daily totaN, (Ib-TN/d) required for the available cropland

(NRCS 2002):

_ Availablecropland< CropTN requiremen
365d/yrx (fractionof TN afterlosse$

(2-8)

where the available cropland represents the ard@atceiving cropland
(ac).

. Estimate the average daily constructed wetlandiemfl volumeQ, (gal/d).
This estimate can be made based on the faciligy siater requirements, as
well as geographical parameters such as evaporfationthe pre-treatment
area, rainfall depths, etc (NRCS 2002).

. Calculate the average daily total TN effluent cortcagion C, (mg/L)
required from the wetland in order to provide suént TN to the receiving

cropland (NRCS 2002):

C, = ﬁx( 1gal j( mg j (2-9)
Q. (379 | 22E-6ib

. Calculate areal loading raltéR (Ib/ac/d) into the constructed wetlands (NRCS

2002):
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LR = 0.609C, — 7.0 (2-10)

7. Calculate the resulting wetland surface area (dBQS 2002):

SurfaceArea= TLNF: (2-11)

Once the surface area is calculated, the wetlargthleand width can be determined
based on available land and topography. Idedlly\aratio of 3:1 to 4:1 is desired

(NRCS 2002).

2.2.3.3Field Test Design Method

If pre-treatment water quality samples were avéglaitne field test method of
design can be used in place of the presumptiveadetithe field test method
estimates TN wetland reduction assuming that théane acts as a plug flow reactor.
A number of the steps in this method are the satbase defined for the
presumptive method.

1. Estimate the average dai@, (ft3/d) and annua@), (ft3lyr) pre-treatment
effluent volumes. Botl), and Q, can be estimated as suggested in Step 4 of

the presumptive method. Flow data from pretreatraéfluent may also

provide actualQ, andQ,values (NRCS 2002).

2. Estimate the average dailyN, (Ib-TN/d) and annual'N, (Ib-TN/d) pre-
treatment effluent total TN loads based@pand the recorded pretreatment
effluent (wetland influent) daily nitrogen conceatton TN, (mg/L), which

would be collected from the site (contrary to tihespmptive method where
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TN, and TN, must be estimated based on agricultural actiwiggnitude, and

pretreatment facilities) (NRCS 2002):

™, :(3.79LJ( 2.2E—6ijQd ™ (2-12)
gal mg
TN, = (36? ] x TN, (2-13)
y

. Determine cropland area (acres) required to utpizetreatment effluent total
TN loads (same as Step 2 of the presumptive method)

. Estimate the daily totaN, (Ib-TN/d) required for the available cropland (same
as Step 3 for the presumptive method).

. Calculate the average daily total TN effluent cortcagion C, (mg/L)

required from the wetland in order to provide suént TN to the receiving
cropland (same as Step 5 of the presumptive method)

. Calculate the nitrogen reaction ratg(m/yr) based on the annual average
operating temperature(°C) of the wetland (NRCS 2002):

k; =K,,0'%° (2-14)
wherek,, is the nitrogen rate constant (m/yr) at 20&Cis the temperature
correction factor (dimensionless). NRCS (2002)&s8s respective values of
6 andk,, of 1.06 and 14 m/yr for TN calculations.

. Calculate the resulting wetland surface area (dB)GS 2002):

SurfaceAreaz—(OSOQ&2 Q In (Ce—C*) 365 (2-15)
435601t~ | Kk, (TN, -C) |tew
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whereC is the background TN concentration (mg/L) in thelard (NRCS

suggested a value of 10mg/L), aiyg, represents the total number of days the

wetland is operational within one year (days) (NRXDB2).
8. Calculate the estimated wetland hydraulic detertiioe (days) (NRCS

2002):

t, = (SurfaceArea) x D x QL (2-16)

4
where D is the water depth within the wetland and the wetland porosity,
which is estimated based on the type of vegetatidre incorporated in the
wetland (e.g., wetlands planted wiklgphaspp are estimated to have arof
0.90). The NRCS (2002) requires a minimum detentiime of 6 days.

9. Calculate required winter storage volumé)(it applicable (NRCS 2002):

Winterstoragevolume= (365-t,,) x Q4 (2-17)

Winter storage volume is only calculated if the levedl is not operational over

the entire year (NRCS 2002).

2.2.3.4 General Wetland Configuration

NRCS suggested either a very slight wetland bottmpe or a flat bottom to
avoid large discrepancies in water depths at tle¢ amd outlet of the wetland (e.g., a
wetland with a bottom slope of 0.005ft/ft and ag#émof 100 ft may have a water
depth of 6 in. at the inlet and a water depth oinl 2t the outlet). If a sloped bottom
is chosen, the wetland length should be adjustpdoppated as to ensure that all

resulting water depths are appropriate for wethaggetation growth. If a flat bottom
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is chosen, a deep zone located at the outletossalggested to ensure the outlet pipe
has sufficient head for appropriate outflow rates.

Similar to the USEPA (2000) municipal wastewateatment design, NRCS
(2002) suggested dividing the wetland into paralédl trains for maintenance
purposes. In order to reduce channelization, ealthrain could also be divided into
shorter cells in series separated by berms pataltéle flow that would allow for
even distribution over the width of the cell traiA.L:W ratio of 3:1 to 4:1 should be
used for the entire wetland while individual ceflihs may have L:W ratios up to
10:1 or 20:1 (NRCS 2002).

Embankments should be made to maintain a wetlaathtipg depth of 8-12
in. (the wetland may be allowed to dry out durimgpfoperational months).
Additionally, embankments should be designed tdrobat least a 25-yr 24-hr storm
event. NRCS (2002), did not, however, specify sigtestorm for which wetland
embankments should be designed. Ice formatiorhdehiring colder months should
also be considered into embankment height desigimer should also be
incorporated in order to maintain water depths el & to prevent groundwater
contamination (NRCS 2002).

Inlets to the wetland should provide even distiifruacross the width of the
wetland in order to minimize short-circuiting antthanelization. If parallel trains are
included in the design, inflow should be evenlytraisited between trains. The
wetland outlet should be designed based on therowirements of the receiving

cropland. Finally, NRCS required a water balantaysis of the wetland system to
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ensure a wetland would be feasible in the propased. All berms should be

designed accordingly (NRCS 2002).

2.2.4 NRCS Habitat Wetlands

The primary concern for habitat wetlands is toeittestore or to create lost
habitat for wetland species such as waterfowlyveatietland vegetation, aquatic
mammals, reptiles, and amphibians. In accordaritetihe Clean Water Act of
1974, mitigation and restoration of polluted ortd®ged wetlands is currently
required. A number of habitat wetlands are alsigied for public uses such as
hiking and bird watching (Kadlec and Knight 199®&esign emphasis is placed on
mimicking natural wetland ecosystems and biodiversither than hydrology and

water quality improvement.

2.2.4.1 Wildlife Habitat Wetland Design Guidelines

Unlike the other types of wetlands, habitat wetkadd not have a well-
structured design procedure due to their complexity dependence on site
characteristics and ecosystem needs. The NRCS)2@@wever, outlined a number
of water depth, area, and habitat island requireésnien different wetland animals.

For waterfowl, the wetland surface area shoulddreprised of less than or
equal to 20% of water with a depth of 3-4 ft, 3@ith a depth of 1.5-3 ft, and the
remainder with a depth of less than 1.5 ft. Wettadesigned for diving duck habitat
should limit emergent vegetation cover to 50% eftibtal wetland surface area.
Additionally, it was cited that wading birds andstbirds demand seasonally dry
mudflats with seasonal water depth of 1-4 in. Watel require side slopes of 8:1 to

16:1 as well as irregular shorelines (NRCS 2009).
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Amphibians require less than or equal to 20% ofwh#and surface area to
be comprised of water depths of 3-5 ft and grethi@n 50% to have depths less than
1.5 ft (NRCS 2009). These water depth requiremgmsild promote multiple habitat
types including mudflats, emergent vegetation araad submerged vegetation areas;
which are all crucial in the entire life cycle oy amphibians and reptiles. A total
of 5 basking structures (e.g., logs, boulders) p&r. acre of wetland was also
suggested by NRCS (2009). Amphibians and repdilesalso sensitive to pesticides.
Therefore, wetlands designed for amphibian andledpabitat should be located at
sites with low pesticide concentrations (NRCS 2009)

Wetland furbearers (e.g., beavers, muskrats, warg defined by the NRCS
to require wetlands in which at least 20% of thdasie are dedicated to water depths
of 3-5 ft and the remainder of the surface areacdéed to depths of less than 3 ft
(NRCS 2009). These water depth requirements assomechanical water control
measures are used. If water levels can be ctedidNIRCS suggested that water
depths of 6-12 in be maintained during the grovgagson to promote emergent
vegetation growth and depths of 3-5 ft be maintitering winter and fall months.
Side slopes for the wetland were also specifidaetbetween 3:1 and 16:1 (NRCS
2009).

Wildlife islands are also crucial for promoting webwl nesting. Wetlands
must have an area of at least 10 acres in ordargport habitat islands (NRCS
2009). These islands should be kidney-shaped, @kié at the base, with a height
of about 1-3 ft above normal water levels, a togttviof at least 6 ft, side slopes of

10:1, and top slopes of 4:1 (NRCS 2009). Islandstralso be placed at least 300 ft
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away from each other and from the wetland shorébneredator protection and
territorial purposes. The NRCS (2009) suggesteavanage of 1 acre of habitat
islands for each square mile of wetland area. fbeg, 4 habitat islands should be
placed within each 10-acre plot of wetland (0.4italslands/acre of wetland).

In addition to the above specifications, a numbetber habitat structure
designs and considerations were specified by thEBIR2008). These considerations
should be applied on a site-by-site basis depenalindpe habitat goals and
limitations of the wetland. The effects of thefecures were assumed to be outside
the scope of the current study, which focused erotrerall wetland layout, flowpath,
and water chemistry rather than complex habitabdyns. Habitat wetlands, again,

must meet Code 378 Pond Standards. All berms dhmutiesigned accordingly.

2.3 WETLAND PERFORMANCE

Wetland hydrology is characteristically variablgter levels can fluctuate
hourly, daily, seasonally, or even unpredictablytégh and Gosselink 2007). The
hydrology of a wetland greatly impacts the soil andrients, and, in turn, the biota of
a wetland by controlling retention time and thenpath of inflowing pollutants.
Furthermore, sedimentation and plant growth frornmients can impact wetland
morphology and therefore hydrology. As a restk, telationship between wetland
hydrology and water quality is complex and cycligéhdlec and Knight 1996;

Mitsch and Gosselink 2007). Changes in hydrologlaffect wetland water quality
and vice versa.

Both water quality and hydrology play a large rnoi¢he biodiversity and

ecological health of wetlands. One study usedrotiatl wetland microcosms to
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determine the effects of different hydrologic regsrand nutrient loadings on
vegetation diversity and density (Nygaard and E§sn2009). Microcosms fed with
low levels of nutrients with a low simulated watable (30-cm below the surface)
were found to maintain the greatest vegetationrdityge Conversely, microcosms fed
with high levels of nutrients were dominated byehént species depending on the
simulated water-table height (10 or 30-cm belowdiwdace). Harsher conditions
simulated by low nutrient levels did not allow amrye species to dominate and
overtake the microcosm (Nygaard and Ejrnaes 2008js study concluded that both
hydrology and water quality impact the biodiversityd health of wetlands (Nygaard

and Ejrnaes 2009).

2.3.1 Hydrologic Performance

Natural wetlands are formed by a high water tablgéch maintains soil
saturation and is connected to baseflow as wejtasndwater flow. Because
constructed wetlands are often built in areas whataral wetlands did not exist, not
every site has an appropriately high water tableetep soil saturated. At sites with
lower water tables, a liner with low infiltratiooléy, plastic, etc.) must be placed
below the wetland soil in order to keep the wetlaatlirated (Kadlec and Knight
1996). The Maryland Department of the Environnsrggests four main liner types,
a 6-12-in clay liner with a maximum permeabilitylok 10°cm/s, a 30-mm
polyethylene-liner, bentonite, or use of chemiahliives to decrease permeability
(MDE 2009). Another method of establishing a wéeel is to dig down to the
water table (MDE 2009). While liners help maintaiater levels in a constructed

wetland, they also reduce possible infiltratiooigtoundwater and baseflow.
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Therefore, infiltration may or may not be a largetpf constructed wetland
hydrology, depending on existing site hydrology andstruction methods. This loss
of function also reduces wetland volume and peak flieduction effectiveness. As a
result, water volume reduction is generally mininmainost constructed wetlands.
When constructed wetlands are placed in areas ialipfor infiltration, they
can be very effective at runoff volume reduction.a study done by Lenhart and
Hunt (2011) a monitored stormwater wetland redymeak flows and volumes by 80
and 54%, respectively. The wetland in the study siuated in sandier soils,
allowing for higher volume reductions than wetlamdth liners (Lenhart and Hunt
2011). A major drought during the study period rmaye also affected performance
(Lenhart and Hunt 2011). This study indicates thetiands placed in infiltrative

soils can perform well hydrologically.

2.3.2 Water Quality Performance

The Anacostia Restoration Team projected watertyualductions based on
typical wetland design. Projected removal ratesI®S were 75%, total phosphorus
(TP) 45%, total nitrogen (TN) 25%, and BOD 75% (Saller 1992). Wetlands
designed with deep ponds were projected to havegeih and phosphorus removals
of 40 and 65%, respectively (Schueler 1992). Ganttd wetlands also have natural
background concentrations of a number of nutriantswater quality parameters.
Therefore, removal is limited by these levels (Kadhnd Knight 1996; USEPA 2000;
Mitsch and Gosselink 2007). Table 2-7 shows ramagelstypical values for these

background levels.
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Table 2-7Background concentrations of relevant water gualinstituents in
constructed wetlands based on collected data thouighe literature (Kadlec and
Knight 1996).

Constituent Range (mg/L) Typical (mg/L)
TSS 2-5 3
BOD 2-8 5
TN 1-3 2
NH,"-N 0.2-1.5 1

One study on wetlands treating effluent water feaptic tanks found
concentration based removal rates of 78% for TS% or TP, 46% for total
kjeldahl nitrogen (TKN), 39% for N&l and 69% for BOD (Boutilier et al. 2010).
Nitrate values were below the detection limit fottbinfluent and effluent water.
Two wetlands were placed in parallel, down gradiesrh a septic tank, each with a
surface area of about 106@nd a theoretical hydraulic retention time of i
days, which is about 10 times the EPA design HRJu(lier et al. 2010).
Performance appeared to decrease over time and&aspnally.

Borin et al. (2001) looked at the nitrogen remasagbacity and pathways in an
agricultural runoff wetland. Flow into the wetlamés almost continuous, but
volume fluctuated. Overall, an average of alm@t9oad reduction of influent NO
was observed, with an influent TN load of 526kgéhnd an effluent of 58kg/ha.
About half the reduction was attributed to plantale, suggesting that at least
initially, plant uptake can play a major role inrogen retention. Above-ground plant
biomass reached maximum nitrogen levels in the semamd minimum in the winter,
while the opposite trend was seen in the belowgridniomass. The plant species

studied were Phragmites australis and Typha laiforhe study wetland area was
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3200nf, which was a little over 5% that of the total deage area of 60,006mThis
ratio was higher than the MDE (2009) required ramige-2%.

Kadlec’s (2010) study in Wadsworth, lllinois, foundrogen mass removal
over seven different wetlands to vary from 17-100@th an average removal of
67%. Water was pumped into the wetlands from ithex rwhich averaged 2.3-mg/L
NOs-N, while the wetland effluent averaged 0.9-mgRumping allowed Kadlec to
analyze wetland performance during both steady statl dynamic flows, which
represent flows found in wastewater treatment wetknd runoff treatment wetlands.
Removal rates were much higher during simulatearsgvents than during steady-
state flows. As water pulses into the wetlandsgased, nitrate removal decreased,
most likely due to a short HRT. While oxygen lesvabove 1-mg/L are known to
inhibit denitrification, such a trend was not founadlec (2010) credited this
behavior to an oxygen gradient in the water, witlogic layer at the surface and an
anoxic layer in the bottom sediments, suggesting’ iy be nitrified in surface
waters, diffuse down to the sediment-water intexfand be effectively denitrified.
Nitrate levels were effectively lowered and carlaeailability was not found to limit
denitrification significantly.

Lenhart and Hunt (2011) saw increases in TKNNbtal nitrogen (TN), and
TSS concentrations from wetland influent to effiugna North Carolina urban
stormwater wetland. This trend is attributed to télatively clean water entering the
site. When data were converted to load-based tiethsc however, all pollutant
levels decreased. The resulting load reductionre 88% for TKN, 41% for N@j,

42% for NH,;, 36% for TN, 47% for TP, and 49% for TSS. Efflueancentrations
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were comparable to those of different North Carhldetlands and effluent nitrogen
concentrations were similar or lower levels in anbg river. This study suggests
load removal rather than concentration removakrpteperly represent wetland
performance.

Wadzuk et al. (2010) monitored a constructed wetlanated on the
Villanova University campus. The study wetland Wa&ha, serving a drainage area
of 18.2-ha, 9.7-ha of which was impervious surfad@sth baseflow and surface flow
hydrology and water quality was monitored. Sigmaft load reductions were seen in
TP. TN, and TSS levels. According to this studgsign features such as water
volume, flow path, and vegetation density and typee pollutant removal. No
significant changes in water quality performanceengbserved over an 8-year
period, suggesting that these facilities can becéffe over an extended period of

time.

2.3.3 Wetland water quality characterization

2.3.3.1 Stormwater Wetlands

Stormwater water quality is very difficult to chatarize due to the variability
of drainage area land uses. Runoff, for exampben fresidential and commercial
areas may have much different chemical charaat=risbm urban areas. Therefore,
stormwater wetlands must be designed with the 8petiaracteristics of their
drainage area in mind. Table 2-8 summarizes thiervgaiality characteristics of both

urban and residential drainage areas.

37



Table 2-8Literature values of stormwater concentrations/{hgntering treatment
wetlands of all water quality constituents relevianthe current study.

Constituent | Knight and Knight and Knight Lenhart and Hunt
Knight (1996) — | (1996) — (2011) -
Urban runoff Residential/Commercial | Residential/Industrial
(mg/L) runoff (mg/L) (mg/L)
BOD 20 3.6-20
Soluble
BOD
TSS 150 18-140 31.2
TN 2 9.144-32.18 0.73
TKN 1.4 0.55
Organic N
NH3/NH,4 0.582 0.05
NO3 0.18

Additionally, stormwater wetland performance vaiggesatly due to the large
variability in stormwater characteristics. As angeal guide, Schueler (1992)
projected that stormwater wetlands in the Mid-Atianegion of the USA are
estimated to achieve removal rates of 75% for 5% for total nitrogen, and 15%
for BOD. These removal efficiencies, however, @@ected values and are not
based on actual wetland data.

The BMP database (BMPDB) is an online databaskmfdands of BMPs
throughout the USA as well as a few other countrissisenringet al.(2012)
summarized all stormwater BMP water quality perfante from this database within
“Chesapeake Bay related areas,” which included étlawd basins within the
Chesapeake Bay watershed as well as nearby BMisregults of this report,
summarized in Table 2-9, included stormwater wetlar@an influent and effluent
event mean concentrations (EMCs) for TSS, TN, THN NQ". Some
incongruities in these mean EMC'’s existed, as waguelity data was sometimes only

available for either the influent or effluent fogeven storm event. Therefore, the
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influent and effluent EMC'’s for each constituentreveften based on a different
number of data points, where each data point reptes reported EMC. TSS
influent and effluent EMC’s were both based on @iata points from 7 wetland
basins. TN influent and effluent values were base88 and 100 data points from 3
wetland basins. NH influent and effluent values were calculated frbti and 110
data points from 4 wetland basins. And N@fluent and effluent values were

calculated from 72 and 79 data points from 3 wetlaasins.

Table 2-9Influent and effluent median concentrations farsiwater wetland basins
as reported by the BMP database. The 25% pereamd 75% values are shown in
parenthesis (Leisenring et al. 2012).

Constituent Leisenring et al. (2012) — Chesapeakealp area BMPDB
In (mg/L) Out (mg/L) Removal (%)
BOD
TSS 43.2 (21.4-91.8) 15.2 (8.5-33.3 64.8
TN 1.88 (1.06-2.52) 1.40 (0.84-2.27 25.5
TKN
Organic N* 1.25 1.07 14.4
NH3/NH,4 0.13 (0.08-0.24) 0.08 (0.04-0.18 38.5
NOs 0.50 (0.28-0.93) 0.25 (0.12-0.67 50.0

* Organic nitrogen EMC values estimated by subingcammonia and nitrate values
from total nitrogen assuming all corresponding ealare based on the same
volumes.

2.3.3.2 Municipal wastewater treatment wetlands

Within the current study, municipal wastewater timgant wetlands were
assumed to serve as alternatives to secondarynegaaind to be fed primary treated
wastewater. Table 2-10 summarizes the water guaidracteristics of primary
effluent water from municipal WWTPs as reportedadgcal WWTP (2012), USEPA

(2000), and Kadlec and Knight (1996).
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Table 2-10Literature values for municipal wastewater primeffjuent
concentrations (mg/L) of all water quality consgitiis relevant to the current study.

Local WWTP Kadlec and
Constituent data (2012) US%':}'S‘/SOOO) Knight (1996)

(mg/L) (mg/L)*
BOD 94 + 22 40-200 170
Soluble BOD 35-160
TSS 60 + 18 55-230 150
TN 20-85 37
TKN --- 36
Organic N 18 +10 14
NH3/NH4 22 +3 15-40 23
NO3 0 0

* Kadlec and Knight (1996) estimates were calcwaldig subtracting the mean

percent removal values given for primary treatnfesrh the reported typical raw
wastewater concentrations.

Because the chemistry of municipal wastewater chsuggeatly depending on
the characteristics of its service area, the ovpeaformance of municipal treatment
wetlands also varies. The USEPA (2000) summatizednfluent and effluent mean

concentrations of BOD, TSS, TKN, and Nfdr 22 wastewater treatment wetlands in

the USA. Results, as well as the correspondingvaitrefficiencies, are shown in

Table 2-11.

Table 2-11Water quality performance of 22 wastewater treatmestlands in the United

States treating lagoon or primary treated watefluént and effluent concentrations are given
as ranges and the overall mean values are shopar@mthesis. Table adapted from USEPA

(2000).
Constituent USEPA (2000) — lagoon/primary pretreatd (mg/L)

In (mg/L) Out (mg/L) Mean Removal (%)
BOD 6.2-438 (113) 5.8-70 (22) 80.5
TSS 12.7-587 (112) 5.3-39 (20) 82
TN
TKN 8.7-51 (28.3) 3.9-32 (19) 32.8
Organic N
NH3/NH, 3.2-30 (13.4) 0.7-23 (12) 10.8
NO;
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2.3.3.3 Agricultural swine wastewater treatment wetlands

The current study focused on modeling the perfogeari agricultural
wetlands treating lagoon-pretreated swine wastew#paerobic lagoons were the
most common pretreatment practice for agricultwastewater treatment wetlands
found throughout the literature (Hammer 1992, USHPAS5, Hunt et al. 2002,
Knight et al. 2000). Pretreated swine wastewdtaracteristics from three sources
are summarized in Table 2-12. The values from USHEP95) and Hunt et al.
(2002) represent lagoon-treated wastewater whisetlirom Kadlec et al. (2000)
represent wastewaters entering19 different treatmetiands, most of which were

pretreated by lagoons and the remaining treatexktiing basins.

Table 2-12Literature values of agricultural swine wastewatancentrations (mg/L)
entering treatment wetlands of all water qualitpstttuents relevant to the current
study.

Constituent . USEPA (1995) — | Hunt et al. (2002)
Knight et al. lagoon pretreated — lagoon
(2000) (mg/L) (mg/L) pretreated (mg/L)

BOD 104 45 287 £ 92

Soluble BOD

TSS 128 118 1860 + 470

TN 407 104

TKN 365 +41

Organic N

NH3/NH,4 366 94 347 + 52

NOs; 0.04 £ 0.03

Again, treatment wetlands serving swine wastewaggy provide a wide
range of water quality performance depending orsttiee lot size and management,
pretreatment methods, and the design of the wetgsiggm. While some swine

wastewater treatment wetlands follow a similar gesis the high-low-high-marsh
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system suggested by the USEPA (2000) for munieyastewater treatment

wetlands, others follow different designs. Knightl. (2000) summarized the BOD,

TSS, TN, and Niaverage inflow and outflow concentrations forralevant

wetlands within the Livestock Wastewater Treatm#etland Database. These

results are shown in Table 2-13. Each data p@etlin these estimates represents a

single reported data point from one of the 19 swiaatment wetlands within the

database. The USEPA (1995) also summarized thé#sed a wetland treating

lagoon-pretreated wastewater in Alabama over & thmenth study period. Water

guality results from this study are shown in Tablg4.

Table 2-13Water quality performance of all wetlands treafmgtreated swine
wastewater in the Livestock Wastewater Treatmertlaiié Database (Knight et al.

2000).
Constituent Knight et al. (2000)
# Data points | In (mg/L) Out (mg/L) Removal (%)
BOD 183 104 44 58
TSS 180 128 62 52
TN 164 407 248 39
TKN
Organic N
NH3/NH,4 183 366 221 40
NOs

Table 2-14Water quality performance of a wetland treatingplan-treated swine
wastewater in Alabama over a three month studygderihe wetland flowrate was
1094 gpd (USEPA 1995).

Constituent USEPA (1995) — lagoon pretreated
In (mg/L) Out (mg/L) Removal (%)

BOD 45 9 80

TSS 118 10 92

TN 104 6 94

TKN

Organic N

NHa/NH,4 94 3 97

NO;
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2.4 WETLAND MODELS

A number of studies have been devoted to both gtateting and modeling the
complex behavior of wetland chemistry and hydrologye following section will
review the current methods used to model consulusttland behavior as well as the
data required to use them.

A review paper written by Kumar and Zhao (2010) sarized the current
modeling methods used to predict different constiticoncentrations in constructed
wetlands. The two main model types cited werelblamx models and process-based
models (Kumar and Zhao 2010). Black-box modelscaldrated using empirically
derived based on the relationship between wetlafiolw and outflow values.
Process-based models attempt to describe wetldralioe by numerically
computing the actual processes within the wetl&unar and Zhao 2010).

Currently, black-box models are most commonly usetiodel and design
constructed wetlands (Kumar and Zhao 2010). Blozk-models that rely on first-
order kinetics have been cited as inadequate fdemeemodels due to their
oversimplification of wetland processes (Kadlec@00Process-based models, on the
other hand, have potential to more accurately mimgtiand behavior, but require
detailed data that is often difficult to obtain (dar and Zhao 2010). This section
looks at wetland modeling methods of current lit@raas well as their advantages

and disadvantages.

2.4.1 Black-Box Models

Black-box models include regression models, firskeo models, time-

dependent retardation models, Monod models, tamsgiies models, neural
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networks, and statistical approaches. All black-bmwdels depend on an empirical
relationship between inflow and outflow concentyasi of a given constituent.

Regression models relate inflow and outflow conittns with the
hydraulic loading rate with a number of empiricaligtermined regression
coefficients:

Cou =aC;0° (2-18)
where G is the resulting outflow concentration (MJLLC;, is the inflow
concentration (M/E), gis the wetland hydraulic loading rate (M/T); andaand ¢
are regression coefficients. Tang et al. (200@dws multivariate linear regression to
model the effluent concentrations of benzene ieréical-flow, subsurface
constructed wetland. This method allowed the asttminfer benzene
concentrations, which is expensive and time-inieng» analyze for, by measuring
more easily determined variables such as DO, @eminductivity, pH, temperature,
and redox potential (Tang et al. 2009). While thithod was effective for a specific
wetland, regression coefficients may not be appleto other wetlands.

Similarly, first-order models use a rate coeffiti&rio relate inflow and
outflow concentrations using an exponential decpyagon. These models assume
plug-flow behavior in the wetland. Plug-flow debes the overall wetland behavior,
assuming pollutant concentrations change with i&@gpehe location of a given
section (a plug) of water in the flow path (Kadéea Knight, 1996). The general

form for a first-order transformation can be ddsed by (Kadlec and Knight, 1996)

out — e—kt (2_19)
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where k is the removal rate (M/T), and t is theraytic retention time (T) (Kadlec
and Knight, 1996; Kumar and Zhao 2010).

Because first-order models are often inadequatealtresir simplicity, the
time-dependent retardation model was developeahpoave results (Kumar and
Zhao 2010). This model accounts for the decreasemoval rate over time by
introducing a first-order rate constdnthat decreases with increasing retention time
(Kumar and Zhao 2010).

Carleton et al (2001) used a plug-flow equatiomtmel total phosphorus,
ammonia (NH"), and nitrate (N@) in 49 wetland systems. Outflowing

concentrations were calculated accordingly (Canletival. 2001; Kadlec 2010):

% ~QC -Q(C, +dC)+rdV (2-20)

where the subscript™represents water entering the section of inteegsd dC, is

the concentration change within that section whié is the water volume contained
in the section. The transformation rate,is defined by both the Monod equation and
first-order kinetics in the literature (Kadelc akdight 1996; USEPA 2000; Sykes
2003). This rate can be used to describe the l@haivnitrogen, phosphorus, and
BOD species.

The tanks-in-series (TIS) model breaks the wetiatmsequential completely
mixed flow reactors (CMFR) along the flow path. cBdank is assumed to be
completely mixed with first-order kinetics drivirgnstituent degradation (Kadlec
and Knight 1996; Kumar and Zhao 2010). The overgliression relating influent

and effluent concentrations in a wetland analyzed WS is as follows:
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Cou _ 1 N (2-21)
Crn  (@+kpct/N)

wherek . is the first-order volumetric rate constant'{JTt is the total retention time

in the wetland (T), and N is the number of tanks.

Kadlec (2010) used a tanks-in-series (TIS) modetadibrated by tracer
studies, to determine the internal hydrology anehaistry of each wetland; 3 tanks
were used for three of the wetlands and 5 tanke wsed for the remainder. The TIS
model is also covered in Kadlec and Knight (1998pth steady state and dynamic
hydrology was used to model performance.

In another study, denitrification was modeled usanblS with first order areal
uptake equation, and dynamic nitrate balances wszd to model the concentrations
and flows of nitrate as a function of time (KadR&10). First-order rate constants
were found to be much higher during simulated stewents (k;=107) versus
periods of steady-state,(¢&37). An Arrhenius temperature fact@) 6f 1.09 is also
commonly used for wetlands (Kadlec 2010). BothnéNeased and dynamic
equations were used to describe nitrate removatrandformations. Event-based
mass removal was represented by

QC),, dt - [ (QC),, it

%M Removak I( I(QC) "

100 (2-22)

whereQ represents flowrate {IT), C is concentration (Mf), andt is time (T)
(Kadlec 2010). The dynamic mass balance for emk of the wetland (based on

TIS) is shown by (Kadlec 2010):

d(v,.C)

. Q.C,-QC +rVv (2-23)
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whereV is the wetland tank volume ), r is the transformation rate (Mi(T ), and

Q is the wetland tank flowrate {T). The subscripti“1” represents water flowing

into the tank and “i” represents water in the tankl flowing out of the tank.
Monod models estimate effluent concentrations basdoacterial growth
rates and the available substrates for decomposifia constituent. The general

form of the Monod equation is shown below (Syke83)0

u=_—"2— 2-24
K+S ( )

whereu is bacterial growth rate (1/T)mkkis the maximum growth rate (1/T), S is

the limiting substrate concentration (MjLand K is the concentration ati,__ /2

(M/L3. If multiple substrates could be limiting, Monegpressions for each can be
multiplied in a model, inhibiting growth if one sstbate is absent (Sykes 2003).
Once a growth rate is established for a wetlarelye¢tative transformation rate of a
compound can be determined based on bacteriafdramtion efficiency and speed
(Kadlec and Knight 1996).

Depending on the compound being modeled and alaititta, one model
may be more appropriate than the other. Whilerabar of first-order removal rates
have been computed based on actual constructednadiehavior, Monod variables
are generally taken from analogous wastewatemtrexat facilities (Kadlec and
Knight 1996; Sykes 2003). How different types @tland removal rates compare is
also a relevant concern. Carleton et al. (200ahdiofirst-order removal rate
constants used for wastewater treatment wetlandstoh stormwater wetland

performance for total phosphorus, ammonia {NHand nitrate (N@).

a7



Artificial neural networks (ANNS) have also beerdd$o model constructed wetlands
(Kumar and Zhao 2010). These models imitate theststre of biological neural
networks in order to establish a model that adagiesconstants and other parameters
based on patterns recognized by the ANNs. Bedhese relationships are not based
on physical processes within the systems, ANN nsoded considered black-box

models (Kumar and Zhao 2010).

2.4.2 Process-Based Models

Current constructed wetland process-based moddlsadel environments
include the FITOVERT model, the constructed wetlamo-dimensional (CW2D)
model, the structural thinking experimental leagi@boratory with animation
(STELLA) software, the 2D mechanistic model, anel tbnstructed wetland model
No. 1 (CWM1) (Mayo and Bigambo 2005; Kumar and ZB@&0). HSPF can also
be used to create a constructed wetland environmfnumber of studies have used
such models to predict subsurface constructed mettb@havior. Fewer studies,
however, have modeled water-quality performancinface-flow constructed
wetlands.

Mayo and Bigambo (2005) used STELLA to develop shematical model
of nitrogen in a horizontal subsurface flow (HS$86&hstructed wetland. Mechanisms
of nitrogen transformation and retention includedhe model were mineralization,
nitrification, denitrification, sedimentation, plkaand microorganism uptake, plant
and microorganism decay, and resuspension. Driacigrs of nitrogen levels
included nitrogen species concentrations, micrausya growth rates (specifically

Nitrosomona} dissolved oxygen concentrations, pH, water taatpee, plant
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growth rates, and water flow rate. Monod equatems a number of first-order
differential equations were used to describe irtlial nitrogen mechanisms.

While process-based models have the potentialddyme precise results, lack
of sufficient data often limits their usefulnesslatcuracy (Kumar and Zhao 2010).
Kumar and Zhao (2010) also cited the need for &utasearch focused on improving
process-based water quality models in constructtthnds through better technical
understanding of the processes that control th@émeater knowledge of these
processes paired with more detailed and extensiteeabllection could lead to

significantly more accurate process-based modealsn@t and Zhao 2010).

2.4.3 Hydrologic Modeling

Inflows to a wetland could be from runoff, wasteeragffluent, streams, or
groundwater flow. Water can exit a wetland throggbundwater infiltration,
baseflow, streamflow, and evapotranspiration (Kadied Knight 1996). While the
majority of water leaves through streamflow, evagagpiration has strong diurnal
and seasonal variation (Kadlec and Knight 1996 nhufber of sources first
calculated a water balance for modeling purposesiigc and Knight 1996; USEPA
2000). The general form of this balance is.

av,,

it = Qn Q- Qo+ (P-ET-1)A, (2-25)

where A, represents the wetland water surface aré}a\(ﬁw is water volume storage
in wetland (L), tis time (T),ET is evapotranspiration rate (L/T), | is infiltrati to

groundwater (L/T)P is the precipitation rate (L/TYQ,, is the flowrate via the inlet
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(L3, Q. is runoff flowrate into catchment by means of wetland sides &),

and Q,, represents the flowrate out of the wetland ).

If inflowing water is from runoff, the rational nmfeid can be used to
determine the flowrate for a given rainfall evekiicCuen 2005):

d, = CiA (2-26)
whereq, represents the peak flowrate of the runoff geeeray the drainage area

(ft/s), C is the runoff coefficient, is the rainfall intensity (in./hr), andlis the
drainage area in acres (McCuen 2005). Rainfalletsochn also be used to simulate
rainfall depth and intensity over a period of tibesed on historical data based on
three probability distributions, for rainfall amdustorm duration, and interstorm
time periods (Kadlec and Knight 1996).

Internal wetland flow @) is often characterized by the relative slQusf
water pathway (L/L), bottom roughness n (), cross-sectional are®(L?), and

hydraulic radiusR, (L) as demonstrated by Manning’s equation (Kadied Knight

1996; McCuen 2005):
Q= % AR3.\s (2-27)

A number of other studies also estimated the roeghcoefficient based on
vegetation density and water depth (Reed et ab;1RAdlec and Knight 1996; Crites
et al. 2006).

Weirs are also used in wetlands at the entranceatbet as well as at any

transition points within the flow path (e.g. a weiay be placed between the forebay

50



and the main wetland). The general form of the fegmula is shown below
(McCuen 2005)

Q. =C,Lh* (2-28)
whereQ,,, is the flowrate through the weir {IT), C,, is the weir coefficient.. is the
weir length (L), andh is the water height above the weir (L). A generdice outlet
equation can be used to model outflow from a sugeteputlet

Q, =C,A{/2gh (2-29)
where Q, is the outlet flowrate &, C, is dimensionless discharge coefficiehis
the area of the orifice f, g is gravity (L%T), and h is the water height above the
orifice (McCuen 2005).

Infiltration and evapotranspiration are also pdgséxiting routes for water
depending on the presence of a liner, water ta&vlel | permeability of surrounding
soils, surface area, vegetation density, and weatrations. If sediments are
assumed to be saturated, Darcy’s Law can be usgeteéomine the infiltration rate
(Fetter 2001). However, if the wetland is periadlic dry and unsaturated flow
occurs, the Green-Ampt equation can be used to Inndfdeation (Fetter 2001). The
Penman evaporation method was suggested by Kadliekrsght (1996) for
determining wetland evapotranspiration:

ET = K [P*(T,)-P,] (2-30)

WhereET is evapotranspiration (L/TX, is the water vapor mass transfer

coefficient (L/T/P),P,, is the ambient water vapor pressure 5, (T) is the

saturation water vapor pressurelgt(P), andT,, is the water temperature (°C)
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(Kadlec and Knight 1996). Evapotranspiration carebtimated by a number of other
formulas as well, including the Hammer and Kadlgaation (Mitsch and Gosselink
2007).

A study done on nitrate dynamics in seven wetlans a 4-yr period
developed a number of equations that describetytimlogy of wetlands (Kadlec
2010). Equation 2.3-1 was used as an overaémmtiance for each tank. A
modified Penman equation was used to model evaporand infiltration was
deduced by mass balances at steady-state (Kadl€.20he dynamic wetland

volume was calculated accordingly:
H
V= [Adh (2-31)
0

whereV represents the wetland water volumd (A is the surface area of the water
(L?), andh represents the average water depth in the weflgn@adlec 2010). This
general equation was also suggested by Kadlec amgh&(1996) for modeling
wetland water storage.

The hydraulic loading ratg, and hydraulic retention timewere also

modeled base on the instantaneous flow@atethe water surface area at the

maximum water level Ay and the maximum water volume_, (Kadlec and Knight

1996):
Qs

_ 2-32

q A (2-32)
_ Vv

f = —max 2-33

o, (2-33)
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2.4.4 Water Quality Modeling

Constructed wetland water quality parameters arst witen calculated in the
literature using black-box models. The followiregBons show how constituents
specific to the current study have typically beardeled as well as the processes that

dictate their removal.

2.4.4.1 Total Suspended Solids (TSS)
The general removal mechanisms for TSS are sediatiem, i.e., settling out,
and flocculation (USEPA 2000). Stokes Law is usea number of sources to model

TSS removal and settling out (Kadlec and Knight6t99SEPA 2000):

v :(pp_pf)gD2

2-34
SRS (2-34)

wherey; is the settling velocity (L/T),, is the particle density (MA), p; isthe

fluid density (M/L%), p is the fluid dynamic viscosity (F-T/Ly is gravity (L/T), and

D is the particle diameter (L). The use of Stokedsv assumes plug flow through the
wetland and that particles entering the wetlandvargcally uniformly distributed

and approximately spherical. TSS removal can laésmodeled using first-order
removal rates. Boutilier et al. (2010) determiaetiSS removal rate constant based
on a first-order plug flow model of two wetlandsedting wastewater from a domestic
septic tank. The resulting average rate constast®08d. An assumed TSS
background concentration of 2mg/L was also usdHisnmethod (Boutilier et al.

2010).
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2.4.4.2 Oxygen and Oxygen Demand

Oxygen is transferred to and consumed through éeuwf pathways in a
wetland (Kadlec and Knight 1996; Chapra 1997; USEPB0; Bicknell et al. 2001).
Kadlec and Knight (1996) modeled oxygen aeratiomfthe atmosphere according

to a general mass transfer equation

Joz = K(ng - CDO) (2-35)

K= [|— (2-36)

where 3, is the oxygen flux from air to water (MT), K is a mass transfer

coefficient (L/T), C:3is the saturation DO concentration at the watefaser(M/L%)
and is a function of water tempteratu,, is the DO concentration in the bulk of the

water,D is the molecular diffusivity of oxygen in water’(L) and was estimated to
be 1.76x10m%d at 20°CU is the water speed (L/T), and h is the water dépth
(Kadlec and Knight 1996).

Both photosynthesis and plant oxygen transfer weted by Kadlec and
Knight (1996) as additional DO pathways into wetlsn While plant oxygen transfer
was not found to be a significant DO source, phottigesis was estimated to
contribute about 2.5g £m?d during the day (Kadlec and Knight 1996). Fowim
wetland oxygen demands were also listed, sediniget-bxygen demand, respiration
requirements, dissolved carbonaceous BOD, andldesbsaitrogenous oxygen
demand (NOD) (Kadlec and Knight 1996).

The EPA used the same oxygen transfer equationrsimotquation 2-35

(USEPA 2000). A mass transfer coefficient of 0 48¢s estimated based on a
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water velocity of 30 m/d, a depth of 0.3 m, anémaperature of 20°C (USEPA
2000). The resulting oxygen flux into the wetlamoluld then have a range of 0.5 to
0.9 g/nf/d depending on the background DO levels (USEPAR0Surface
reaeration would be higher in open water areasugeaseas with emergent and
floating vegetation, which impede oxygen transt¢8EPA 2000). Emergent zones
generally have DO levels close to zero (USEPA 200®e EPA also notes that
phytoplankton, and submerged plants transfer oxygéime water, contributing 2.5 g
O./m?/d during daylight hours. A DO gradient was obserin a number of
wetlands, with higher DO levels and the surface, lawer levels at the bottom
(USEPA 2000). Oxygen transfer through plant shdotsn to the root zone was not
deemed a significant source of oxygen in sedim@h&EPA 2000).

Wetland oxygen demands defined by the EPA areenflorganic matter,
endogenous respiration, dead biomass, and infNEgE-N (ammonium) (USEPA
2000). While influent DO demands can be modelestdan NH" and BOD
concentrations, oxygen flux due to photosyntheséaher internal wetland
mechanisms are difficult to quantify due to limiegata (USEPA 2000).

The HSPF model also accounted for oxygen transigrcansumption in a
stream, considering longitudinal advection of B@Mking of BOD material, benthal
oxygen demand, benthal release of BOD materialaserand plant reaeration, and
oxygen depletion due to BOD decay (Bicknell e28i01).

Ro et al. (2010) analyzed the oxygen transfer iefiicies of three wetland
systems treating swine wastewater. One wetlandawaarsh-pond-marsh setup, the

second a marsh-floating bed-marsh, and the thilglrmarsh. Marsh areas were 0.15-
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m deep with emergent plant species. Pond andritpéied components were 0.65-m
and mechanically aerated from the bottom; the gwuino vegetation and the
floating beds consisted of plastic beds with plamthiem. Both surface and plant
aeration were determined for each wetland setupoXygen transfer equation was
used to model the oxygen concentration at a givea t

C=C,-(C, 6 -C,e " (2-37)
whereC in the oxygen concentration (MfLat timet, C_ is the saturation
concentration, gis the initial oxygen concentration, ak{, is the oxygen transfer
coefficient (1/T). TheK , value was also adjusted for temperature, T (°@nges

according to Equation A-21. Whete,, ,, is the transfer coefficient at 20°C abis

the temperature coefficient, which is typically 240(Ro et al. 2010). Th&,, value
was further modified based on wastewater conditions

IB.C&O,T_C

0,20

Kiaw = KL{ J(1.024T2°)a (2-38)

whereK|,,, is the oxygen transfer rate in wastewater (14), is the clean water

saturation DO, at temperatufgM/L?), « is the K, correction factor (typically 0.4

to 0.8), angb is the G, correction factor (typically 0.95 to 0.98). Values eeg on
wastewater type and strength, which affects oxygematie (Ro et al. 2010).

A BOD removal rate constant of 0.03was found by Boutilier et al. (2010)
based on two wetlands serving wastewater from a sigptic This rate constant was
determined using a plug-flow model to describe eadiewe, which matches well

with the estimated background concentration of 3 nixy/Kadlec and Knight (1996).
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2.4.4.3 Nitrogen

The nitrogen cycle is very complex, however, five nrates of nitrogen
transformation are noted throughout the literature,tiiaiation, ammonification,
nitrification, denitrification, and assimilation (Kadlaad Knight 1996; USEPA
2000; Mitsch and Gosselink 2007). These pathwagslaown in Figure 2-2. lon
exchange is also a route of nitrogen removal, the EBB#gver, found it to be of

little significance in wetland systems (USEPA 2000).

NH3 v Nz

Volatilization

NHs, NH;, NOa-, org-

Nitrification
> NO,

Ammonification

Diffusion

Figure 2-2 Schematic representation of major nitrogen pathwagswetland.

At a neutral pH and at 25°C, only about 0.6% of timen@nia species is the
volatile form, NH (Kadelc and Knight 1996). However, active photokgsis can
increase the pH to up to 8-8.5, and the resulting fikttion up to 20-25% at 20°C
(USEPA 2000). Removal of ammonia species througatiiahtion is, therefore,

dependent on both temperature an pH.
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Plant uptake or assimilation is seasonal and ismes#id to range from 0.5 to
3.3-gN/nflyr (USEPA 2000). When plants are growing, they tsidphificant
amounts of nitrogen in their leaves and stems abaedtliments. During
senescence, nitrogen moves down to the roots for stQuRfePA 2000). Despite
this storage, a significant amount of nitrogen is ihticed to the water column from
plant decay, often resulting in a net export of nitrogetie fall and early spring
(USEPA 2000). HSPF also allows for both the Monodfastiorder equations to be
used, but defaults to first-order equations to desciiibegen movement through
water (Bicknell et al. 2001). Bouitilier et al. (20X6und a removal rate constant of
0.03d" for TKN and 0.04d for NHs for septic tank treatment wetlands. Assumed
background concentrations were 0.1mg/L TKN and 0.0\ (Boutilier et al.

2010).

2.5 WETLAND SUSTAINABILITY

General sustainability is the capacity to endurs.défined by the Brundtland
Commission of the United Nations on March 20, 198ustainable development is
development that meets the needs of the presentwritempromising the ability of
future generations to meet their own needs.” Sustdityabith respect to an

ecosystem is “...the ability of an ecosystem to mamgadefined/desired state of
ecological integrity over time” (Balmori and Benoit@q).

Constructed wetlands serve to reduce the impact afloewment on
surrounding ecosystems and could be considered eeosy#fiemselves. Therefore,

wetland sustainability can relate to both downstreffiects and their implications for

the future, and to their internal ecological integrifyherefore, depending on
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perspective, different wetland functions and qualities/ contribute more or less to
overall wetland sustainability. A number of studiasdrdefined and quantified
sustainability for different applications. Costanzale{1997) monetarily quantified
the sustainability of different ecosystems based erettosystem services they
provided to humans.

Neuman and Churchill (2011) modeled sustainabilits &snction of different
processes, assigning each process a quantitative based on the first and second
laws of thermodynamics, and the rate process condepiis study, a sustainable
process was defined as one that can maintain a cdmata over time without over-
burdening its supporting ecosystem. Neuman and Ciiu@di11) also identified
that as dictated by the second law of thermodynarhiissustainability can never be
achieved because there are losses in every sy#tdotal of five main rates were
used to define a rate-process for sustainability, (1) copsan, (2) production, (3)
accumulation, (4) depletion, and (5) assimilation. ifiteraction of these rates was
summed to find an overall sustainability value for stegn (Neuman and Churchill
2011).

Kang and Lee (2011) developed a watershed sustaiyahibdel called the
Water Resources Sustainability Evaluation Model.ng¢€i criteria, economic
efficiency, social equity, environmental conservat@mg maintenance capacity, a
number of indicators for each criterion were measured anighted to determine the
overall sustainability of a watershed. Indicators wex@uated based on relevance

to a criterion, measurability, transparency, and daadahility (Kang and Lee 2011).
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Each criterion was defined as a subindex and calcl&teordingly (Kang and Lee
2011):

Wyl + Wy, b, 4wy
WV, + WV, + -+ WV,

sC = (2-39)

where wv,, represents the indicatorweight for the subindex j. Thi, values

represent the normalized values of the indicatorsnarsdthe number of indicators.

SC, is the values of subindgXKang and Lee 2011). All specifiedv,,sum to 1.0.

The overall sustainability index was then calcudadtg adding the weighted subindex
values:

W,EES+ W,SES+ W,ECS+w,MCS
W, + W, + W, + W,

WRSI= (2-40)

where w,, w,, w;, andw, are the subindex weights for the economic efficiency

subindex EES, the social equity subindeSES, the environmental conservation
subindex ECS, and the maintenance capacity subindd<§. All weightsw sum
to 1.0. Relative indicator and subindex weights wkstermined by accounting for
the preferences of the people affected and evaluatedg®rt opinion. Additionally,
indicator distributions were determined using the madr probability distribution
function method (NPDFM), which was found to be more eiffedhan the linear
method for data sets with a wide range of values.

A number of other studies also used sustainabiliticesdand indicators to
calculate a sustainability value for a given systéviost studies, however, used

different methods to quantify each indicator. Avaliliégpof relevant data played a
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role in the use of different indicator measurementselsas the indicators chosen
(Manzini et al. 2011).

The NRCS and Deluca et al. (2004) used habitat isdweletermine the
integrity and sustainability of wildlife survival. TAMRCS designed surveys for
workers involved in planning and constructing agriatdt resource management
systems such as drainage and pasture planting. Weyasevaluated based on land
use, vegetation type, buffer strip area and locati@tance to natural ecosystems,
and farming practices (i.e., till versus no-till). Eacherion was associated with a
given number of points, adding up to a maximum of A0ts total. The area score
was divided by 100 to get a habitat index betwesn and 1 (NRCS 2006). A
habitat index of 0.5 was required for constructed habitat wetlands aaralue of>
0.75 was considered to provided excellent habitatGSR006).

DeLuca et al. (2004) developed an index of marsh bingheonity integrity
(IMBCI). This index was developed by combining teysproaches, (1) the guild-
based community index and (2) the indicator specipsoagh. Species attributes
were measured on a specialist to generalist graftient4 to 1 respectively.
Specialists depend on specific sources of food/shékeing difficulty adapting to
other sources when the habitat is disturbed. As dtrepecialists were suggested to
be good indicator species because they are thefliested by change.

All species were scored 1 to 4 for each attribute efre#t (ie., foraging
habitat, nesting material, etc.). Scores for eaclbatgiwere summed to define the
overall score for one species. All bird scores werensedhand divided by the total

number of bird species to determine an average indee ¥ar an area. There was
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no significant relationship between the IMBCI scaaied wetland habitat
characteristics, suggesting a single plant commutityot dictate bird community
integrity. The IMBCI was, however, significantly remhd by urban and suburban
development within 500m and 1000m of the wetland ([alLet al. 2004).

Maes et al. (2011) measured the effects of sustainabk fosenagement on
forest composition, structure, and functioning usingtaerta and indicator
framework. Indicators and their corresponding weightseveealuated based on a
panel of 19 experts from relevant fields. Five maincele criteria were used for
choosing and weighting appropriate indicators inclgdsuitability of evaluating and
guantitating desired aspects, distinguishing pdwan this indicator detect
significant differences in the forest function/structureejentific correctness,

measurability, and appropriate scale level.

2.6  UNCERTAINTY ANALYSIS

Due to the unpredictability and complexity of natunegertainty is inherent in
research. Uncertainty is an attribute of a measureareesult that reflects the lack
of exact knowledge of the measure and or the outpatgy (Salicone 2007). In
relation to modeling, uncertainty analysis is defiasdthe study of model output
uncertainty as a function of a careful inventory of ttigecent sources of uncertainty
present in the model input parameters” (Singh et &7R0Traditionally,
“uncertainty is defined as the estimated amount bighvan observed or calculated
value may depart from the true value” (Shirmohammadi &086). Understanding
the uncertainty in a model and its parameters allows fo be used properly and its

limitations known (Salicone 2007).
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There are two main types of uncertainty, inherent amstespic (Salicone
2007). Inherent uncertainty, also called sampliagation, is caused by randomness
in nature and is unavoidable in many cases. Thida@mness can occur in both time
and space (Salicone 2007). Epistemic uncertairggused by lack of knowledge of
the system of study or scarcity of data, and can beceeldilhrough careful research
and good judgment (Salicone 2007). Statisticalrandel uncertainties are types of
epistemic uncertainty. Uncertainty in parameter agp$ioms (often caused by
insufficient data or poor parameter estimation methodsjefisas in the distributions
used to describe variable behavior are the main soafaatistical uncertainty
(Singh et al. 2007). Knowledge gaps or difficulty onguting the processes a model
simulates may also contribute to error in the form of rhadeertainty (Singh et al.
2007).

Two main types of error can cause uncertainty, natunalorness and errors
in data and modeling. Errors in data and modelingdher random or systemic
(Singh et al. 2007). Systemic error is consistent lés®d on measurement method
or model. Random error occurs when different results aerebd in repeating
sampling, showing statistical regularity (standard afwn) around a population
mean (Singh et al. 2007). The random variability eiséed with a parameter can be
described by a probability distribution with a centeaddency (mean) and its
coefficient of variation (standard deviation). The undetyaassociated with this

randomness is:

x

CV = (2-41)

x|
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whereCV is the coefficient of variationg, is the estimated standard deviation, and

X is the estimate of the mean for a given sample sét¢8a 2007; Singh et al.
2007). A more general method of defining parameteeainty is to compute the
difference between an input parameter value and the ptgamean:

u(x)=x —X (2-42)
whereu(x, )is the uncertainty associated with paramgtey is a specific value for
parameter, and X is the mean parameter value. The overall uncertairay output

parameter can be determined by summing the uncersagsociated with all
contributing input parameters. The following equatian be used to find this

cumulative uncertainty (Salicone 2007):

uc(y)=\/2( ]u(x) 222——u(x,x) (2-43)

i=1 Iljl+1

WhereS—fis the partial derivative of outp@itvith respect to parameter paramexer
)(i

andu(x, x;) is the estimated difference between input parameterd;.

A number of studies also used sensitivity analysidetermine relative
parameter importance in a model (van der Peijl and Vegmel 999; Wang and
Mitsch, 2000). This analysis assessed how each ptearfected the final model
output and can be calculated by

oX [ X

- 2-44
* PIP (2-44)

whereP is the input paramete§, is the model relative sensitivity with respect to P,

andX is the model output. Therefore, the sensitivity af@del with respect to a
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parameter is the ratio of the normalized change in ditygud over the normalized
change in the input parameter (van der Peijl and Vedmel999). A highe5,

value indicates greater sensitivity to a given patame

Park et al. (2011) used three different uncertainty nustho analyze error in
modeling stormwater BMPs, the derived-distribution mét{ioDM), Latin
hypercube sampling (LHS), and the first-order second-mo(r&®BM) method.
Effluent TSS concentrations & were calculated based on an input first-order k
value and an influent TSS concentration, @oth k and ¢ values were assumed to
follow a lognormal distribution. Resulting outlet T8&ncentrations were compared
with detention basin data sets from the InternatiGtafmwater BMP database. The
LHS method was found to be the most efficient and rateumethod (Park et al.
2011). Because q, the hydraulic loading rate depkedsily on k, a prediction

interval was defined around their linear relationship,

YA Y
Meanx t0.025s\/1+1+ (X = X)

- — (2-45)
n Zi:l(xi - X)*

where t is the t distribution for (n-2) degreesreedom, n is the number of total data,
s is the standard error of the regression, X isattegage g at which the confidence
interval is calculatedX is the mean observed g from observed data, amslan
individual observed g from data (Park et al. 201A)prediction interval, rather than

a confidence interval was used because the studynoae concerned with
performance for individual events than with therage performance for a number of

similar events (Park et al. 2011).
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Using a first-order plug flow equation to model T&hcentrations, the input
variables k and g were subject to uncertainty analysis. Thg @istribution was
calculated using three methods, based on the @amrin G,, based on the
uncertainty in k, and based on the uncertaintiésoth G, and k. G values based
on both uncertainties using the LHS method matazd with a 95% confidence
interval (Park et al. 2011).

Hughes and Mantel (2010) applied uncertainty amatgsmodel the effects of
small farm dams on downstream flow in differentrdie zones in South Africa.
Each known parameter was input to the model alatig avdefining distribution.
Parameters could be fit with a normal, log-normaluniform distribution. The
Monte Carlo method was used to sample values fiven run from the parameter
distributions. Lack of sufficient dam hydrologiatd was the main contributor to
uncertainty in the model (Hughes and Mantel 2010).

Another study done in the UK modeled nitrate tramspnd loading for a
rural headwater basin (Howden et al. 2011). Usimgertainty analysis allowed
Howden et al. (2011) to reliably use historicaladah nitrate loads from outside the
drainage area for the model. Input variables wgaren uniform distributions, from
which output parameters were computed (Howden. &04l1). Nitrate loading was
most sensitive between the years 1930-1985, whehziers became the largest
source of nitrate, decreasing after 1985 whenlifegtiuse declined (Howden et al.
2011). The fertilizer input, was therefore con@ddo be one of the most influential

factors predicting the overall nitrate load.
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Chapter 3: Sustainability Metrics Development

The current study aims:
e To define sustainability as it applies to constedoivetlands and to develop
metrics based on sustainability principles thatnem wetland design with

intended wetland functions.

In order to sum individual wetland metrics (e.gSSTremoval, flowrate discharge
reduction, etc.) to determine an overall wetlanstanability index, all metrics were
normalized accordingly. After normalization, alétrics followed the same scale of O

to 1, where 0 implies poor sustainability and 1gasis high sustainability.

3.1 DEFINITIONS

Wetland Function (WF)a general, intended wetland service (e.g., watalityu
improvement, water quantity management, wildlifbitet, aesthetics, etc.).
Performance Criteria (PC)specific, quantifiable wetland services that repre the
processes and/or conditions contributing to thiltialent of wetland functions (e.qg.,
TN removal, internal wetland surface water depths.,). Multiple performance
criteria can be used to fully characterize one WF-.

Metric (M): A normalized measure on a scale of 0.0 to 1.0 tsgdantify the
sustainability of a given PC and/or WF. A valuevbbf O implies poor PC or WF
sustainability, while a value of 1 implies optinsaistainability.

Metric Weight (MW)The design-engineer/stakeholder assigned weighés gvhen

multiple metrics are used to evaluate performariame wetland function.
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Performance-to-Metric Function (PTMAn established function that relates PC
values with corresponding M values. These funstiare based on the relative
sensitivity of sustainability to a given PC as wadigoal PC values.

Wetland Sustainability Index (WSThe weighted sum of M values for all wetland
functions. This index represents the overall snatality score for a given wetland
design.

Sustainability Weight (SWThe stakeholder-assigned weights given to eactanctl
metric. These weights will be assigned based lative stakeholder importance of

wetland functions.

3.2 WETLAND FUNCTIONS AND PERFORMANCE CRITERIA

The wetland functions that analyzed in the curstatdy are (1) wildlife
habitat, (2) flood control, (3) downstream hydratogegime maintenance, (4)
wetland water balance, (5) groundwater rechargehd8eflow maintenance, (7)
downstream water quality, and (8) aesthetics. idlieltperformance criteria were
used to fully characterize each general wetlandtfan. Wildlife habitat, for
example, was evaluated based on internal wetlanerwapths, water quality, and
flows. Table 3-1 lists all performance criteriadC)Rused to assess the sustainability of

each wetland function.

3.3 RELATING PERFORMANCE CRITERIA AND METRICS THROUGH

PTM FUNCTIONS

Metrics were related to PC values through develdpeadfiormance-to-Metric

functions (PTMs), with the metrics defined on alesad 0.0 to 1.0. PTM functions
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were developed based on the relative effect a gi@mad on a WC. For example,
the current study, assumed that downstream levé©g greater than 0.36 mg/L
were exponentially related to downstream benthroroanity health decline (McNett
et al. 2010). However, benthic communities wesuased to be insensitive to
changes in N@ concentrations that ranged between 0 and 0.39.mberefore, the
PTM function for the wetland NOPC produced a NOmetric of 1 if NQ
concentrations were less than or equal to 0.39 ragfLused an exponential function
to determine N@ metrics corresponding to NGconcentrations greater than 0.39
mg/L (see Figure 3-9). The following two sectiatescribe in detail how all PTM
functions were determined based on downstream peaface goals within the
current study. Different PTM functions could rasadsed on different stakeholder
needs and goals for a given wetland design.

A general parabolic PTM function was used to reRfevalues and metrics
(see Figure 3-1) when insufficient data were awdélan the literature to define a
PTM function based on the sensitivity of wetlanddtion sustainability to a given
PC value. This general PTM function was definecbadingly:

_PC?+2-PC  forPC<2
M = (3-1)

0 for PC> 2

where M and PC are the metric and performance criterion repreaagiven wetland
function. For a PC value with a range from GotcanM value of 1 would result from
aPCof 1, implying that the wetland function was penfed optimally by the

wetland design. Conversely, Bhof O would result from #C equal to O or greater
than 2, indicating that the wetland design failegérform the corresponding wetland

function. The width of the parabola was choseasto produc# values
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symmetrically aPC values of 0 and 2 about the pedlof 1, which occurred atRC
of 1 (see Figure 3-1). Therefore, this general RliMtion assumed that both
positive and negative deviations from an optif@lvalue of 1 had negative effects

on the ability of the wetland to perform the copasding wetland function.

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
PC

Figure 3-1 General parabolic PTM function used to relate RlDes with
corresponding metrics.
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Table 3-1Wetland functions and corresponding characterstictional values.

Wetland Function

Function Goal

Performance Criteria

Wildlife habitat

To provide a wetland habitat suitable for diverse
numbers of wetland wildlife, especially those spsci
specified by stakeholdershe current study used the
marsh wren as an indicator species.

Mean daily high-marsh water depths, fractional
wetland coverage of high-marsh area, ratio of num
of habitat islands to optimal number of habitadmsls.

Flood control

To reduce flooding downstream due to upstream
development.

Ratio of pre-development mean annual flow volum
to wetland mean annual outflow volume.

D

Hydrologic regime

To create a wetland effluent hydrology that minttees
estimated pre-development hydrologic regime

Ratios comparing the exceedence of wetland outflg
discharge rates for analogous pre-development
bankfull and zero flows with those of pre-
development conditions.

PW

Wetland water balance

To maintain appropriate seasonal/annual waterdevel
within the wetland based on design specifications.

Ratio of mean daily wetland water depth to
design/goal water depth.

Groundwater recharge
and baseflow
maintenance

To restore groundwater recharge volumes to pre-
development values.

Ratio of wetland surface area to impervious area
within contributing drainage area.

Downstream water quality

To input healthy water quality levels into downsire
natural water body.

Effluent wetland daily average water quality
parameters, dissolved oxygen, NONH,", and TSS.

Aesthetics

To create a wetland that is visually appealinghto t
surrounding community.

Ratios describing perimeter irregularity, total raen
of wetland types, and total wetland surface area.
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3.4 WETLAND PERFORMANCE CRITERIA AND METRICS

This section outlines the specific PC and metricesthat were used to
assess each WF value. PC values were used t@ #isseprresponding WF values
based on both internal wetland and downstreamisasifity. A number of PC
values are included in multiple WF definitions besathey are measures of
performance of multiple wetland functions. Formxyéde, dissolved oxygen
concentrations are used to assess both wetlantifeviddbitat and downstream water
guality. Additionally, multiple performance critarcan be used to characterize the
sustainability of one wetland function. Downstreamter quality, for example, was
guantified by a number of criteria including TS&weval, BOD removal, TN
removal, and DO concentration. Different perforegeariteria may also be used in
any one design depending on stakeholder objectivettand location and intended

use, and data availability.

3.4.1 Wildlife Habitat

The aim of the wildlife habitat function is to pide a wetland design that is
suitable for healthy wetland wildlife, especialhose species specified by
stakeholders. In order evaluate this suitabilitternal wetland hydrology, water
quality, and physical design structures (e.qg., tadislands for waterfowl) were
assessed for a given model and compared to sgeopigmal values. A number of
these optimal values would change based on statkehspecified wildlife needs

including required water depths, internal flowratmsd vegetation inclusion.
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As an example, the current study evaluated wildidbitat by using the marsh
wren as an indicator species. Marsh wrens aremudoiggates, which means that
they rely solely on marshes for habitat and arxetfore, good indicators of marsh
health (DeLuca et al. 2004). A marsh is a wetleimaracterized by herbaceous,
emergent vegetation such as that found within tgle-marsh portions of a
constructed wetland (Mitsch and Gosselink 1993).

The marsh wren requires a wetland comprised @t [50% high-marsh
areas with emergent vegetation and mean water sigpslater than or equal to 0.50 ft
both for reproductive and cover purposes (Gutzwdled Anderson 1987). The
marsh wren also requires specific emergent vegetapecies including cattails
(Typha spp.), bulrushes (Scirpus spp.), and se(érex spp.), all of which are
commonly implemented in constructed wetlands (Gulzmand Anderson 1987;
EPA 2000). One PC value was developed to evathatbabitat suitability for marsh

wrens for a given wetland design:

_A _
PCys = (3-2)

where A, represents the total wetland surface area coveretnergent vegetation
(ft%), A is the total wetland surface ared&)(fand PC,,, represents the resulting marsh

wren habitat PC value. Additionally, a more gehBf was developed to evaluate
the waterfowl habitat created by habitat islandlscording to NRCS (2001) habitat
islands must be 400 ft away from the shoreline@aded 300 ft away from each

other. The resulting habitat island PC valuerate of the number of designed
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habitat wetlands to the maximum number of approgigiaspaced habitat islands

within the wetland:

H,

T
IX

(3-3)

where H, is the number of appropriately spaced habitat tdan the wetland design;
HI , is the optimum number of islands for a given wetldesign, andPC,,, is the
corresponding habitat island PC valudl , was estimated based on the NRCS
(2001) habitat island spacing rule of thumb ofiBlands/acre. Therefore,RC,,,
less than 1 indicated that a wetland design didnumirporate a sufficient number of
habitat islands while &C,, value greater than 1 implied habitat islands were
overcrowded.

Once all wetland habitat PC values were establist@desponding PTM
relationships were developed for both wetland fsalfC values. The PTM fd?C,_,
(the PC value related to marsh wren habitat) wadified from the habitat suitability
index developed by Gutzwiller and Anderson (1987):

1

My, = (3-4)
1+10890exp(15-PC,,)
PC,, for0<PC,; <1
M,,=413-2PC,, forl<PC,, <15 (3-5)
0 for PC,, > 15

where M ,,; andM,, are the respective metric values corresponding
toPC,,andPC,,. The PTM relating°C,,and M ,; was based on suggested

minimum and maximunPC,_,, values of 0.50 and 0.80, which are required for
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sufficient emergent vegetation cover for marsh wresting and reproductive
purposes (Gutzwiller and Anderson 1987). The P&Mting PC,, and M,,,was
formed around the optimal number of habitat islainds given wetland. A linear
relationship with a slope of 1 was assumed toedPiL,,,less or equal to 1 and their
correspondind/l ,, values. A PTM slope of -2 was chosen to calcudilte

M,,, values folPC,, values greater than 1. Both habitat PTM relatigrshre

shown in Figure 3-2.

Emergent Vegetation Cower for Marsh Wren Habitat Islands

0.9

0.8

0.7f

0.6

MH1

0.5

0.4+

0.3

0.2

0.1f

" 02 04 06 08 1
PCH1 PCHZ
@) (b)
Figure 3-2 PTM relationships dPC,, (a) andPC,,, (b); and their corresponding

metric values.
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3.4.2 Flood Control

The goal of the wetland function for flood contvads to evaluate the ability
of the wetland to mitigate downstream flooding @by development in the
contributing drainage area. The mean annual wetdituent runoff volume was
compared with simulated pre-development mean arvalaine of runoff from the
drainage area to assess flood control performawdéhin the model all volumes
were computed with units offt A simple mean volume ratio was developed as the

volume control PC value:

0 forVg,, =0
PC. =9 V. _ 3-6
e \\;PRE forVg,; >0 (3-6)

ouT

whereV,; is the mean annual cumulative effluent runoff votuft’) over a given

simulation periody,.c is the mean annual cumulative pre-development funof
volume (ff) over a given simulation period, aR@_. represents the PC value

measuring the relative difference between mean tatme annual outflow and pre-

development volumes (dimensionless).P&_. value of 1 would indicate that the

wetland perfectly mimics pre-development flood cohtharacteristics.

Additionally, aPC_. value greater than 1 indicates that pre-developmaomes are

greater while a value less than 1 indicates thextdavelopment volumes are smaller.

Because of its ratio form, the resultiRC. value allows for normalized comparison

between sites with varying drainage areas andefiie, is a useful model evaluation

tool on its own.
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The corresponding flood control PTM relationshipwsld be calculated based
on specific stakeholder flood control goals for eistveam hydrologic characteristics.
If outflow volumes lower than estimated pre-devet@nt volumes are acceptable
(e.g., in highly developed areas where runoff vaarare of great concern or in areas
were downstream baseflow is not a concern, et®);M with a metric value of 1 for
all PC_. less than or equal to 1 would be appropriate. Hewef baseflow was of
concern, metric values should decreas®@s. values deviate positively and
negatively from 1. Additionally, downstream seivdiy to volume changes should
dictate the shape of the chosen PTM for flood @nffhis sensitivity could be based
on specific species needs, downstream bank prepeic.

A simple parabolic PTM relationship was chosengaresent flood control

performance in the current study as an example:

Mec =

{— PC2. +2-PC..  forPC. <2 (3.7)

0 for PC. > 2

where M . is the corresponding metric value fBC_.. For the current study,

positive and negative biases were assumed to kalggadesirable downstream and

therefore assumed to produce symmehfic. values. The PTM function used to
relate PC.. and M . in Equation 3-7 (plotted in Figure 3-3) was usedeiate a

number of PC and corresponding metric values diis general form. As
mentioned earlier, these PTM functions were sulifechange given stakeholder

goals and wetland site properties.
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PCc

Figure 3-3PTM function relatingPC_. and M .
3.4.3 Downstream Hydrologic Regime

The overall flow regime of a waterbody has botleclirand indirect impacts
on the distribution, abundance, and health of edidquatic organisms (Konrad and
Booth 2002; Poff et al. 1997; Walsh et al. 20050@berg et al. 2007). Therefore, a
complete assessment of wetland hydrologic perfoceahould incorporate its entire
flow regime. Five components are consistentlydcitebe most crucial in assessing
the hydrologic regime, (1) magnitude, (2) timing) frequency, (4) duration, and (5)
rate of change (Richter et al. 1996; Poff et a@7,Arthington and Zalucki 1998;
DePhillip and Moberg 2010). These components,uekiot timing, were
incorporated into the downstream hydrologic regmedrics of the current study.
Timing was not included in the current study beeatigenerally deals with the
seasonality and predictability of flows, which fsneajor concern when controlling
dam flow, but not as much of a concern with BMPiglesis urbanization does not

generally change the seasonality of flows (Po#lel1997).

78



While flow magnitudes are captured by current BM&nn ratios, frequency,
duration, and rate-of-change are not. The frequend duration of flows of
different magnitudes are crucial assessment faofdige natural hydrologic regime.
Additionally, flow flashiness and reactivity to sto events (i.e., rate of change)
greatly impacts downstream ecosystem health.

A number of studies have created in-depth methbdssessing and
comparing hydrologic regimes in an effort to inamngtte all five hydrologic
components with respect to the assessment of aieation control, irrigation
regulations, and river/stream management (Ricltitak. 4996; Arthington and
Zalucki 1998). Richter et al. (1996) developedItigicators of Hydrologic
Alteration (IHA) method, which uses 32 hydrologarameters based on the five
hydrologic descriptors and 64 corresponding stasigthe mean and coefficient of
variance of each parameter) to compare pre anddeestiopment flow regimes with
the final goal of developing metrics to aid in egism management and restoration
(Richter et al. 1996). A follow-up study (Richtgral. 1997) also addressed the issue
of creating flow targets for stream and river mamagnt based on the results from
IHA analysis, using a “Range of Variability” (RVApproach. Additionally, Richter
(2009) proposed a “Sustainability Boundary Apprdadha method of limiting high
and low flow deviations from corresponding basebn@atural flows.

While the IAH program generates a detailed desonptf both pre and post-
development hydrologic regimes, the large numbeudputs produced could be
overwhelming and not readily adopted by BMP managed researchers as it

requires the use of the IAH software and intergi@aof 64 output statistics.
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Therefore, the current study aimed to charactehedive hydrologic components
using a smaller number of metrics that could maslg be applied in conjunction
with existing metrics to the evaluation of BMP hgtdgic performance.

To date, environmental flow guidelines analogouthtse developed by
Richter et al. (1997) have not been developedarctntext of wetland or general
BMP hydrologic performance despite their relevanthe use of such hydrologic
characterization could provide vital informatioroabBMP hydrologic performance.
The proposed metrics were developed in an effdoetter reflect the actual
hydrologic regime created by a given wetland and tios regime compares to that
of an estimated analogous pre-developed area.

In order to evaluate all relevant components oftyrologic regime of the
effluent flows of a given wetland design, three dstveam hydrologic regime
performance criteria were developed. These pedoo® criteria are referred to as
(1) the low-flow PC value, (2) the high-flow PC wal and (3) the flow-variation PC
value. The low-flow PC value evaluates the freqyeand duration over which a
user-specified goal low flowrate is exceeded inletland effluent discharge as
compared with discharge from an analogous pre-deeel area. Similarly, the high-
flow PC value evaluates the frequency and duratiar which a user-specified goal
high flowrate (e.g., estimated downstream banKfol) is exceeded in the wetland
effluent discharge as compared with discharge faoranalogous pre-developed area.
The flow variation PC value is then used to complaeerate of change or flashiness
in wetland effluent discharge rates as compared analogous pre-development

discharge rates. Combined, these three downstngdrmlogic regime metrics
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evaluate the extent to which wetland effluent hiayg mimicks the pre-
development hydrologic components: magnitude, ®egy, duration, and rate of

change.

3.4.3.1 Low-flow and high-flow PC values and metrics

The goal low flowrate was set to zero under themaggion that the analogous
pre-developed area did not produce flow betweemsevents. Therefore, the low-
flow PC value was a measure the frequency of eftlflews exceeding zero relative
to the frequency that pre-developed flows exceeged. This low flow goal could
also be set to equal a specific baseflow dischaatgeif the model user was
concerned with baseflow maintenance.

Similarly, the pre-development bankfull dischargte, which was estimated
to equal the pre-development 2-yr flow, was assutoegjual the goal high-flowrate.
Bankfull flow represents the flow at which chanasbsion and morphological
changes are most effective (Dunne and Leopold 197Bgrefore, if a constructed
wetland produces flow contributing to bankfull flonore often than pre-
development conditions would, the downstream chiamoephology will be
impacted. In order to ensure minimal downstreampimalogical impacts, the
wetland effluent bankfull flow frequency and ducatishould match that of pre-
developed conditions.

The goal high flow or bankfull flow was calculatby creating an annual
maximum series of pre-development flows over theusation period. Dunne and
Leopold (1978) specified that annual-maximum sestesuld be constructed with

instantaneous peak flowrates as opposed to dadnrftewrates. Therefore, the
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maximum instantaneous (1-min) pre-developed digeheates from each year of
simulation were collected and ranked largest tolleisteand assigned a corresponding

return period:

Ry = (3-8)

where R, is the return period in yeard] is the number of years of simulation or

record, and is the rank of a given annual maxima flowrate. Témulting flowrate
corresponding to a return peridd of two yrs was then estimated to equal the pre-

developed bankfull flowQ,, (cfs).

Once the goal low and high flowrates were defirted,corresponding low-
flow and high-flow PC values could be defined. Tow-flow PC value was
computed by taking the ratio of the proportion gexelopment vs. wetland effluent

1-min flowrates that exceeded the goal low flow@it® cfs:

PCH(L) _ Pere(L) (3-9)

Pour(v)

where pgr,, is the proportion of 1-min wetland effluent disojerates exceeding 0
cfs over the simulation periof,.,, is the proportion of 1-min pre-development
discharge rates exceeding O cfs over the simulgigoivd, andPC,, , is the

resulting low-flow PC value. The high-flow PC valwas computed similarly with
respect to the proportion of 1-min effluent and-gexelopment discharge rates

exceeding the estimated pre-development bankbul ,, :

PCyy = PrreH) (3-10)

Pout(h)
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where pory, is the proportion of 1-min wetland effluent disofrates exceeding
Qu over the simulation perioddpey, is the proportion of 1-min pre-development
discharge rates exceedi@y, over the simulation period, arfliC,, ,,, is the resulting

high-flow PC value.

The PTM relationship for botC,, ,,, and PC,,, should be dependent on

downstream sensitivity to change in flow. Therefdhe current study assumed a

simple parabolic PTM relationship for boBC,, ,,, andPC,, ,:

-PC},, +2-PC for PC, ., <2

wy = H(H) H(H) H(H) (3-11)
0 for PC,, ) > 2
~PCi, +2-PC for PC,, <2

HL) ~ " "o Ho (3-12)
0 for PC,, >2

whereM,, ,, and M, represent the corresponding hydrologic regime ingetor

PC,u, andPC, .

3.4.3.2 Flow variation PC value and metric

In addition toPC,, ,,and PC, ,,, a third hydrologic regime PC value
PC, cv)Was developed to evaluate the variation or rahahge in outflow rates as
they compared with corresponding simulated pre-dgveent flow rates:

CVe

PCycv) = CT
E

(3-13)

whereCV» is the mean pre-development daily flowrate cosdfit of variation

(dimensionless) over the simulation peri@¥ e is the mean BMP effluent daily
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flowrate coefficient of variation (dimensionless)o the simulation period, and
PC,, v, is the resulting flow variation PC valu€€V e and CVe represented the

mean values of the coefficient of variations ofla#10 one minute outflow and pre-
development flowrates occurring within each dayeabrd. Zero flows were
excluded from these computations in order to attlmédnegative skewing that

occurred from their inclusion. For a given dayedordi, CV andCV;, were

computed accordingly:

2

~

by 2
1|4 (QE(t,i) - QE(i))
CVegy = 0 = 1439 (3-14)
EGi)
24 —_ .
1|4 (QP(t,i) - QP(i))
CVP(i) = 6 = 1439 (3-15)
P()

wheret represents the minute of a given day (mimgpresents the day of year

(DOY) , Qpy,, is the pre-development flowrate magnitude at nétér DOY i

(cfs), Qp, Is the daily mean pre-development flowrate for DQEfs), Qg ,is the
wetland effluent flowrate magnitude at mintfer DOY i (ft¥/s), ﬁp(i) is the daily

mean pre-development flowrate for DQYft%/s), 600) is the daily mean wetland

effluent flowrate for DOY (ft%s), CV;,, is the coefficient of variation of pre-

(M
development flowrates for DOW(dimensionless)CV;, is the coefficient of

variation BMP effluent flowrate for DOY (dimensionless). As stated before, the

shape of the PTM relationship should be a funatbdownstream sensitivity to flow
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variation. A simple parabolic PTM relationship wesed in the current study as an

example:

-PC?2 ., +2-PC for PC <2
M v = { HE e HEw) (3-16)

0 for PC,, vy > 2

where M, ., is the resulting flow variation metric. ResultiRgM functions

relating all downstream hydrologic regime PC valwéh their corresponding

metrics are plotted in Figure 3-4.

1

1

Myw)
My
Micv

PChy PCn PCcv)
(CY (b) ©

Figure 3-4 PTM functions relating (apPC, ,, andM,,, , (b) PC,, andM,,,
and (c)PC, ¢, andM,, ) -

3.4.4 Wetland Water Balance

The metrics for the wetland water balance func{see Table 3-1) evaluate the extent
to which the wetland maintains specified designewdepths. Throughout the

literature, wetland designs and components ar@ ofééined based on their water
depth. Therefore, the wetland water balance fonatias defined in the current study
to evaluate the ability of a wetland design to reimsuch design depths. Because

wetland water levels naturally fluctuate, both sea$ and annual water depth
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distributions based on daily mean values couldvaduated, with distributions
identified for each design based on literature lispecifications, and vegetation and
wildlife needs. For example, USEPA (2000) spedifier wastewater treatment
wetlands that shallow areas with emergent vegetatiould have water depths of 2.5
+ 0.50 ft (0.75 £ 0.15 m) throughout the year wlufgen water areas with submerged
vegetation should maintain water depths of 4.450@ (1.35 + 0.15 m). MDE
(2009) also specified respective high and low-marater depth ranges for
stormwater wetland design. According to MDE (2008yh-marsh areas should
have water depths &f0.5 ft while low-marsh areas should have watetltep
between 0.5 and 1.5 ft. Because seasonality iarnvdapths was not specified for
constructed wetlands in the literature, only annvetler depth trends were used in the
development of the wetland water balance metriago PC expressions, one for

shallow areas and one for deep areas were develo@asdess wetland water balance

performance:
0 for SS=0
PQus =1S%oms 1515850 (317
0 for S& =0
P Qo) = S0m00) for S >0 (3-18)
SS

where SSand SS are the respective mean values of the daily medace storage
water depths in shallow and deep wetland areas\(&) the simulation period;

andSS;oas) and SSoa ) represent respective mean goal depths (ft) fotmhalnd

deep water wetland area®C,, and PGz, are the resulting shallow and deep
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water depth PC values. Within the context of theent study, it was assumed that

neither SS,oa sy NOT SSioayo, COUI be set to zero. Therefore, if eitt@sor

SS were equal to zero, the resulting PC value waseds@al to zero.SSsand

SS were defined accordingly:

_ ZS%U)
S& == — (3-19)

_ 2SS
SS = % (3-20)

where S, is the daily mean shallow water depth for DO(ft), S, is the daily

mean deep water depth for DOft), andn represents the total number of days of
record. The resulting PTM relationship should aepen the wetland sensitivity to
water depths, which can be a function of vegetatieeds, wetland aquatic life needs
(e.g., target waterfowl or fish species), waterligpiperformance (certain depths may
be required for sufficient particle settling, etcAs an example, a simple parabolic

shape was given to both wetland water balance PTMs:

{— PCias +2-PCugsy  TOr PGy <2
MWB(S) =

(3-21)
0 for PGygs) > 2
~PClyp +2-P for P <2

MWB(D) — CWB(D) C\NB(D) CWB(D) (3-22)
0 for PCygp) > 2

where M5, and M ) are the resulting shallow and deep water wetlartéwa

balance metrics. Figure 3-5 plots the PTM functiased to relate both of the

wetland water balance PC values with their corredpa metrics.
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Figure 3-5PTM functions relating (aPCygs, and Mg, , and (b) and
PC\NB(D) MWB(D) :

3.4.5 Groundwater Recharge and Baseflow Maintenance

The goal of the groundwater recharge function iestore groundwater
recharge volumes to pre-development levels. Sirtoléhe groundwater recharge
function, the baseflow maintenance wetland funcéions to restore baseflow rates
and volumes to pre-development values. Optim#ily wetland should account for
all groundwater and baseflow lost from imperviotesaa within the contributing
drainage area. In other words, the wetland shiol@ally infiltrate the same volume
of water as would the pre-developed drainage aBGagen this goal, the total mean
annual infiltration volume from the wetland was qmared to the estimated mean
annual infiltration volume of the simulated pre-dmped drainage area. Within the
model, pre-development runoff and infiltration ach storm event were separated
based on a user-assigned pre-development rationalu€. The pre-developed

drainage area included both the contributing dgerearea to the wetland and the
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wetland area. In order to develop a final grourtgweecharge and baseflow
maintenance performance criteria the mean anneali@velopment and wetland

infiltration volumes were compared in ratio form:

I_Pi forlxv >0
PCow =1 l kv (3-23)

0 for Ikv =0
wherel kv is the mean annual infiltration volume®|fover the simulation period,
I .reiS the mean annual infiltration volume®ffover the simulation period from the
pre-developed drainage area, &}, represents the groundwater and baseflow
maintenance PC. WheRC_, is equal to 1, the wetland fully compensates fbr al
groundwater and baseflow lost to imperviousnegkercontributing drainage area. If

Iy is greater thar .-, more groundwater and baseflow will be input teereing

natural areas than under pre-developed conditi@unversely, ifl «v is less than

| e, @nd the resultind®C,,, is greater than 1, the wetland contributes lessemia

downstream baseflow and groundwater than woulgtbeleveloped drainage area.

From both hydrologic and economic perspectivesegxgroundwater and
baseflow may be disadvantageous, costing more assllgy causing problems
downstream. Therefore, a simple parabolic PTM tioncvas used to

relatePC,, and theM,, :

-PCZ, +2-PC for PC,,, <2
M ow = { GW + GW or GW (3_24)

0 for PCg,, > 2
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A plot of the groundwater PTM is shown in Figuré.34n cases where infiltration is
not desired or not possible (e.g., areas with higter tables, wetlands in which
groundwater contamination is a concern, etc.)réisalting PC;,, and M, will

equal to zero. A number of constructed wetlandgissactually require the
installation of impermeable liners (USEPA 2000; MR@D9). Due to this restriction,
constructed wetlands often do not contribute togiteeindwater recharge and

baseflow maintenance sustainability function, padg PC,,, and theM,, values

of zero.
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Figure 3-6 PTM relationship relatind?C,,, and M, .

3.4.6 Aesthetics

The overall goal of the wetland aesthetics funcisoto create a wetland that
is visually appealing to the surrounding communitjne aesthetic appeal of the

wetland was assumed to depend on the wetland dpargmeters. A more irregular
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wetland perimeter, for example, is more attrachigeause it creates a more
interesting, natural-looking landscape (Smarder8L98 hree wetland design
features were used to evaluate wetland aestheforpgnce, which included (1)
wetland perimeter irregularity, (2) wetland-typeefisity, and (3) wetland area.
These three characteristics were evaluated usentating system suggested by
Smarden (1983). The corresponding PC values vecelated accordingly

(Smarden 1983):

PR

Pl = 2, /7 (43560 A,) (3:29)
PC,, = N (3-26)
PC, = A, (3-27)

wherePRrepresents the total wetland perimeter (ft), represents the total wetland
surface area (acly is the number of different wetland types (defitgdvegetation
and water depths) preseRC,, represents the perimeter irregularity PC valudcivh
is a ratio of the actual wetland perimeter to tineurnference of the wetland if it were
perfectly circular;PC,,, is the PC value for wetland-type diversity; aR@, is the

PC value corresponding to total wetland surfaca.aferelationship between the

aesthetic PC values and final aesthetic metrice Wemn adapted from Smarden

(1983):

< <
for 0<PC, <5 (3-28)

1 for PC, >5
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PCuo for 0<PC,, <5

Mo = 5 (3-29)
1 for PC,, >5
PC,
for 0<PC, <10
M, =4 10 or A (3-30)
1 for PC, >10

whereM,,, M,,;,, and M , represent the corresponding metric values foruatalg

wetland perimeter irregularity, wetland-type divgrsand overall surface area.
Smarden (1983) established the linear nature ahadk aesthetic PTM relationships.

Plots of all three aesthetic PTM relationshipssdrewn in Figure 3-7.
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Figure 3-7 Aesthetic wetland function PTM relationships fréon perimeter

irregularity (a), wetland type diversity (b), aralal wetland area (c).

3.4.7 Water Quality

The overall goal of the water quality wetland fuontwas to produce effluent

TSS, DO, NH', and NQ concentrations that met the requirements for argiv
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wetland design. Such water quality requirementevi@und to vary notably based
on a wetland’s intended use. For example, wetlardsse outflow feeds directly
into natural streams may require different wateaaliqy standards than wetlands
intended to serve as secondary treatment in a watgetreatment plant. In the
literature, disagreements occur over differencésdsen healthy and detrimental
nutrient and TSS concentrations, which makes gpttater quality standards
difficult. Additionally, TSS, DO, NH', and NQ' concentrations sufficient for one
stream could be detrimental to a different streapetiding on aquatic life needs and
stream properties. In order to address these ¢oatipl issues, the current model
developed example water quality metrics for (1)retwater wetlands treating water
in the mid-Atlantic region, (2) constructed wetlanged as secondary municipal
wastewater treatment, and (3) constructed wetltnredsing agricultural wastewater.
Given the variability of wetland effluent water djt)aneeds, water quality metrics
should be developed for each wetland design indaligl in order to ensure the best

performance.

3.4.7.1 Stormwater Water Quality in the Mid-Atlantic region

The goal of the water quality function in the countef stormwater wetlands
in the mid-Atlantic region was to input healthy ematjuality levels into receiving
natural water bodies. These water quality levietaid mimic those found in healthy,
analogous receiving water bodies. A total of fetarmwater water quality
performance criteria were developed within the enfristudy to evaluate wetland
effluent dissolved oxygen (DO), TSS, nitrate nigndNG'-N), and ammonia

nitrogen (NH™-N) concentrations. Each of the four resultingf@enance criteria
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was related to a corresponding metric based aelative impact on downstream
water quality and aquatic health.

Water quality PC values were set equal to the da#wn effluent TSS, DO,
NH,", and NQ' concentrations simulated for a given wetland desifhese daily
mean effluent concentrations were calculated usidgily mean concentration
(DMC) method. Water quality loads were summed @aamh day of simulation and
divided by the corresponding total daily outflonwme in order to calculate the
DMC for a given day:

24
z Lour

DMC =22 (3-31)

24

ZVOUT
i=1

wherel, ; represents the minute-by-minute outflow load gheen water quality
constituent within a given day (mg) akg,; is the minute-by-minute outflow

volume within a given day (L). All DMC values feach water quality constituent
were averaged over the simulation period to detegrtiie final mean outflow
concentrations for a given wetland design. Zeowvftlays were excluded from these
final water quality means in order to avoid a nagaskew in effluent concentrations.
The DMC, as opposed to the event mean concentr@itC), was employed in the
current study in order to avoid inaccuracies andpla@ations associated with
differentiating water quality loads and flows adated with separate events within
the model, which had a continuous rather than elvaséd structure.

Because the model was initially calibrated for ithid-Atlantic region of the

United States, all water quality metrics were basedvater quality concentrations
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and associated benthic invertebrate health in Noattolina as calculated by McNett
et al. (2010). This study collected both the ambveater quality samples (AWQ)
and benthos ratings (BMR) for 106 streams in tlegliiont region of North Carolina
over a 30-year study period. Water quality conegians were taken as grab samples
and were only collected during summer months, wiiehe thought to produce
conservative values as water quality tends to dech warmer months (McNett et al.
2010). Within this study, the following five BMRategories were used: excellent,
good, good-fair, fair, and poor to evaluate benktigalth (McNett et al. 2010). Each
category was defined by the sensitivity of ben#ipecies present in a stream; all
sensitive species present translated to an ext@MR while an absence of sensitive
species translated to a BMR of poor. McNett e(2010) then collected AWQ
samples from all 106 streams and compiled the M&EQ values corresponding to
each BMR category; results from this study are showTable 3-2.

The current study assigned metric values to eathedfive BMR categories,
defined by McNett et al. (2010), which were respety 1, 0.83, 0.67, 0.50, and 0.30
for BMR categories of excellent, good, good-faair fand poor. Therefore, water
guality metric values increased with increasingasged stream benthic health.
Curves were also generated from the resulting me#alues for each BMR category
and associated AWQ values. TSS, DO andg N\OM curves all followed a power
model, while the N PTM curve was found to best fit an exponentialeurThese
developed curves for TSS, DO and Né&e plotted with the AWQ values with which

they were fit in Figure 3-8. These curves werdéheir extrapolated to account for
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pollutant concentrations outside of the ranges mieskin Figure 3-8 to develop final

corresponding water quality PTM functions.

4 Observed AWQ
Fitted curve ]

0.8} 0.8}

BMR

BMR

0.6f 0.6} y = 1.15¢ 044
x 2
b= R“ =0.926
0.4} D 04}
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O O L L L
0 0 0.05 0.1 0.15 0.2
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Figure 3-8 Curves fit to the AWQ data reported by McNettle{2010) vs, the
estimated numerical metrics corresponding to therRBidtegories defined by McNett
et al. (2010) for (a) N®, (b) NH,", (c) DO, and (d) TSS. Equations and adjusted R
are shown with each curve.

Table 3-2McNett et al. (2010) BMR levels for DO, TSS, NGnd NH*
concentrations in streams in the Piedmont regigdhermid-Atlantic. Corresponding
metric values assigned by the current study to &dR category are also shown.

: : : DO TSS | NO3/NO; | NHa/ NH4'
Rating Assigned metric (mg/L) (mg/L) (r;g/L) 2 (n3'1/g/L)4
Excellent 1 9.25 4 0.39 0.02
Good 0.83 8.8 6.4 0.59 0.04
Good-fair 0.67 8.4 5 0.67 0.06
Fair 0.50 7.7 7 1.6 0.06
Poor 0.33 6.8 5 6.34 0.13
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Both NO;” and NH," species were used to assess wetland performatite wi
respect to nitrogen. The following expressionsensaveloped from the results of the

McNett et al. (2010) study to model the N@nd NH" PTM’s:

Mo - 0.635- NO3 % for NO3> 0.39 (3.32)
NOS T for NO3<0.39

v 115- exp-996- NH4) for NH4 > 0.02 (3.39
NHE T for NH4 < 0.02

where NO3and NH 4 respectively represent the final mean outflow emtiations

of NOg and NH" (mg/L) over the simulation period; ard ., and M, are the

respective N@and NH;" metrics. These resulting NGand NH" PTMs had
respective adjusted’®Ralues of 0.940 and 0.926, which represented gtagmeement
with the BMR data provided by McNett et al. (201®)able 3-2. The respective
NO; and NH limits of 0.39 and 0.02 mg/L represented the catre¢ions
corresponding to the Excellent BMR level (see TabR). Therefore, N@ and

NH,4" concentrations below these levels were assumedntsibute to excellent
benthic habitat conditions. Final N@&nd NH* PTM plots are shown in Figure 3-9

and Figure 3-10.
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Dissolved oxygen (DO) is an extremely importantevafuality parameter.
All aquatic aerobic activities, by definition, ragpaDO. Ammonification,
nitrification, and BOD degradation also require D®@ithout sufficient DO levels, an

aguatic ecosystem can degrade rapidly. The foligweixpression was used to
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evaluate wetland DO performance as based on reshttitned from McNett et al.
(2010):

00025 DO?’ for DO<9.2
|\/lDo:{oooo 5DO or DO <9.25 (3.34)

1 for DO >9.25

where DO represents final mean outflow dissolveghex concentration (mg/L) and
Mpo is the resulting dimensionless DO metric. The upipat of 9.25 mg/L
represented the DO concentration corresponding ©xaellent BMR DO metric

(see Table 3-2) under the assumption that all D@ eotrations exceeding 9.25 mg/L
sustained a healthy benthic ecosystem. Figure shatvs this PTM relationship,

which had an adjusted®®f 0.996.
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Figure 3-11PTM function relating DO and the final DO metrigM

Elevated TSS concentrations increase turbidity Hretefore, can reduce
submerged macrophyte photosynthesis. In addiiarumber of pollutants are
associated with TSS including BOD and TP. Thersfas TSS increases, BOD, and

TP also potentially increase, which can cause D@etyease. TSS can also carry
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beneficial solids downstream. Therefore, somelle/&SS reflects good water
guality. However, once a certain concentratiore&ched, TSS begins to degrade
water quality. The threshold at which TSS conaitins become detrimental to a
stream can vary great depending on a number afraotcluding stream bed
composition, stream flow velocity, stream habiygies, etc. As a result of this
variability, TSS concentrations exhibited the westkelationship with benthic health
of all of the water quality constituents analyzedicNett et al. (2010). Despite this
weak relationship, the current study assumed tlitairwan individual stream,
increasing TSS concentrations would result in segdrirend of worsening water
qguality. Therefore, despite the large variabiiitynealthy stream TSS concentrations,
the final TSS PTM was adapted from McNett et a8D1@) accordingly:

3.-TSS®'  forTSS>4
M Tss = { (3'35)

1 for TSS<4

where TSS represents the final mean outflow TSSaanation (mg/L) and Msis
the corresponding TSS metric. The limit of 4 mggpresented the TSS
concentration corresponding to an Excellent BMR T&Sric (see Table 3-2) under
the assumption that all TSS concentrations belomgB. promoted a healthy benthic
ecosystem. This TSS PTM function had an adjustedf B.253, which is very poor
due to the variability in “healthy” TSS concentaats for different streams. Figure

3-12 shows the resulting TSS PTM.
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3.4.7.2 Municipal wastewater treatment effluent water quality

Water quality metrics were defined for wastewateatment wetlands that
perform secondary treatment based on EPA efflustdrsdary treatment water
guality standards. EPA requires respective 30rdagn secondary treatment effluent
concentrations for TSS and TKN (Total Kjeldahl NMgen) of 30 and 10 mg/L
(USEPA 2000; USEPA 2010). Additionally, the USERQuires that the 7-day
mean TSS concentration for secondary treatmeriielosv 45 mg/L. Note that EPA
does also list additional standards for constitsi@ot simulated by the current model
(i.e., the 30-day average BOD concentration mustbéer 30 mg/L and the 7-day
average BOD concentrations must be under 45 mg/L).

All mean daily effluent concentrations for munidipaastewater treatment
wetlands were calculated according to Equation 8«8Hin the model. In order to

compute 7- and 30- day means, the model averagedgily concentrations for each
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consecutive 7- and 30- day period within a givenudation. If the mean effluent
concentration for the average 7- or 30-day TSS eatnation was found to be greater
than the required level, the corresponding metas velated linearly to the resulting
TSS concentration. Metric values of zero weregesi to 7- and 30-day TSS
effluent concentrations that were equal to or gretiitan corresponding influent TSS
concentrations. The current study assumed a aurisfluent TSS concentration of
59.5 mg/L, which was based on data provided byal[&/WTP. Therefore, the
resulting TSS metrics were computed based on &uremf TSS concentration of 59.5
mg/L. All resulting concentrations below the regal standards were assigned a
metric value of 1.0. Therefore, the PTM curveduoerage effluent 30-day mean TSS
concentration took on the following simple stepwisen:

1 forTSS§, <30mg/L
T 30) :{ % (3-36)

~0.0339TSS,+2.02 forTSS,>30mg/L
whereTSS, is the average 30-day mean wetland effluent cdnagon (mg/L) of
TSS andM, 4, is the corresponding TSS metric for secondarytrtreat wetlands.
Similarly, a 7-day TSS metric was computed:

1 for TSS <45mg/L
T = (3-37)

-0.0699TSS +4.16 forTSS >45mg/L
whereTSS is the average 7-day mean wetland effluent conagon (mg/L) of TSS
and M ,, is the corresponding TSS metric for secondarytitreat wetlands. While
linear PTM relationships were defined to rela®g,and TSSwith M 4, and

M: » the shape of these functions is subject to chaaged on user needs as well
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as the sustainability implications of differentleéint TSS concentrations for a given
wetland design. The current study chose lineactfans to illustrate the general
decreasing trend of wetland sustainability withré@asing TSS concentrations.

An effluent TKN metric was also developed for setany treatment
wetlands. Because wastewater treatment wetland pétfdrmance was not as
reliable as its TSS performance, strict TKN requieat have not been established for
wetland effluents serving as secondary treatmeatrmunicipal WWTP. However, a
TKN effluent 30-day average concentration of 10lmgAs cited by the USEPA
(2000) as an ambitious goal. Therefore, a PTMtionovas developed that returned

a TKN metricM ., of 1.0 for an average effluent 30-day mean TKN eoni@tion
less than or equal to 10 mg/L andvg,,, of 0.0 for an average 30-day effluent TKN

concentration greater or equal to correspondinigemt concentrations. A linear

function was used to definil ., values with concentrations between 10 mg/L and

wetland influent concentrations. While a lineandtion was used in the current study
for simplicity, if more data were available to lettefine the sustainability impacts
of increasing TKN concentrations, the TKN PTM fuootcould be altered
accordingly.

The current study designed a municipal wastewagatrnent wetland with an
estimated TKN influent concentration of 47.1 mg/This influent TKN
concentration was estimated by multiplying thetiafit NH;" concentration of 28.3
mg/L by a factor of 2.11. This correction factdr2.11 represented the ratio
between the average influent TKN (28.3 mg/L) and,N#3.4 mg/L) concentrations

reported by USEPA (2000) for 22 wastewater treatmetlands, which are
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reproduced imable 2-11 While a large amount of error can be associatédthis
TKN estimation method, it was assumed sufficierthimi the context of the current
study given the lack of necessary data throughwutiterature. Based on the influent

TKN concentration of 47.1 mg/L, the resulting PTihétion for M, was defined

accordingly:
1 for TKN,, <10mg/L
M =1127-0.0270- TKN,, for10<TKN,, <47.1mg/L (3-38)
0 for TKN,, > 47.1mg/L

where TKN;,, is the average 30-day mean wetland effluent aanagon (mg/L) of
TKN. The resulting TKN PTM function is shown ingtire 3-13. EffluenTKN,,
concentrations were estimated by multiplying therage 30-day effluent NfA
concentration by a factor of 1.59 as estimatedespective mean TKN (19 mg/L)
and NH," (12 mg/L) effluent concentrations reported by USEP000) for 22
municipal free surface water wetlands treating priyreffluent (se@able 2-1).
Figure 3-13 shows the PTM functions relating alethmunicipal wastewater PC

values with their corresponding metrics.
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Figure 3-13PTM function relating (a)l SS,and M 4, , (b) TSS and M., , and (c)

TKN,, and My, -

3.4.7.3 Agricultural wastewater treatment effluent quality

Agricultural wastewater quality metrics should kedided for each design
based on the nutrient needs of the receiving crapldrom the example NRCS
treatment wetland for swine wastewater used ini@e& 1, the receiving cropland
required a daily average effluent concentratiof@# mg/L of total nitrogen (TN).
Other water quality requirements were not suggesyetie NRCS (2002).
Therefore, because this nutrient requirement iserfiexible, a parabolic shape was

given to the final TN metric for agricultural wastater in this case:

— 381x10° -TN? +0.0124- TN for 0<TN <324mg/L
M = (3-39)
0 for TN > 324mg/L

where TN is the mean daily wetland effluent concentratiomg/loh of total nitrogen,

and My, is the resulting agricultural wastewater TN metrior the purpose of this

example,TN effluent concentrations were estimated to be efuabout 1.12 times

effluent NH;" concentrations based on values reported by Keigak (2000) for 19
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swine wastewater treatment wetlands (see Table.2-TBe PTM function relating
TN and M., is plotted in Figure 3-14. Future versions of thedel should simulate

all nitrogen species as to better evaluate thisiomefdditional water quality metrics

could be added and altered based on the requirsroéatspecific design.

Iv'TN

| | |
50 100 150 200 250 300
TN(mg/L)

Figure 3-14PTM function relatingTN and M, .

3.5 FINAL SUSTAINABILITY INDEX

Final metrics were multiplied by stakeholder assjweights and summed to
determine the overall wetland sustainability in@@4SI). Metric weights were based
on stakeholder judgment. Once all metrics and dwresponding weights were
agreed upon, the following equation was used terdehe an overall, weighted
sustainability value for the entire wetland:

wM, +W,M, +---+w M
W, + W, +-+ W,

WSl = (3-40)
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where w, refers to the stakeholder assigned weight corretipgrio the metridV,,

andWSI is the resulting wetland sustainability index. eMaeights are subject to the
constraint that they must sum to 1:

dw =1 (3-41)
Metrics were assumed to be independent. Howewamghat a number of metrics
such as those used to quantify the wetland hydiokgd water quality functions
were correlated, further applications of these ro@should explore this issue of
correlation.

Metrics could also be assigned “design failure”itsnvhere failure to meet a
given criteria results in a failed design and aarall sustainability index of 0 (e.g., if
ammonia levels are too high, that design is naibd@ because downstream aquatic
life would be killed). Depending on the criteriaat are most important to the
stakeholders, these design failure limits couléi&sgned to different criteria and at
different levels of consequence. Extreme ‘optimatland designs can result from
strong stakeholder bias in chosen metrics. Thesetareful attention must be paid
to reducing such bias in metric development. Fmetric values should reflect all
stakeholder values while emphasizing sustainahilitit respect to a given criterion

and its corresponding wetland function.

3.6 SUSTAINABILITY METRIC USER INPUTS

A total of six user inputs were required to compie sustainability metrics
discussed in this chapter. All user inputs assediwith sustainability metrics are

listed in Table 3-3. These inputs allowed the tgalirectly compute sustainability
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performance criteria within the model. Correspogdnetrics were computed
outside of the model as their relationship to penfance criteria could be user-

defined.

Table 3-3All sustainability metric user inputs and theisasiated performance metric.

User input Units Associated performance metric
Wetland perimeter ft Wetland aesthetics perimeter metvig,
Number of wetland habitat types --- | Aesthetics wetland-type diversity metridd,,,
Number of habitat islands --- | Habitat island metridVl ,, ,
High-marsh design depth ft | High-marsh wetland water balance meMg, ;)
Low-marsh design depth ft | Low-marsh wetland water balance metht, g,
Ere-developed drainage area Rational Low- and high-flow metricsM, ,,, andM,,
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Chapter 4. Model Development

4.1 WETLAND VEGETATION

Constructed wetlands for treatment typically cansfigwo main wetland
regions, (1) areas with emergent vegetation antliostexr water depth, and (2) areas
with submerged and/or floating vegetation and deeger depths (see Figure 2-1).
Both areas played important roles in the functiba given wetland design based on
their relative water depths and vegetation typ&shile algae also plays a role in
wetland function, it was not simulated within thedel due to the complexities
introduced by the associated growth, death, andaubn cycles.

Emergent vegetation is typically dense and abktdnd erect out of the water,
requiring water depths of less than 1 m (3.3 @pmmon examples of emergent
vegetation includ@yphaspecies (cattailsjcirpusspecies (bulrush), arRhragmites
species (common reed). They provide surfacefaraaicrobial activity, enhance
flocculation and sedimentation, provide cover freind, and insulate wetland water
temperatures during the winter (USEPA 2000). Rugheé rigid nature of most
emergent species, these areas of high marsh &atea laborious pathway for water
flowing through the wetland, resulting in low wateslocities. Because emergent
vegetation generally reaches above the water syrfiacan also provide significant
transpiration. The current study used the reldtieight of emergent vegetation

above mean high-marsh water depths(m) for a given design as an input to

potential evapotranspiration (PET) calculation® (Section 0). Emergent vegetation
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was also assumed not to contribute to water oxj@esis via photosynthesis as most
of the leaves are above the water surface.

Submerged vegetation is rooted to the bottom ofiand, generally fully
submerged, cannot stand erect in air, and is prasevater depths between 0.25 and
3 m (0.80 and 10 ft) (Kadlec and Knight 1996; USER0). Examples of
submerged species incluBetamogerspecies (pondweed) aitdiodeaspecies (water
weed). Floating vegetation fits the same nichsudsnerged vegetation as they
require water depths with a typical range of 0.25-8.80-10 ft), cannot stand erect
in air, and can either be free floating or rootednte bottom of the wetland with
additional floating leavesLemna(common duckweed) arfdymphegwater lily)
species are examples of common floating vegetatBoth submerged and floating
vegetation provide oxygen to wetland water thropgbtosynthesis and surface area
for microbial activity. Additionally, floating vegtation may cause problems by
blocking surface oxygen transfer as well as bloglganlight from reaching
submerged vegetation (Kadlec and Knight 1996; USEB®0). Floating vegetation
was not included in the current model becauserveskthe same functions as
submerged vegetation with additional detrimentida$ on water treatment.

Generally emergent vegetation coincides with skhadtowater depths while
submerged vegetation was restricted to deeper waf#hs due to species water
requirements and typical constructed wetland degigdelines. Therefore, shallow
areas with emergent vegetation are generally assacwith very low velocities, and
lower oxygen levels (lower rates of surface aeratioe to low velocities and no

macrophyte photosynthesis). As a result of theaeil oxygen values, the bottom
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soils of these shallow areas with emergent vegetatie also thought to be sites of
denitrification (USEPA 2000; Bastviken 2006).

Conversely, deeper areas were associated wittlgligigher velocities due to
less dense vegetation and deeper water, and logligen levels due to increased
surface aeration and macrophyte photosynthesis. a€hobic nature of these deep
areas made them supposed sites for nitrificatlaater model calibration and
analyses were used to evaluate the performancetiofshallow areas with emergent

vegetation and deep areas with submerged vegetatiifferent wetland designs.

4.2 POTENTIONAL EVAPOTRANSPIRATION (PET)

The Penman Monteith equation was used to simutztngal
evapotranspiration (PET) from each wetland celET s the combination of water
transpiration through vegetation and direct evagimma&rom a water surface; both of
which occur in a typical wetland system. Withie timodel, PET was assumed to be
constant across all cells regardless of vegetéiom or inclusion. This assumption
does not distinguish between cells in which plaaigpiration dominated and those in
which water surface evaporation dominated. Howexadlec and Knight (1996)
pointed out that actual wetland ET is comparablén&b of lake evaporation, which
suggests that assuming a lump PET term may besarrable estimate of both
transpiration and evaporation within a cell. PEAswimulated on an hourly basis
and was turned off during hours when rainfall ocedrwithin the model. Actual
evapotranspiration (AET) within a wetland cell wiasited to the cell’'s existing
surface water level at a given time interval. Therent section outlines in detail the

methods used to simulate PET within the model.
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4.2.1 Input data for PET component

The following section explains the determinatiortted input parameters to
the PET components. A number of assumptions angdliications were made to
ensure that the resulting model component was seh-friendly and

computationally efficient. All such simplificatisrare discussed.

4.2.2 Constant PET inputs
A number of PET component inputs were assumed tmbstant throughout
a given simulation including albeda J, shelter factor €,), maximum leaf

conductance(, ), emergent vegetation height above wated (height of wind

measurementsz ), and atmospheric pressure (P = 101.32 kPa).wEtland albedo

a represents the composite reflectivity of a wetlarea. This collective wetland
albedo may vary greatly based on season, wateh dapdw cover, vegetation height,

vegetation cover, and latitude (Goodin et al. 199Ggman 2002). The input,

value was dependent on both the emergent vegetagight and the corresponding

water depths in areas populated with emergent aégetin a given wetland design.

The maximum leaf conductanc€,, ) represents the maximum rate (mm/s) at which

the leaves of a given plant with will transfer watgo the surrounding atmosphere.

This maximum rate occurs when the leaf pores (stayr@ae completely opened.

Different vegetation species can have differ€pt, values due to varying leaf areas,

stomata densities within each leaf, and stomatahimyg size (Koch and Rawlik 1993;

Morrissey 1993; Dingman 2002). The shelter factpiis a measure of how much
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shading occurs in the vegetation. fA value of 0.5 represents a vegetated surface

with 50% of the leaves shaded, while a value ddresents an area in which no

shading effects impede vegetation sun exposure. vétiablez represents the

standard height from which wind speed data arentaKdne variable P is the standard
air pressure at sea level. Depending on the locati a proposed wetland, P may
change.

The leaf area index (LAI) was also a PET compoirgnit, and is a measure
of leaf area relative to total surrounding areataming a plant or tree. A pine tree,
for example, has a much lower LAI than a broadddafeciduous tree. The wetland
vegetation LAl was assumed to change seasonatiydier to simulate leaf loss in the
fall and winter seasons. Wetland vegetation waarasd to have no leaves from
September Zithrough March 29, which respectively correspond to the days of year
(DOYs) 264 and 80. The following simple LAl modehs constructed to mimic the

resulting reduction of PET during fall and winteomths:

0 ford <80
LAl =JLAI for80<d <264 (4-1)
0 ford > 264

whered represents the day of year (DOY) aidll jrepresents the LAI during the

growing season, which was assumed to occur dunegjring and summer months.

LAI , was a user input. The piecewise structurehaf model was taken from

Federer et al. (1996).
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4.2.3 Incident Solar Radiation Input

Incident solar radiation was estimated using datian fthe National Solar
Radiation Database (NSRDB) as well as from metlogsred in Dingman (2002).

Hourly global solar radiation{,, ) averaged over each month of record from 1991 to

2010 was downloaded from NSRDB for Baltimore, MDr@sorded at the Baltimore-
Washington Thurgood Marshall International Airpo@lobal radiation represents the
sum of direct (all radiation hitting the earth’sfaee from directly above) and diffuse
(all radiation reaching the earth’s surface frofffiedent angles due to scattering in the
atmosphere) radiation. All radiation data werdeméd on a horizontal surface
(Wilcox 2012). The resulting mean hourly radiati@iues for each month over the
20-year period of record are shown in Figure 4Flhese curves were developed by

averaging the mean hourly radiation values for e@aohth over the 20-yr period.
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Figure 4-1Hourly mean global solar radiation on a horizoptahe K, for each

month (MJ/ni-hr) at Baltimore-Washington Thurgood Marshall metional Airport
over the period of record 1991-2010 (NSRDB)

From these monthly mean hourly values, a daily maxn radiation K )
curve was estimated:

K (d) = 192+ 072sin[0.017(d —81)]+ 0.072sin[2-0.017(d - 30)]  (4-2)
whered is the day of year DOYd(= 1 on January®). The resultingk. curve
(MJ/mP-hr) estimated the peak hourly solar radiationefach day of the year, which
was assumed to occur at solar noon each day. ol&aerson for each day at latitude
38’ (the estimated latitude of Maryland) was determinsing an excel spreadsheet

provided by NOAA which is downloadable at

<http://www.esrl.noaa.gov/gmd/grad/solcalc/calcdstaimb.

In order to determine solar radiation curves faheday of the year, as

opposed to hourly values averaged over each mdntie year as given by NSRDB,
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the sunsetT,,) and sunriseT, ) times were calculated for each day of the year
(Dingman 2002):

_cos'[-tan)-tan(A)]
w

Thr =

(4-3)

s cos'[-tan(S) - tan(A)]
w

T - (4-2)

where A (radians) is the latitude (in this case 8&s used to represent Maryland),
o is the declination angle (radians)js the angular velocity of the earth’s rotation

(0.2618 radian/hr), and@,, andT,, represent the respective number of hours before
and after solar noon at which the sun rises arglaes given dayT,, is negative
andT, is positive and have the same magnitudes. Befonase and after sunset,

solar radiation was assumed to equal zero.

In order to reduce computational expenses, a cuagfit to T, daily values:
T,.(d) = 6.0219+ 1.2836sin0.0172H —1.414] (4-5)

where'I:hS represents the curve-predicted sunset time rel&divhe solar noon (hr) for
each day of the year. Figure 4-2 shows the platsdompare the actual calculated

T,s values with the predicted cur\fgs.
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Figure 4-2 Observed, (gray) and predicteffhS (black) daily values over the course
of one annual cycle.

The daily predictecK, and'I:hS values were then be used to estimate

triangular Kin hourly distributions for each DOY. Because albsaloon values

were within 20 min of 12pm and the primary timergraent of the model was one

hour, the solar noon was assumed to equal 12pmilfdays. Sunrisel(, ) and
sunset b)) times were, therefore, estimated to equal:
h, (d) =13-T,(d) (4-6)

h(d) =13+ T,,(d) (4-7)
whered represents the DOY and 13 presents the hour ¢fdlae noon, which

corresponds to 12pm. The annual change,irand hg are plotted in Figure 4-3.
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Figure 4-3 Predicted sunrisé,, (solid line) and sunsét (dashed line) annual
cycles at Latitude 38°.

The following equation was developed to estimatgrlyancident solar

radiation SR) values:

0 for h< h,(d)

, s e oy o h=ho(d) . )

K, (h,d)={24-K (d) sm{ " @-h.(@) z} forh () <h<hgd) (4-8)
0 for h> h.(d)

WhereRin(h,d) is the predicted solar incident radiation (M3/d) on houh of dayd.

The final Kin plot for a given year is shown in Figure 4-1511.” represents the total

mean incident solar radiation reaching the wetlawet a given hour.
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Figure 4-4 Plot of hourly Km values generated from the inplﬁpn curve to the model
over the course of one year.
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4.2.4 NOAA Climatic Data Inputs

The NOAA-derived inputs used in the ET model aredhily mean air
temperature, daily maximum air temperature, dailyimum air temperature, daily
dew point temperature, and daily wind speed. Tdta dsed in this calibration are
NOAA, daily mean data from 1945 through 2011 froaitiBnore, MD. Daily mean
values are based on the mean of 24 hourly measuotsitad&en each day. Therefore,
each mean daily data point represents the meas lod@rly values. In order to
compile these data into hourly values, sinusoidales were used to estimate both
annual and daily cycles.

Annual curves were initially estimated for the éolling four different data

inputs: (1) daily mean air temperatufe (2) daily air temperature randge, , (3) dew
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point temperaturd,, and (4) wind speed,. The daily temperature range was

determined by subtracting the minimum from the mmaxn temperature for each day
of record (21,549 days).

Mean values for all four input parameters werewdated for each day of the
year (DOY). DOY refers to the day within a yeaith®anuary hs 1 and December
31 as 365 in a non-leap-year day. In this projeey years will be ignored in order
to simplify the code. The curve-fitting tool in MAAB was then used to fit
corresponding annual sinusoidal curves. The lieguROY means represented the
mean input value given all 59 years of record given DOY (i.e., DOY values for

each day were based on 59 data points). The folpaurves resulted:

T,(d) =1311-1214sin(0.017131 — 74.15)— 0.3474sin(2- 0.017131 + 365)  (4-9)

R, (d) =1163-1.026sin(0.016121 — 7982) - 0.9588sin(2- 0.016121 — 4.964) (4-10)
T, (d) = 6.5836-1233sin(0.01721H +1.1487) (4-11)
v, (d) = 3.869- 0.6125sin(0.017521 —81.14)— 0.1498sin(2- 0.01752 — 1.676) (4-12)
Where'I:a(d) , I:x{i(d) ,'fd (d),v,(d) represent the predicted daily air temperature, air

temperature range, dew point temperature, and speed values for any given DOY

d. All curves and corresponding mean DOY valuesshrevn in Figure 4-5.
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Figure 4-5Averaged DOY input values (gray dots) and corredpanfitted curves

(black) of R,(d) (a), T, (d) (b), Ty(d) (c), 7,(d) (d).

Once daily values were generated, hourly valueslfdour input parameters
were calculated, which were then input into the POdule. Hourly air temperature

and wind speed values were fit to sinusoidal cuoxes the course of each day, while

'I:d values were kept constant. The following curvesawssed to define hourly

T.(d) and¥_(d )
: ey R (7 .
Ta(hd) =T, (d) - = co{lz(h hsr(d»j (4-13)

v, (h.d) =\7a(d)—§\7a(d)-00{112(h—hsr (d))j (4-14)

whereh represents the hour of the day (1-24hr), 3?51@1, d)and v, (h,d ) represent

the respective air temperatuf€) and wind speed (m/s) values on hbuof DOY d.

121



A phase shift of% was also included in both curves to ensure mininemmperature

and wind speed values occurred at the estimatetissitime of each day. rfd
values for a given hour were greater than the spmdingfa(h,d), 'I:d was reset to

equaI'I:a(h,d). These daily trends were estimated from figures/gd on

weatherspark.com for Baltimore, MD via data frora Baltimore-Washington
Thurgood Marshall Airport. Unfortunately, this hrbudata was not made available
by the website. Figure 4-6 shows example restilésrdemperature hourly
distributions for the first days of February, Mduly, and November. Both the daily
mean air temperature and range vary. The analggotor wind speed is shown in

Figure 4-7.

122



35

Feb
fffff May
301 o g 5 0 ° © o 4 7
x Nov e} o
o @]
25+ o (@] i
@] © ©
o 5 © T T T T
~ 20 o 5 - - 4
e © o o O e N
g 15 - N x -
g . L x
E « \\\ /// X
(5] ~ - x
F 10- x - - _

5 \ \ \ \
0 5 10 15 20 25

Time (hr)
Figure 4-6 Resulting hourly distribution of air temperatureeothe course of one
day. Each line represents generated temperatlue fa the first days of February,
May, July, and November.

Wind Speed (m/s)
I
T

0 | | | |
0 5 10 15 20 25

Time (hr)
Figure 4-7 Resulting hourly distribution of wind speed ovee ttourse of one day.
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4.2.5 The Penman-Monteith ET Method
The general form of the Penman-Monteith equation is

A'(Kin + RL)+pa Cy 'Cat 'e; ) (l_Wa)
pw/q‘v [A t+7- (1+ Cat /Ccan)]

PET =

(4-15)

wherePET is potential evapotranspiration (mm/d),, is net incoming shortwave
(solar) radiation (MJ/m-d)R,_ is net longwave radiation (MJ/m-d), psychrometric
constant (kPa/K), is the latent heat of vaporization of water (MJ/kg) is the
saturation vapor pressure at the air temperatuta)(kV, is the relative humidity of
the air expressed as a ratio (dimensionlesg)is the mass density of water (kdm
P, Is air density (kg/r, c, is the heat capacity of the air (MJ/kg-kG,, is
atmospheric conductance (m/d), a@d, is canopy conductance (m/d), and
represents the slope of the saturation-vapor agpéeature curve at the air
temperature (kg/m-d-K).

4.2.5.1 Mass Transfer Equations

Water and air densities, respectivgly and p, are temperature dependent,

with values determined using the calculated hoaimyemperaturé:a(h,d). Water

density was approximated using the following engpirthermal-dependent equation

(Dingman 2002):
~ 168
P, =1000-0.019549 T, (h,d) — 3.94 (4-16)

where p,, has units of kg/th Air density was calculated using a derivatiorhf

Ideal Gas Law (Dingman 2002):
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P
[T.(h,d)+2732] R

Pa (4-17)

whereP (kPa) is the atmospheric pressure, which was asdguobe 101.3 kP& is

the gas constant of air, which was set to 0.288; anis in units of kg/m. The
latent heat of vaporization was then calculatech@dian 2002):

A, = 250— 236x10°-T, (h,d) (4-18)
Next, the saturatede() and actual €, ) vapor pressures were calculated given the

calculated hourly aiﬁ:a(h,d) dew point'fd(h,d)temperatures (Dingman 2002):

e =0.611 ex 173-T,(n.d) (4-19)
T,(h,d) + 2373

(4-20)

e = 0.611 exr{ 173Td (h,d) j

T,(h,d)+237.3

Both vapor pressures, ande, have units of kPa. With botty ande, known, the

relative humidity W was calculated (Dingman 2002):
Wa = _f (4'21)

In order to determing, which represents the slope of the vapor pressunedeature

curve at'I:a(h, d) ande,, the derivative of Equation 1-34 was taken (Dingr2@02):

de 25083 o { 173-T,(h,d) j 4.22)

A=— =— -exXp =
dT,(h,d) (T,(h,d)+2373)° T,(h,d)+ 2373
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whereA is in units of kPa/K. This relationship showstthancreases exponentially
with increasing atmospheric temperature, whicHss aeen in the vapor pressure-

temperature curve in Figure 4-8.

Vapor Pressure (mmHg)

0 T v T M T —L T N 1
0] 10 20 30 40 50

Temperature ("C)

Figure 4-8 Exponential relationship between air temperatucesaturated vapor
pressure.

The phychrometric constaprelates the partial pressure of water in air to air
temperature. It can be calculated accordingly gbian 2002):

c,P

(4-23)
06221,

7/ =
where c, (MJ/kg-K) is the heat capacity of air and was assdito be 1x18 MJ/kg-
K, and y has units of kPa/K.

4.2.5.2 Radiation-Based Equations

Once all mass transfer inputs were calculatedatexdh-based inputs were

determined. Longwave radiatid was determined based partially on the
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emissivity of the airs, (dimensionless ratio), which, in turn, is basedion

temperature, vapor pressure, and cloud cover (Damg2902):

1/7
g =172 %a [+ 022¢,?) (4-24)
T.(h,d) + 2732

R, = &,0(¢, ~1)-[F.(h,d) +2732] (4-25)
whereg,, is the emissivity of water and was estimated t0.8& for liquid waterg is

the Stefan-Boltzmann constant (= 4.90 x 16 MJ/nf-d-K™?), C. is the fraction of

sky covered by clouds, arfd has units of MJ/fd. With both Rin and R known,
the net incoming radiation was defined accordirfBingman 2002):

R, =K, (1-a)+R (4-26)
wherea is the albedo of wetland surface (vegetation aattmsurface combined),
and Ry is the resulting net incoming radiation to thelesedl surface with units of

MJ/mP-d.

4.2.5.3 Vegetation-Related Equations

Transpiration is controlled by the leaf conductafizg of a given vegetation
type as well by atmospheric conductange Ceaf conductance, in turn, depends on
four main controlling factors related to stomataéning were considered in this
method: light, vapor-pressure deficit, leaf tempane, and leaf water content. €O
and Q levels were assumed not to play large roles imspaation rates.

The light factor f, (K,, Was based on incoming solar radiatidp values

(Stewart 1988):
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1278-K,,

for 0< K.. <865MJ/m?d

1157-K,, +1044 "
f (Ki,) =11 for K, >865MJ/m’d (4-27)
0 for K, <0

where f, (K,, s dimensionless. Figure 4-9a shows that reldéséconductance
increases with increasingqKreaching an asymptote aig, of about 1000 W/fhor
86.4 MJ/m-d (Stewart 1988). Thereford, (K, values were set to 1 ifyk> 86.5
MJ/n?-d. NegativeK,, should not occur.

Next, the vapor-pressure factér(Ap, was determined based on the

absolute humidity deficinp, (Stewart 1988):

1-66.6-Ap, for0<Ap, <0.01152kg/m’
fp (Apv) = 3 4'28
0.233 for  Ap, >0.01152kg/m (4-28)

where f (Ap, )is dimensionless. IAp, is sufficiently large, creating a large ET
driving force, f _(Ap, )steadies to a value of 0.233. A plot of the depeoe®f
relative leaf conductance afp, is shown in Figure 4-9c. Conductance decreases
linearly with increasingAp, until a humidity deficit of about 10g/kg or abou©02
kg/m®, after which conductance remains constant withemsing\p, (Stewart 1988).

A leaf temperature factof; (T, was also calculated (Stewart 1988):

T.(h,d)-[40-T, (h,d)]"*
f(T,) = 691
0 otherwise

for 0<T,(h,d)<40°C (4-29)
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Air temperature has a negative quadratic relatipnafth relative leaf conductance
as shown in Figure 4-9b. Conductance increases teaperatures from 0 to A3,

decreasing for temperatures greater tha&& 1Stewart 1988).

Finally, a leaf water content factdy, (A6 was defined by Stewart (1988):
f,(Af) =1-0.00119 exp(081A0) for 0<AO < 84cm (4-30)

where A@ is the soil-moisture deficit. Figure 4-9d sha¥ws dependence of relative
leaf conductance ond. Conductance remains at a maximum framvalues of 0

to about 45 mm, after which conductance decredseply, reaching zero at about 80
mm. Within the current study, the soil-moisturdéiclewas set to zero, producing a

constantf,(Aé )of 1.0.

1 1
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0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘
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1 ‘ 1
0.8 0.8
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0 ‘ ‘ ‘ ‘ 0.2 ‘ ‘ ‘ ‘
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Figure 4-9 Dependence of relative surface conductance on sadation K, (a),
temperature J(b), specific humidity deficitAp, (c), and soil moisture deficih & (d).
After Stewart (1988) and Dingman (2002).
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With all vegetation factors defined, an overalfleanductanceC_, value

could be determined (Dingman 2002):

*

Cear = Crear - fi(Kip) - T, (Ap,) - 1:(T,) - 1,(A0) (4-31)

leaf

where C,,, is the maximum value of leaf conductance. All wagien factors have

values between 0 and 1. Therefore, if all fackwesat a maximum 1 value, the final

CIeaf

will be equal toC A C.,, value of 6.6 mm/s was used to represent

leaf *
tundra/nonforest wetland vegetation (Dingman 20@2hally, a final canopy

conductanceC_, was calculated to represent the total vegetatioactance from a

wetland area (Dingman 2002):

C,. =f.-LAI-C (4-32)

can — leaf

where f, is a shelter factor that accounts for some lealieftering others from the
sun and LAl is the leaf-area index. AtmospherioductanceC,, was also calculated
(Dingman 2002):

_ Va (4-33)

2
625. {m[zm_O?ZVH
0.1z,

wherev, is the wind speed (m/s) argjis the vegetation height (m). Given that only

at

vegetation above the water surface would be auaifal transpiration, this
vegetation height was assumed to equal the hefghe@mergent vegetation minus

the mean water depth of the wetland. The curreialysalso found it necessary to
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restrict z, values to be greater than zero and less than @t &ma_,in order to insure

rational C,, values.

4.2.6 PET Component Results

Monthly and annual PET output values from the P&fhpgonent were
compared with values reported in the literatureDEB2009) reported monthly
evaporation depths for Maryland stormwater pontisese evaporation depths were
used by MDE (2009) to assess the feasibility olelamd based on its water balance
and corresponding water depths during extendegeiipds. Additionally, monthly
Class A Pan evaporation data for Beltsville, MD wesorded by NOAA in
Farnsworth and Thompson (1982) over the 38-yeaog&mom 1941 to 1979. These
monthly evaporation depths corresponded to a panamvaporation depth of 41.4
in. with an associated error of £11.2%. Dunne laeapold (1978) also showed a pan
evaporation map of the US, from which the Eastdror& of MD was estimated to
have a pan evaporation of 47.5 in.

Because pan evaporation does not necessarily exppnestland ET, the
current study used correction factors to estimatand ET depths from reported
class A pan evaporation depths. Kadlec and Kr(itd®6) suggested that wetland
total ET can be estimated by multiplying Class A paaporation by a correction
factor within the range of 0.70 and 0.80. Theseemtion factors produced an
estimated annual wetland ET range of 25.7 (parectian factor of 0.70) to 36.8 in.
(pan correction factor of 0.80) based on estimBl®AA annual pan evaporation

depth of 41.4 in. £11.2%. Wetland ET depths basethe Dunne and Leopold

131



(1978) pan evaporation of 47.5 in. ranged from 3B correction factor of 0.70) to
38 in. (pan correction factor of 0.80) with a me@pth of 35.6 in. (pan correction
factor of 0.75). Therefore, a literature wetlandange of 25.7 to 38 in. was
assumed for the Maryland region. Additionally, #@&AA Class A pan monthly
evaporation depths were multiplied by 0.70 and h8frder to estimate a range of
wetland ET depths for the Beltsville, MD regiond€sSeable 4-1).

In order to compare the resulting monthly PET valoetput by the PET
component, the average monthly PET depths (in.¢ walculated over a simulation
period of 100 years. It was also assumed thatusecaetlands generally have
sufficient water to fulfill PET, that estimated PE&pths were comparable to actual
wetland ET depths. The rainfall generator deveaddme Gupta (2013) and discussed
in detail in Section 4.4.1.1 was used to generatel rainfall within this test
simulation. PET was set equal to zero when rdinfadurred within a given hour of
simulation. Additionally, mean literature values &ll constant inputs (see Table
4-2) were used in this PET component test. Thaltieg values as well as the
corresponding PET depths from the literature arepl®d in Table 4-1.

The PET component monthly values match the adjysaecevaporation data
from NOAA (Farnsworth and Thompson 1982) for thenthe of April through
November fairly well. However, while MDE (2009)@&farnsworth and Thompson
(1982) data measurements are not reported for itiermmonths (and are assumed to
be zero), the PET Model does produce a small anafUPET during March as leaves
were assumed to regain activity on Marcf fthe spring equinox and assumed start

of spring). The PET module also assumes thatpreat®n does not occur after the
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fall equinox (September 2), which agrees with PET values reported by MDE
(2009), but disagrees with the pan data collecieBasnsworth and Thompson
(1982) data, as fall senescence did not affecepaporation. Overall, the simulated
monthly PET depth agree with both the MDE (2009) earrected Farnsworth and
Thompson (1982) depths. Resulting root mean scerane (RMSE), relative
standard error%,/S,), bias €), and relative biasg/ y) existing between the
monthly model and MDE PET depths were 0.538 199, 0.0964 in., and 0.0361.
Similarly, the resulting statistics calculated frame monthly model and corrected
NOAA pan evaporation PET depths with a correctixtdr of 0.80 were an RMSE

of 1.18 in., anS, /S, of 0.539, a€ of 0.007 in., and &/y of 0.0025. Finally, the
resulting RMSES, /S, €, ande/y compared to the NOAA pan evaporation with

a correction factor of 0.70 were respectively 1r810.682, 0.352 in., and 0.146 in.

Table 4-1Monthly Maryland stormwater pond evaporation dgMIDE 2009),
NOAA Class A pan evaporation (Farnsworth and Thampkd82), NOAA Class A
pan evaporation adjusted with a wetland corredaotor of 0.75 (Farnsworth and
Thompson 1982), and the PET module output depths.

Mar. | Apr. [May |Jun. |Jul. Aug. | Sep. Oct Nov | SUM
MDE (2009) | --- 432 | 528 | 6.24| 6.48)/ 552 4.2 ---132.0
(in)
NOAA (1982) | --- 5.13 5.66 6.57 7.31 6.19 4.75 3.3¢4 2.4441.4
Class A (in.)
NOAA (1982)
0.8*Class A 4104 | 4528 5.25¢ 5.848 4.9%2 3.800 2.672 1,952.1
Pan (in)
NOAA (1982)
0.7*Class A 3.591| 3.962 4.599 5.117 4.333 3.325 2.338 1.798.9
Pan (in)
(F;STMOde' 120 | 488| 597 619 600 555 327 0 33.2

133



Table 4-2Literature mean and ranges of input parameters insthe PET
component of the model. Mean values were useérnergte the initial PET
estimates within the model.

Model parameter Units Mean | Estimated | Sources
range
Wetland albeda dimensionless 0.159 0.05-0.333 Rouse and Bell83)19

LaFleur et al. (1987), Federer ¢
al. (1996), Goodin et al. (1996)
Dingman (2002)

Leaf area index LAl dimensionlegs 6.5 2.5-23 Bal@g7), Koch and Rawlik
(1993), Federer et al. (1996),
Xu et al. (2011),

—

Shelter factof, dimensionlesg 0.75 0.5-1 Federer et al. (1996)gDan
(2002)

Maximum leaf mm/s 9.7 3-21 Federer et al. (1996), Koch and

conductanceCiear Rawlik (1993), Morrissey et al.
(1993)

Mean vegetation m 1.65 0.3-3 Federer et al. (1996), Kadlec

height above water and Knight (1996)

z,

4.3 WATER TEMPTERATURE

Hourly water temperature values were determineddas incident solar
radiation (K,, ), calculated daily mean air temperatufg)( and calculated daily
mean wind speedi() data. In addition, model-derived values of actua

evapotranspiratiorAET) and longwave radiationR, ) were also used to compute

hourly water temperatures.
The current study used an adapted version of g@ryrbased water
temperature method used in HSPF, which treats wextgperature as a thermal

concentration. The variabl€3,;, Qg , Q,, andQ. were used to represent the

respective energy fluxes of solar radiatidf,(), longwave radiationR, ),

conductive-convective forces (a function of théfeténce between aiff () and water
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temperature'fw) as well as wind speed, ), and actual evapotranspiratiohET).
HSPF additionally allowed the user to define hkatds for precipitation and the
wetland ground. Both precipitation and ground gbations to the wetland water
temperature flux were assumed negligible in theecurstudy. Qg, was defined
accordingly (Bicknell et al. 2001):

Qsr(h,d) = 996-K, (h,d)- (1-a) (4-34)
wherea represents the albedo of the wetland, which wat<®10 according to
model calibration and suggested values given irgdign (2002);K,, is the incident
solar radiation reaching the wetland (M3/d) on houth of DOY d, and Qg is the

heat input of solar radiation to the water (kc&thm) on hout of DOY d. The value
9.96 represents the conversion factor from Mdno kcal/nf-hr. Next, the
longwave radiation heat flux was calculated (Bidkatal. 2001):

Qg (h,d) =996-R (h,d) (4-35)
where R_ is the longwave radiation in MJfrd andQ, is the associated heat flux
(kcal/nf-hr.) on houth of DOY d. Q; represents the heat loss from the water.
Similarly, the latent heat flux associated with @va@anspiration Q. ) was defined as
a heat loss (Bicknell et al. 2001, Dingman 2002):

Q. (h,d) =—AET(h,d)- p,, - A,..(h,d)-239 (4-36)

vap
where AET represents the actual evapotranspiration rate (n/hy is the density of

water as calculated in the evaporation module (P()g/mapis the latent heat of

vaporization (MJ/kg), an€); is the resulting evaporative heat loss (kcalfm) on

135



hourh of DOY d. Actual evapotranspiration AET was restrictedh® water depth
available in the wetland for a given time interwahich distinguished it from PET.
The term 239 represents the conversion factor fvbhto kcal. Finally, the

conductive-convection heat flu®, was calculated (Dingman 2002):

Qy (h,d) =-Cy; -V, (h,d)-[(T,, (h-1,d)+27315)

2 (4-37)
—(T,(h,d)-27315)]-3600-239
whereC,; is the heat transfer coefficient (MJ/Kei)n\“/a(h,d) is the calculated

hourly mean wind speed (m/s) for dayT,, is the water temperatur&X) from the

previous hourl{-1), 'I:a(h,d) is the calculated temperatuf€J for hourh of DOY d,

and Q,, is the conductive-convection heat flux (kcalhr.) on houth of DOY d.
C,; was additionally calculated (Dingman 2002):
1
07z, )|
625-|In Zm — Y12,
0.1z,

where c, (MJ/kg-K) is the heat capacity of air and was assdito be 1x18 MJ/kg-

(4-38)

CHT =CyPa

K, p, is the air density in units of kgfmzmis the elevation at which wind
measurements are taken (m),is vegetation height (m), ar@,; is the heat transfer
coefficient (MJ/K-nf). The current study also found it necessary s$trice z,values
to be greater than zero and less than or equa| ito order to insure rational
C,; values. Once all contributing heat fluxes wereuwkalted, they were summed
into one termQ; (Bicknell et al. 2001):

Qr =Qsr+ Qs +Qy +Q¢ (4-39)
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whereQ; represents the total heat flux to the water (kaahir.). A positiveQ;
implies heat is being transferred to the waterevainegative value implies heat is

leaving the water. In order to convert the haat fo a temperature changd,, the

following equation was used (Bicknell et al. 2001):

328.Q,

AT, =22
SS Pw

(4-40)

where SSis the mean surface storage depth (ft) of theamdtht timeh, and
AT, represents the resulting water temperature chamgetime interval’C). A SS

value of 2.15 ft for initial water temperature &aéition, which was estimated from
literature wetland depth specifications (Kadlec &might 1996; USEPA 2000;
NRCS 2002; MDE 2009). The final water temperatarea given hour of record
was calculated accordingly:
T, (h) =T, (h—1)+ 0.385AT,, (4-41)
where 0.385 represents a calibration coefficienitlly designed as a Taylor
series first-order term that is dependent of theatikee change ofQ, , Qg , andQ,

with respect to temperature at the beginning amboéa time interval. A
corresponding calibration coefficient of 0.385 vi@snd sufficient to produce
temperatures with a daily range of 5°C as spechig&adlec and Reddy (2001) for
free water surface wetlands and mean daily watepégatures within the range of
USGS mean daily water temperature data for thet Baanch Stream in College

Park, MD qttp://waterdata.usgs.gov/nwis/nwisman?site no=018@ while

avoiding the additional computational expense effhylor expansion.
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HSPF also specified that this water temperaturénatetioes not work for

water levels under 2 in. (0.167 ft) (Bicknell et2D000). Therefore, if wetland surface

water levels reached 0.167 ft or less, the wataperature was set equal to the air
temperature. Figure 4-10 compares the resultingral water temperature hourly
results over the course of one year. Water tenyr@svary much less than air
temperature over the course of one day. This heheeflects the higher heat

capacity of water versus air.
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Figure 4-10Comparison of model-generated hourly air tempeeafiolack) and

water temperatures (grey).

4.3.1 Water temperature component output

Water temperatures obtained from the water temper@omponent were

compared with stream data. Figure 4-11 showsdhgparison of the mean daily
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water temperatures output by the Water temperaturgonent and values from
2008 from the USGS gaged site on Paint Branchrstie&ollege Park, MD

(http://waterdata.usgs.gov/nwis/nwisman?site_no=9168@. The water temperature

component produced a similar trend and similarltesis the USGS data curve.

In general, wetland water temperatures should pead to be higher than
those at the Paint Branch due to the higher vedscéssociated with streams.
Wetland water temperature data was not found ttopara more useful analysis.
Therefore, this water temperature comparison wad as a guide rather than a fitting
method. Despite this drawback, the resulting wieterperature values were rational

and followed the expected trend.
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Figure 4-11Daily mean water temperature predicted by the Wkeenperature
Model (solid black line). The grey line represed&8GS downloaded mean daily
water temperature data for the Paint Branch stiigmay) near College Park, MD.
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4.4 WETLAND-CELL MODEL

4.4.1 Hydrologic Simulation

The current section outlines the overall metho@siue route water into and
through the wetland model. Figure 4-12 showsrdlllent and effluent fluxes
calculated for each wetland cell, which includecjpiation, evapotranspiration (ET),
infiltration, inflow, and outflow.

Before simulations were made, a wetland designestablished, which
included defining all cell bottom elevations andpas, water depths, infiltration
rates, exiting berm heights, and any vegetativegnees. A cell flowpath was then
determined from the characterized wetland gridis Tlowpath, which is an input
into the wetland simulation model, is used to dikeater flow through the cells.
Within this user-defined flowpath any cell can rigedlow from multiple up-gradient
cells (e.g., cells 2 and 3 both flow into the oudell 1). Each cell, however, can only
flow into two downgradient, adjacent cells. Taallfor this flowpath structure, the
user is required to input a primary and a seconflawpath. The primary flowpath
of the wetland should define the main flowpath with given wetland design. The
secondary flowpath serves two main purposes, wdniel{1) to supplement the
primary flowpath and (2) to simulate the smoothifgvater levels in the wetland
after water is routed through the primary flow pttha given time interval. Within
each of the primary and secondary flowpaths, amgrgcell is only allowed to flow
into one downgradient, adjacent cell. Therefoyenputting both primary and

secondary flowpaths, each cell was allowed to il up to two adjacent cells.
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This flowpath structure allowed the user route wHieough a given wetland design

with sufficient detail and complexity.

Precipitation ET

Outflow
Wetland Cell

Infiltration

Figure 4-12 Schematic of all hydrologic components calculatgtin a given
wetland cell.

Wetland cells are numbered according to their ordeiin the defined primary flowpath. The
outlet cell is always designated as cell 1. Flowéntification Direction (FID) values are assigned
to each cell. These FID values identify the celumber into which flow is discharged from a
given cell within the primary flowpath. The seconary flowpath vector, referred to as FID2, is
also defined in terms of these primary flowpath FIDvalues. If cell 3, for example, flows into cell
2 in the secondary flowpath, it would be assignednaFID value of 2. However, if cell 3 did not
flow into any other cells in the secondary flowpathit would be assigned an FID2 value of 3.
These referencing vectors FID and FID2 allow the ndel to define the path that water follows

through the wetland. Figure 4-13shows an example wetland flowpath divided into cksl
labeled according to the design primary flowpath.As shown inFigure 4-13and summarized
in Table 4-3 runoff from the watershed or primary treatment storage flows into cell 12 and is
routed through the wetland according to the FID andFID2 vectors. Additionally, Figure 4-14

shows the same wetland with different primary and escondary flowpaths (also see
Table 4-4). The outlet cell always has an FID gadfi0. Within a given time

interval, flow is routed through all cells accorglito the primary flowpath FID and

then routed again according to the secondary flovpD?2.

Figure 4-13 Example wetland flowpath diagram with numbersantecell
representing its primary flow FID values. Blackaavs indicate direction of
primary flow while grey arrows indicate the secoryddowpath. The darkly
shaded ces hiahliaht the main flowpath throuah the wetle



Table 4-3Constructed wetland cell specifications for themany (FID) and secondary
(FID2) flowpath input vectors for the wetland desighown in Figure 4-13.

Cell FID FID2
1 0 1
2 1 2
3 2 3
4 2 5
5 4 5
6 4 6
7 4 8
8 7 8
9 7 9
10 9 10
11 10 6
12 11 3

Figure 4-14 Same wetland depicted kgure 4-13 with different primary and
secondary flowpaths. Black arrows indicate diattf primary flow while grey
arrows indicate the secondary flowpath. The daskigded cells highlight the
main flowpath through the wetland. Cells are nurebexccording to their prima
flowpath FID values.

142



Table 4-4Constructed wetland cell specifications for thenany (FID) and
secondary (FID2) flowpath input vectors for the laeti design shown in Figure
4-14.

Cell FID FID2
1 0 1
2 1 2
3 1 3
4 2 4
5 2 5
6 5 6
7 6 7
8 7 8
9 7 4
10 9 10
11 9 3
12 11 10

The model calculates precipitation, evapotranspmatnd outflow for each
cell, beginning with the outlet cell. Once alltb€ fluxes are calculated for a given
cell, the model calculates the same fluxes fougbstream adjacent cell(s) in the
defined flowpath. Calculations proceed in the oafdhe assigned FIDs. All
outflow fluxes from an upstream cell are then adubeithe receiving downstream
cell(s) as inflow. For example, flow from cell {see Figure 4-13) discharges into
cells 11 and 3.

Within each wetland cell, the following flux caletion order was used: (1)
precipitation added; (2) outflow to the downgradieell; (3) evapotranspiration; and
(4) infiltration to the aquifer. Once all five ftes are calculated for a cell within a
given time interval, the model moved to the adjacep-gradient cell in the flowpath

for which the same five fluxes are calculated. ffowut from this up-gradient cell is
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then added to the receiving, down-gradient celive® these hydrologic components,
a water balance for each wetland cell was defimedraingly:

St+1)=SSt)+IN —OUT - AET—1| + P (4-42)
where SSt + 1) represents the surface storage depth (ft) of engpell at time+1,
SSt)is the surface storage depth (ft) of a given adiinaet, IN is the total inflow
water depth into a given cell (ft) at tihérom up-gradient cell(s) or the forebay,
OUT is the total outflow water depth from a cell (ft)temet, AET is the total depth
of actual evapotranspiration removed from a céllgf timet, | is the depth of water
lost from the cell due to infiltration (ft) at tinieand P is the total depth of
precipitation falling on the cell (ft) at tinte A time interval of 1-min was used

within the model.

4.4.1.1 Precipitation

Precipitation was generated using a method devdlbp&upta (2013), who
used storm depth and duration distributions geedrhay Kreeb (2003) for the
Baltimore-Washington area based on 15 years ofalanecord collected from 15
rainfall gages within the state of Maryland. Tkeulting depth-duration distributions
are summarized in Table 4-5.

Before simulating individual storm events, the nembf rainy days was
simulated for each year. Because the model wasratdd for Baltimore, MD, it was
assumed that, on average, rain occurred on 90aldays the year. Therefore,
rainfall was only simulated for an average of 2aygout of the year. The model
generated by a binomial distribution B (1, 0.25)dach day of the year, where a

probability of a day being rainy was 0.25 (90 da@g&/days). Therefore, when a
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value of 1 was generated for a given day, it was@aed to be rainy. Conversely, a
value of 0 implied rain did not occur on that ddfya day was simulated to be rainy,
the method developed by Gupta (2013) was usednergte a storm event for that
day based on the Depth-Duration table shown inél'dkd. Storm events were

always assumed to occur at the beginning of the day

Table 4-5Depth-Duration table showing the fraction of actstarms for each interval of
depth and duration in Baltimore, MD (Kreeb and Me@2003).

Rainfall Depth (in.)
Event Duration Sum
0.01-0.1 0.1-025 02505 051 >1

0-1 hr 0.2857 0.0214 0.0167 0.0043 0.0098 0.3289
1-2 hr 0.0164 0.0257 0.0221 0.0089 0.0025 0.07p6
2-3 hr 0.0085 0.0223 0.0198 0.0083  0.00%8 0.06R7
3-6 hr 0.0099 0.0351 0.0475 0.0221 0.0087 0.12833
6-12 hr 0.0058 0.0337 0.0629 0.0528 0.02¢6 0.1818
12-24 hr 0.0024 0.007 0.0397 0.0611 0.053}5 0.1617
>24 hr 0 0.0009 0.0043 0.0172 0.0435 0.0659
Sum 0.3287 0.1461 0.213 0.1747 0.1374 1.0

In order to generate a random storm event, Guta3(irst used Monte
Carlo simulation using a uniformly distributed \&g (U, ) to generate a random
storm duration given the discrete cumulative praiiggs of storm durations
summarized in

Table 4-6. Once a storm duration was generatsd¢c@and random uniform

variate ;) was generated to determine the total rainfaltliépr the storm event. If

this probability corresponded to a rainfall depttess than or equal to 1 inyJ) was
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input into the following gamma distribution to geai the corresponding rainfall
depth R (Gupta 2013):
P ex;}cp;
po=— (4-43)
Cl 21_‘d (CZ)
where p,is the probability that the simulated total raihtépth will be less than

R (in.), C,is the shape parameté&, is the scale parameter, afgl is the gamma

distribution function.

If a rainfall depth was greater than 1 in., a thirdform variate (i) was

generated and input into an exponentially distedutinfall model that described
rainfall depths greater than 1 in. (Gupta 2013):

In(A—uy)

P =1—
T )

(4-44)

where 4 is a coefficient and® represents the resulting simulated rainfall déptia

given storm event (in.). Once storm durations @epths were generated, triangular,
center-loaded design storms were generated andaskstribute rainfall intensity
with the peak intensity occurring at the midpoiftre storm duration (Gupta 2013).

Table 4-6 Cumulative probabilities corresponding to stormations derived from a
study done by Kreeb (2003) with the Baltimore-Wagton area (Gupta 2013).

D (hrs) | Cumulative Probability | D (hrs) | Cumulative Probability
1 0.352 13 0.852
2 0.433 14 0.875
3 0.500 15 0.896
4 0.551 16 0.914
5 0.594 17 0.931
6 0.632 18 0.946
7 0.669 19 0.958
8 0.704 20 0.969
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D (hrs) | Cumulative Probability | D (hrs) | Cumulative Probability
9 0.738 21 0.979
10 0.769 22 0.987
11 0.799 23 0.994
12 0.827 24 1.00
4.4.1.2 Cell flow

Manning’s Equation was used to compute the velamfifyow in a given cell.
Surface runoff through a cell is dependent on éngth of the cell, the flow velocity

of the water in the cell, and the 1-minute timaameent:
1486
( jRﬁ(’.? (4-45)

wherev, represents the velocity (ft/s) in cellr, is the roughness coefficierR,;, is

the hydraulic radius (ft) in cell and S, is the bottom elevation slope (ft/ft) from i to
the receiving cell. The roughness coefficiantvas determined by vegetative
properties of a given cell as explained in thediwihg section. TheS was computed

accordingly:

s _ (EL +SS)-(EL, +SS )
- LC

(4-46)
whereSSand SS ,, respectively, represent the surface water déptm(cells i and

i-1; EL; andEL_, are the respective bottom elevations (ft) for cedlad i-1; and

LC was the user-defined cell length, which was assumegproximate the
horizontal distance between cells i and i-1. Gé&lrepresented the cell receiving

flow from cell i. Typical non-zeroS values ranged from 1xTo 1x10% ft/ft.
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Given these smalf values, it was reasonable to assume the velocéyg hathin the
conservation of energy equation to be zero. Theeebnly the hydraulic and
elevation heads were incorporated in the movemiewater through the wetland.

R, was assumed to equal the flow depth, or mean afed; cell surface storage

water depths:

S§+58, 4a7)

Ry = 2

The proportion ) of water stored in a cell that is dischargingiitw the

next downgradient cell was defined accordingly:

At-v, -

=60
Py ss

(4-48)

where At represents the time interval of 1 minute &3tis the depth of water (ft) in.
If p, is greater than 1, it was set to 1, which meaatalh water in the cell drains to
the next downgradient cell. The outflow depthhis product of the proportiop,
and the surface storage de88 in the cell:

dSS = p, - SS (4-49)
where dSS is the outflow depth or change in storage (ft) &%l is the water depth

in cell i at the start of the time interval.

4.4.1.2.1 Vegetated Flow

Wetland data have proven traditional methods of hitagis roughness
coefficients (i) estimation to be inaccurate measures of wetlauygtated flow

(Kadlec and Knight 1996). Data-derived Manningiaghness coefficients values
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generally range from 0.2 to 0.7 &Awith greater values of 0.7 to 1.3 &fin water
depths of 0.65ft or less (Hall and Freeman 1994ll&aand Knight 1996; USEPA
2000). These roughness values have not be fouacctorately model the slow flows
that occur in constructed wetlands (Kadlec and Kni®96). Additionally, because
wetland flow is generally found to occur in thens@ional zone between turbulent
and laminar flow, it is difficult to characterizEddlec 1990). Vegetated wetland
flow has been estimated using a number of methodquations based on turbulent,
laminar, and both turbulent and laminar flows (Ked1990; Reed et al. 1995; Kadlec
and Knight 1996).

Kadlec and Knight (1996) developed a simple mefloo@stimating the
Manning’s roughness coefficient based on waterldapt vegetation density given
literature wetlandh values. Reed et al. (1995) also used a similahodkto relate the
wetlandn value to an estimated vegetation resistance fadtbe current study
modified the method outlined by Kadlec and Knidgt®46) as it incorporated data
from a number of studies. In order to use this ehoareas with emergent vegetation
(e.g.,Typhaspp.) were assumed to be densely vegetated wiheites avith submerged
vegetation (e.gElodeaspp.) were assumed to be sparsely vegetated.

The following general equation was proposed to lesthe roughness
coefficient of densely vegetated areas of the wdtlaThe center equation was
derived from Kadlec and Knight (1996) based omnditigre values. Limits were
placed around this equation in order to createnaptete model of the roughness

coefficient in areas with emergent vegetation:

149



338 for SS< 0.328ft
n, =40.673-(SY 328"  for 0.328< SS< 328ft (4-50)
0.673 for SS> 328ft

where n, represents the roughness coefficient value'@/for densely vegetated

wetland areas, arf8iSrepresents the surface storage depth (ft). Tih@xfimg model,
adapted in the same manner from Kadlec and Knidg), was used to characterize

flow through areas with submerged vegetation intbdand:

219 for SS< 0.164ft
ng = {0673 02-(SY 328> for 0.164< SS< 328ft (4-51)
0.135 for SS> 328ft

where ng represents the roughness coefficient value“@ffor sparsely vegetated

wetland areas. Finally, if vegetation is not preése a wetland cell, the
correspondingn is set equal to 0.10 sfft The relationships between surface storage

depth, and bothn, and ng values are shown in Figure 4-15. Given normakwat
depths with emergent vegetation ranging from 1#2.5, should range from 4.8
down to 1.1 s/f3. With a typical range of submerged depths oft@.5 ft, theng

should be greater than or equal to 0.135 under alonatland conditions.
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Figure 4-15Resultingn, (a) andng (b) values for varying surface storage depths.

4.4.1.3 Potential evapotranspiration

Hourly PET depths computed from the PET model campbdiscussed in
Section 4.2, were divided by 60 min/hr, convertednits of ft and subtracted from
each wetland cell over each minute of simulatidhese resulting 1-min potential
evapotranspiration deptH3ET,, were compared with the existing water defSid a
given in celli at minutem in order to ensure sufficient water was availableemove
all PET,. If PET, was greater tha®S, PET, was set equal 8S and SSwas set
equal to zero for the next time interval. Therefdhe final value oPET
represented the actual ET (AET) occurring basedater availability.
4.4.1.4 Infiltration

A constant infiltration depth was subtracted fromele cell over 1-min each

time step based on soil permeability and hydrazdieductivity in each cell:
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| =——.K, -At (4-52)

where K,, is the vertical hydraulic conductivity of the waatd media (ft/d))

represents the resulting depth of water lost tittiafion in a wetland cell during a
given 1-min time interval (ft), 1440 represents tio@version factor from days to
minutes. Corresponding 1-min infiltration volun{és) were computed for a given

cell and time interval by multiplying by the corresponding cell area. The
cumulative annual wetland infiltrated volume fogigen year of simulation ,,, was
computed by summing all 1-min infiltration volumigsm all wetland cells over that
year. A final average annual infiltration volumg, was then computed over the
simulation period for the calculation 6fC,, (see Equation 3-22).

K, was a user input and was dependent on the medseeHor the wetland

bottom. A number of wetland designs require arlinebe installed in order to avoid
contamination of groundwater and/or to preventmyyut of the wetland via

infiltration, which are simulated with K,, of 0. Wetland medi&,, requirements

will depend on site conditions such as rainfalgfrency, existing soil hydraulic
conductivities, water table height, and influentevgollutant levels. This simple
infiltration module assumes vertical infiltratioates to be equal to that of the wetland
media saturated hydraulic conductivity. Futuresiars of the model may include a
more complex representation of infiltration. Howewiven the saturated nature of
wetlands, the use of the hydraulic conductivity wasumed a sufficient estimate of

infiltration given the scope of the current study.
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4.4.1.5 Wetland I nflow

Inflow into stormwater treatment wetlands was eatad by the Rational
formula while inflow into municipal wastewater ttegent wetlands was simulated by
input curves that followed the basic shape of mpaiovater demand. Agricultural
wastewater flow was also assumed to be constamtaogiwen simulation period.
The following subsections describe in detail howhkiaflows were generated within

the model.

4.4.1.5.1 Inflowfrom adrainage area

The Rational method was used to compute the peakflr a triangular
hydrograph that corresponded to the generatedathth&t was used to represent flow

into the inlet cell(s):
q, =C-i;-DA (4-53)
whereq, is the peak flow (cfs)C is the runoff coefficienti, is rainfall intensity

(in./hr), andDA is the drainage area (acres). The correspomdmaff volumeVy

produced by the drainage area over one storm eestlso computed by
multiplying the rationalC by the corresponding storm rainfall volume over the

contributing drainage area:
Vg =3630-C- R - DA (4-54)
where R is the rainfall depth (in.) for a given storm evésege Section 4.4.1.1) and

Vis the resulting runoff volume fjtfrom the drainage ard®A. The value 3630
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was a conversion factor. The storm time of conegioin t, was then computed based

onVg andq,:
t.=— — (4-55)

where the 1/60 term was a conversion factor frooosés to minutes. As defined by
the Rational method, theg occurs at the end of the rainfall (at the time of

concentratiort.), and runoff ends att2. With these parameters defined, 1-min flows

for a given influent hydrograph were calculateditie following equation:

[%}t fort<t,

2q, —(%]t fort>t,

c

Qn ()= (4-56)

whereQ,, (t) is the flow rate (cfs) at timgmin) andt, is the storm time of concentration

(min). The resulting hydrograp®,, (t) was assumed to reach the wetland through a pipe

where it would flow into a level spreader, overearwand into the forebay or inlet cell(s) to

the wetland.

4.4.1.5.2 InflowfromaWWTP (Method 1)

Inflow rates from a municipal WWTP can be inpubitihe model based on
estimated seasonal, daily curves. Due to its cexillyl municipal water demand can
be difficult to predict (Tchobanoglous et al. 2008ssman et al. 2009). A number
of methods have been employed to predict munieyadéér demand and resulting
flows, which include time-series analysis, artdicneural networks, and

autoregressive modeling (Zhao et al. 2001; Zhal.€2002; Alvisi et al. 2007,
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Herrera et al. 2010). Such complex models reqglata that may not always be
readily available to the model user and are oftenputationally expensive. The
current study used simple seasonal curves to estisVTP inflow based on
location and the service area population.

Literature values were used to estimate influenicipal wastewater
discharge rate magnitudes and trends. An avem@gaumption of 180 gallons per
capita per day (gpcd) was assumed for all domestter use in the United States
according to the estimate of Viessman et al. (20@9he year 2000. The USEPA
(2004) reported an average consumption rate ofgp¢dl for the mid-Atlantic area
over the years 1975-1993. Viessman et al. (208@nated that the average winter
flow was about 80% of the annual average while senmaiemand was 125% that of
the annual average. Itis also documented initiv@ture that two peaks in domestic
water consumption occur within the daily cycle (88enan et al. 2009). These peaks
were estimated to occur between 7am and 1pm, amdaBp O9pm (Viessman et al.
2009). Additionally, the second peak increasemagnitude during the summer
months due to the increased water demands of laigation, pools, etc.

The most recent estimate of mean domestic watesuroption 180 gpcd was
used to calculate mean winter and summer consumgies of 144 and 225 gpcd.
The mean per capita consumption for the fall amthgpmonths was estimated to
equal the annual average of 180 gpcd. Given thesege daily consumption rates,
maximum and minimum hourly values were estimateorder to develop input
WWTP hourly flow curves for each season (winterirgp summer, and fall).

According to Davis (personal communication 2008 thaximum daily flow was
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estimated to be 1.8 times the daily mean and thermem hourly flow was estimated
to equal 1.8 times the maximum daily flow. Therefdourly maximum rates were
3.24 times the daily mean rate. This concept wasied to each seasonal flow
estimate, resulting in peak hourly winter, sprisgmmer, and fall consumption rates
of 467, 583, 729, and 583 gpcd.

Once the peak flow magnitudes were estimated it df these peaks was
defined. According to Viessman et al. (2009), first peak was estimated to occur at
10am while the second was assumed to occur argumd & addition, the first
(smaller) peak for summer months was estimateddbaisea figure given in
Viessman et al. (2009). Winter morning and aftempeaks were assumed to be
equal. From the figure in Viessman et al. (20€%3,afternoon summer peak was
estimated to be 1.25 times that of the morning p&dierefore, a morning summer
peak of 583 gpcd was estimated. The afternoon foedkll and spring months was
also assumed to be slightly larger than the morpesk and was estimated to equal
1.15 times that of the morning peak, which wasnigan of the ratio of afternoon to
morning peaks for winter (1) and summer (1.25) rhenTherefore, the spring and
fall, and summer morning peaks were estimated talesfl8 and 583 gpcd. Again,
from the figure given in Viessman et al. (2009i@imum water consumption rate
of 50 gpcd was assumed for all seasons.

From the estimate flows above, three curves wenerg¢ed to represent
hourly flows for winter, summer, and spring and fabnths. WWTP flow required

the input of the service area population. The irgpuves were multiplied by the
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population and a conversion factor in order to gateeinflow flows with units of cfs

into the wetland. The following curves resulted:

013P,
=" n__[250+ 220sin(055h - 4 4-57
Qu =5, 36oorn[ ( )] (4-57)
ﬂ[ﬂ& 250sin(055h—4)] for0<h<19
o - 24-3600T, (4-58)
] oasp .
———n__[275+300sin(055h—4)]  forh>19
24-3600T,
ﬂ[som 280sin(055h—4)] for0<h<19
o. - 24-3600T, (4-59)
] oisp :
————1n__[300+ 450sin(055h—4)]  forh>19
24-3600T,

where Q,, is the winter WWTP wetland inflow (cfsfQ: is the spring and fall WWTP
wetland inflow (cfs),Qgis the summer WWTP wetland inflow (cfd}, is the service
area population (# of peoplél), is the total number of parallel trains desirethi@
wetland, andh is the hour of the day (hr). WWTP are often didideto parallel

trains in order reduce the flow entering one giweatland train as well as to allow for
continuous flow during maintenance (USEPA 2000h eXample set of input curves
are shown in Figure 4-16 for an WWTP serving a pegpan of 25,000 people with a
treatment wetland composed of two parallel flovinga The inflow curves represent
flow entering one train (or half of the total fleoemtering the WWTP). Seasons were
specified by DOY in the model based on the datesotstices and equinoxes and are

compiled in Table 4-7.
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Table 4-7Assigned day-of-year (DOY) ranges for each seastnmthe model.

14

Season DOY Range
(days)

Winter 1-78 and 355-365

Spring 79-171

Summer 172-265

Fall 266-354

125 | weeeeerens

Winter
Spring and Fall
Summer

=
(o2} © o
T T T

Estimated Domestic Water Use (cfs)

IN
T

0

Time (hrs)

25

Figure 4-16 Shows the generated inflow winter (solid), sumgadetted), and spring
and fall (dashed) curves (cfs) into one wetlanohts@rving a population of 25,000

people.

4.4.15.3 InflowfromaWWTP (Method 2)

Six and a half years (2007 through June 2013)ftdwndata was obtained

from a local WWTP, which serves about 1.8 milli@sidents and treats and average

of 30 million gallons per day (MGD) of wastewatdtrwould not be reasonable to

design a treatment wetland to serve such a largeT®WI'he current study, however,

used the data from this large WWTP to estimat®wfio a smaller, hypothetical
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WWTP, for which a constructed wetland would betareal option for secondary
treatment. It was suggested via personal commuaiceith a Process Control
Engineer at the WWTP that the diurnal curve magdmpened in the data due to the
large distance between the plant and many serggiens. Extended flow records of
zero MGD (extending over at most 2 days) were ditethe Proccess Control
Engineer as either meter failure or as missing.dathzero-flow values were set
equal to the corresponding hourly value of the jmev day. The full record of
corrected hourly and mean daily data is plotteBigure 4-17.

Curves of hourly WWTP flow were generated and stdl®vn with respect
to flow magnitude from the flow data plotted in &ig 4-17in order to estimate
reasonable wastewater inflow to a secondary wastewaatment wetland. In order
to develop a simple input curve for the model, houalues from the period of record
were averaged for each month. Figure 4-18 shosdtieg averaged hourly flows
for each month. While all curves followed a simitao-peak form, their magnitudes
varied over the course of the year. Late wintebfbary) and early spring (March
through May) had the highest flowrates, which isstiikely due to larger amounts of

infiltration into the delivery pipes to the WWTRM rainfall.
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Figure 4-17Hourly and mean daily flows entering the WWTP fr@af07 through June
2013. All flows are in MGD.
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Figure 4-18Hourly flows into the WWTP as averaged monthly.

From these hourly curves, three seasonal curves aived based on
relative flow magnitude, 1) from February througimd, 2) from July through

November, and 3) from December through Januares@&lturves were derived by
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averaging all corresponding hourly values for abmms within a given seasonal

group. Composite sinusoidal models were fit tcheafthe three curves:

_ [24+66sin(053h+14) -12sin(107h+57)  forl<h<12 (4-60)
" |30-1.1sin(035h + 6.3) + 094sin(0.7h +10) for12<h< 24
|23+ 6.6sin(045h+ 1.9) — 091sin(09h + 0.824) forl<h<12 (4-61)
|28+ 1.3sin(035h + 24) + 1.2sin(0.7h +17) forl2<h< 24
Q. - 20+ 6.3sin(053h+ 14) —12sin(107h+ 58)  forl<h<12 (4-62)
F 126+ 1.1sin(035h+ 29) — 11sin(0.7h+ 76)  forl2<h<24

whereQq,Q,,, Qr are the respective resulting flows entering WS80nd the

previously defined flow seasons of spring (Februhrgugh June), winter (December
through January), and fall (July through Novembang his the hour of day (1-24
hr). Goodness-of-fit statistics were then compuwtedhourly flowrates yielded by the
above equations with respect to the original hoddsa plotted in Figure 4-17. The

resulting RMSE €, /Y, andS, /S, were respectively 3.94 MGD, 0.161 MGD,
0.0065, and 0.639. Based on the low bias and ne@®S, / S, produced by the
simulated hourly flowrates, th@.,Q,, , andQ; curves were assumed to be
sufficient estimates of hourly the inflow flow tba WWTP. The finag,Q,, , and

Qg curves are plotted with the averaged data valu&sgure 4-19.
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Figure 4-19Resulting averaged hourly values for the threégtesed seasons, Feb-
June (solid black), December-January (solid blaedl, July-November (solid gray);
and the corresponding generated composite curpes imto the model (dotted black,
blue, and gray lines).

Once seasonal flow curves were established, allesuwvere linearly scaled-
down in order to simulate wastewater flows feasibfesecondary wetland treatment.
USEPA (2000) cites that treatment wetlands redugteveen 4 and 25 acres of area
for each million gallon of flow per day depending the wastewater inflow quality as
well as the water quality requirements of the wedlaffluent. Therefore, facilities
are limited by area when using treatment wetlar®/WTP with mean flowrates of
30 MGD would require a treatment wetland anywheosenf120 to 750 acres
depending on water pollutant content. 90% of astewater treatment wetlands are
less than 250 acres, while the majority of wasteweatment wetlands have an area
of 25 acres or less (USEPA 2000). Similarly 829%lbWWWTPs using treatment

wetlands have mean flowrates of 1 MGD or less (USEB00).
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Scaling down wastewater flow and the correspondiater consumption of a
service area can be very complicated. Due tohttessn population characteristics,
this process is not linear. Additionally, each W@xperiences flow unique to the
population it serves. Therefore, in order to progpmodel WWTP flow, data from
the specific WWTP is needed. Since the purposkeotase study was only to
demonstrate the value of the model, the hourly fbonwes were scaled down linearly
according to the desired mean flowrate. Additipnahe WWTP influent curves
derived in Figure 4-19 were assumed to equal tfheeint curves into secondary
treatment as the Process Control Engineer at thelW/¥fated that the flow removed
from primary treatment via primary sludge withdrawas “rather insignificant”
(personal communication 2013). This scale-dowrhioetlso assumed that the
scaled-down service area was characteristicallytid& to that of the original
WWTP area, the only difference being the populatidhis method is not suggested
for real-world treatment wetland design. Flow asshould always be generated
from the actual facility in order to obtain acceratetland designs. The current study
only aimed to show the performance of a construatettind for secondary treatment
in an example WWTP and did not aim to directly gesa wastewater treatment

wetland.

4.4.1.5.4 Input from Agricultural Wastewater treatment storage

Sufficient data were not found to generate hourfipiv values to agricultural
wastewater wetlands. A majority of agriculturalstewater treatment wetlands are
preceded by pretreatment storage facilities (Ct886; Knight et al. 2000).

Therefore, it was assumed that wastewater entbese twetlands at a relatively
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constant flowrate. If additional information abanflow rates was available for a
given agricultural wastewater treatment wetlandgiessariation could also be added

to inflow rates to generate an inflow rate disttion.

4.4.1.6 Berm and weir flow

Flow was simulated using the same method over int¢hnal berms and
outlet weirs. Internal berms were assumed to ladeagth equal to that of the cell
width and a user-defined elevation above the datBoth outlet weir lengths and
elevations were user-defined inputs to the progr&tow over a berm or weir was

initially calculated using the weir equation:

Q,m=¢C,-L,-d, ® (4-63)
whereQ,(t )s the flowrate over the weir (cfs) at tih@nmin), C,, is the weir
coefficient (3.0 for English units)., is the length (ft) of the weir, andl, (t is)the

depth (ft) of flow above the invert of the weir)(&t timet. The resulting outflow

depth of water exiting the berm or welt (f}) during the same time interval was
calculated by multiplyindgQ,,(t By the time intervalAt (1-min) and dividing by the
outflowing cell areaA. (ft%):

60-Q, (t) - At

d(t) = (4-64)

A water balance was performed during each timevatdo check if the volume of

water exiting the berm or wet(t was greated  (t ) If d(t) was greater than
d,(t), it was set to equad,,(t .)Onced(t Wwas established for a given time interval,

the new cell deptl&S(t )n ft was defined:
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SS(t) = S$(t-1) - d(t) (4-65)
This final value ofSS(t Jhen became the initi&S(t— Btorage depth (ft) for cell

for the next timd+1. A time interval of 1 min was found to be optinfiai berm and
weir flow. The model collected irrationally largepths of water on the level
spreader if longer time intervals were used. Assalt, the model used a time

increment of 1-min for all hydrologic calculation$he proportionp, of water
exiting the cell relative to the initial cell dep85(t —1) was calculated for berm and

weir flow for later movement of water quality coitgénts:

d()

Py = SS(t-1) (4-66)

4.4.1.7 Outflow from the wetland

Outflow from the wetland can be controlled usingpei a weir or an orifice.
For orifice flow, the width and length of the ocié, and the invert elevation must be
specified by the user. For weir flow, a weir ldmghd the invert elevation are
required inputs. Before subtracting the volumeutflow from the first cell, a check

is made to ensure that sufficient water is in gerabove the invert.

44.1.7.1 Orifice Flow

Within the model, orifices were assumed to havectangular shape. Orifice

flow from the outlet cell could also be calculatesing the orifice equation:

0 if EB(t)+ SS(tk E,
Q. (t)=4C, ‘W, - (EB(t) + SSt) - E)*° if E, <EB(t)+SSt)<E +H, (4-67)
C.A, -y29(EB(t) + SSt)-E;)  if EB(t)+SSt)> E, +H,
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where Q, (t )is the flowrate (cfs) of the outflowing water fraime orifice at timé,

C, is the discharge coefficient of the orifice (dirsemless),A, is the orifice area
(ft?), H, is the orifice height (ft)\\, is the orifice width (ft)g is gravity in English
units (ft/$), SSt)is the surface water storage depth (ft) in a gimehat timet, and
EB s the distance (ft) from the datum to the wetlanttom, E; is the distance from

the datum to the bottom of the orifice or the iadevation (ft). IfSSwas less than

E + H,, the orifice behaved as a weir, and the weir eqoatas used to calculate

outflow discharges, where the diameter of the egifvas estimated to equal the weir
length and the depth of water above the weir wasraed to equal. Figure 4-20

shows an example of orifice flow.

Qi

Qo

Figure 4-2C Flow through an orifice in the outflow cell (c&l) and the resulting velocity;Q
(ft/s). Qo (ft/s) represents the velocity water flowing ofithe orifice, SS is the surface storage
depth (ft),W, is width of the orifice,H,is the orifice opening heighEB is the depth of water

from the datum to the wetland bottom (ft), d&fds the invert elevation above the datum(ft).
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4.4.1.8 Pre-development runoff simulation

A number of the sustainability metrics develope€hapter 3 required the
simulation of flow over the wetland drainage areder pre-developed conditions for
wetlands treating stormwater runoff. Therefore-gevelopment flows were
simulated for a given wetland site within the mod€he pre-developed drainage area
was assumed to have an area equal to that of tiigleding drainage area to the
wetland plus the area of the wetland itself. Ffomn the pre-developed drainage
area was simulated based on the same rainfall affecting the wetland and its
contributing drainage area. Additionally, pre-deped flows were computed with
the rational method in the same manner as wengenflflows to the wetland the only
difference being the input rational C value:

Upprey) = Crre "Iz - DAsge (4-68)

where g, qrg is the peak pre-development flow (cf&)A.. is the pre-development

drainage area (ac), a@g.. is the runoff coefficient.C. like C was a user-defined
input that was based on the land use characteristithe estimated pre-developed

drainage area. The corresponding runoff volifpg.e produced by the pre-

developed drainage area over one storm event wasamputed by multiplying

CorebY the corresponding storm rainfall volume over¢batributing drainage area:
Veerg = 3630 Cppe - B - DApge (4-69)
where P is the rainfall depth (in.) for a given storm evésge Section 4.4.1.1) and

Vrerg IS the resulting runoff volume fjtfrom the drainage areBA.... The value
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3630 is a conversion factor. The pre-developmiemt fime of concentration, was

then computed based 8 pre, aNd d,pre :

V
t. = 1 Vererg (4-70)
60 Up(pre)
where the 1/60 term was a conversion factor froooisés to minutes. Pre-

development 1-min discharge rates were also cordpatde same manner as were

wetland inflow discharge rates:

(%]t fort<t,

2q, —(%Jt for t>t,

c

QPRE(t) = (4-71)
where Qpc(t) is the flow rate (cfs) at timgmin) andt, is the storm time of

concentration (min).

In addition to pre-development discharge rates\ariuimes, the model also
computed annual pre-development drainage are&atiin for the computation of
the groundwater recharge and baseflow maintenagréermance criterion

PC. (see Section 3.4.5). Pre-development infiltratiolumes for each storm event
were computed by subtracting the storm runoff vawpg o, from the
corresponding precipitation volumg .., over the pre-developed drainage

areaDA.... Precipitation volume oveDA...was first calculated accordingly:

Voerg = 3630 P - DAoge (4-72)
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With V, org cOmputed, the corresponding storm infiltration vo&vV, .., could be
computed:

VI(PRE) :VP(PRE) _VR(PRE) (4‘73)
whereV, g is the total volume of water {jtinfiltrated over DA, for a given storm
event. Resulting, g values for all storm events within a given yeareveummed

to compute the corresponding annual pre-developméhitation volume | ... for
that year. All annual .. values for a given simulation period were then aged to

compute a finall .. value for the site.

4.4.2 Water Quality Simulation

The water quality portion of the model simulatesramium (NH;"), nitrate
(NO3), total suspended solids (TSS), and dissolved exy®O) dynamics
throughout a given wetland design. In order taratirize these chemical
concentrations, wetland photosynthesis, respiratiod transformation rates were
estimated and calibrated based on relevant, gebigaldly appropriate data.

All reactions were discretized based on a 1-miretinterval using the Euler’s
method, assuming each wetland cell behaved lil@gptetely mixed flow reactor
(CMFR), which implied that all constituent concextions were vertically and
horizontally uniform within each cell. Figure 4-2hows an example CMFR cell
given a general constituent concentration C and o The CMFR method assumes
that the concentration within a cell is uniform aglal to the concentration leaving

the cell at the end of a given time interval. Assi@alance of each constituent was
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calculated at the end of each year of simulatioensure that each water quality

constituent followed the law of conservation of mas

L
C(t+1), Q(t+1)

C(1), Q)

C(t+1), Q(t+1)

Figure 4-21 Schematic of a CMFR cell, where the concentragiot flow entering
the cell are C(t) and Q(t); and the concentratiosh fow values within and leaving
the cell are C(t+1) and Q(t+1).

Due to the complexity of wetland water quality,.anber of simplifications
and assumptions were made. Sufficient amountarbion, nitrifying and
denitrifying bacteria, and phosphorus were assuméa present and available for all
relevant reactions within the wetland. A circuminalupH was also assumed
throughout the wetland. Additonally, wetland prinaroductivity was simplified,;
once particles or dead vegetation settled on thkmebottom, they were assumed to
be inactive, becoming a permanent portion of trexenwetland sediment.
Resuspension of particles was not modeled, whiehréasonable assumption due to
the slow velocities, around 1.25 m/hr (4.10 ft/typically observed in constructed
wetlands (USEPA 2000).

The following procedure was followed to determinatev quality values for

surface water for each time interval. The + amsilyas in parenthesis indicate
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whether a given step contributes (+) or demand®@) Additionally, DO levels
were recalculated after each step that createsmmuenes DO:
1. Calculate TSS settling/trap efficiency
2. Calculate initial DO concentration for time interva
a. Photosynthesis (+)
b. Surface Aeration (+/-)
c. Respiration (-)
3. Calculate nitrification given DO levels NH-=> NO, = NOs (-)
4. Calculate denitrification N© = Na(g)
Concentrations of water quality constituents wesednined after each time interval
using discretized mass balance equations followhedgzuler's method. The
following sections define the mass balances useddoh constituent. A number of
the water quality constituents are interrelated, #ue resulting code reflects this.
Additionally the reactions dictating nitrificatioequired aerobic conditions, while
those controlling denitrification required anaembonditions. As suggested by
USEPA (2000) and Sykes (2003) aerobic water waseldby a DO concentration of
greater than or equal to 2 mg/L and anaerobic wedsrdistinguished by a DO

concentration less than 2 mg/L.

4.4.2.1 Total Suspended Solids (TSS)

TSS reduction for each wetland cell was directiyndated by settling as

modeled by Stoke’s Law:
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(pp _pw)

v, = 328:
18u

g, -D? (4-74)

m

wherey; is the settling velocity (ft/s)p,, is the particle density (kafn P, is the
water density (kg/ff), u is the fluid dynamic viscosity (N-sfih g,, is gravity

(m/s), and D is the particle diameter (m). Correspogdrap efficiencies were then
calculated for each cell for a given time interassuming completely mixed
conditions:

TE = 60. e A

(4-75)

~

where At represents the time interval (mi®Sis the cell surface storage (ft), ahd
is the resulting cell trap efficiency of TSS. Tiotal settling depthd, within a given
cell over the time interval was computed by mutipd At andv,:

d, =v,-At (4-76)
This settling depthd, was the total depth TSS particles fell withinradiinterval of
1-min for a given cell (see Figure 4-22). If tlesultingTE was computed to be
greater than 1.0, the model restricted it to equal Therefore, the TSS load
removed from settling from a cell was calculatedoading for each time step:

SET=TE-TSS (4-77)
whereTSS represents the initial TSS load in the cell (mud SETrepresents the
load of TSS removed from the cell by settling witkie time interval. This method
of modeling TSS simulation assumes that TSS pasticdistribute evenly through a

cell after each 1-min increment. While this asstiompmay not represent reality

given that wetland water velocities are generdbysit was the most reasonable
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method given CMFR (completely mixed flow reactog)l structure of the model.
Calibration of the TSS particle diameter may alsipito correct discrepancies
between the model and reality. “Filtration” of paaded solids by vegetation was
also assumed to be negligible in the model as Kaaitel Knight (1996) found such
removal efficiencies to be “vanishingly small.” $$vels were not allowed to go
below a user-specified background concentratiome dorresponding background

TSS load in each cell was defined&SS.

--
de

[

Figure 4-22 Depiction of TSS settling in a given cell withirLanin time interval where
SS is the total water depth in the cell @lads the vertical distance travel by TSS
particles within 1-min. The darkly shaded regianresponding tas was settled out of
the cell within that time interval.
4.4.2.2 Nitrogen Transformations

Nitrification and denitrification were both simuéat within each model cell as
they were cited to be the most important mechanigsonsible for long term
nitrogen removal in treatment wetlands (Kadlec Enayht 1996; USEPA 2000;
Bastviken 2006). All simulated nitrogen specieseressumed to be in a dissolved

form. Because wetlands have been found to havaromeutral pH values,

volatilization of NH; was considered negligible (Kadlec and Knight 1996EPA

173



2000). Additionally, at a pH of 7, about 99.4%aoimonia nitrogen is in the ionized
form NH," (Kadlec and Knight 1996; USEPA 2000). Thereftine, current study
simulated only N within the model. As the carbon cycle was notusated within
the model, it was also assumed that sufficient@adources were available to
promote both nitrification and denitrification withthe wetland. The assumption
was reasonable given that constructed wetlandgearerally highly productive
ecosystems (Mitch and Gosselink 1993; Kadlec andiri996).
Nitrification is defined as the oxidation of NHo NO, to NOs™:
NH; +150, —>NO; +2H* + H,0 (4-78)
NO; + 050, —> NO; (4-79)
Because the transformation of lHo NG, is generally the limiting reaction
(meaning it occurs at a slower rate than the toansition of NQ to NGOy), it is valid
to assume all Ni is converted to N for modeling purposes (Chapra 1997).
Overall nitrification can then defined by the follmg chemical expression (Chapra
1997; Kadlec and Knight 1996):
NH, + 150, ——> NO; +2H" + H,0 (4-80)
This transformation was modeled by volume-basest-firder kinetics:
TAMNIT=V -K ;- [NH4-NH4, ] 05 (4-81)
whereNH4 represents the N concentration within a cell at a given time intrv

(mg-N/L), NH4, is the background Nfi concentration in the cell (mg-N/L}),, is
the nitrification temperature correction factorf@éted as 1.07 in HSPH,; is the

first-order nitrification reaction rate (f, V is the water volume (L) in the cell, and

174



TAMNIT is the resulting N@ load (mg-N/L) generated from nitrificationlAMNIT
was then converted into terms of mg4@ing a ratio of 4.3 mg-£ng-N, as derived
by Equations 2-15 and 2-16 (Kadlec and Knight 1996EPA 2000; Bicknell et al.
2001):

DODEMD = 4.3- TAMNIT (4-82)
where DODEMD represents the load o, @onsumed from nitrification within a
given cell and time interval. Nitrification wasmulated only if DO levels were
greater or equal to 2 mg/L.

Nitrate was removed from wetland cells via dentatfion. Denitrification was
assumed to only occur in the anoxic (DO concemnati 2 mg/L) sediments of
wetland cells containing emergent vegetation (USEBB0; Bastviken 2006). All
denitrification was also assumed to result in teeggation of nitrogen gas £J),
which was, in turn, assumed to leave the wetlastegsy permanently. The general

chemical expression for denitrification can be wledi as follows (Sykes 2003):

2NO; +10e” +12H * denitrification N, +6H,0 (4-83)
Within the model, denitrification was simulatedngiolume-based first-order

kinetics:
DENIT =V - K ;- [NO3- NO3, |- 37 (4-84)
whereNO3represents the NOconcentration within a cell at a given time intdrv

(mg-N/L), NO3, is the background NOconcentration in the cell (mg-N/L§),,; IS

the denitrification temperature correction faciefaulted as 1.07 in HSPR),,; is
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the first-order denitrification reaction rate (hrandDENIT is the resulting by load

(mg-N) generated from denitrification.

4.4.2.3 Dissolved Oxygen Transfer

DO levels in each cell were estimated based oaserderation,
photosynthesis, nitrification, and respiration.eTgrimary sources of oxygen in a
wetland are photosynthesis and surface aeratitwe. pfimary sinks can vary
depending on influent water characteristics, buiegally include BOD (biological
oxygen demand) and NOD (nitrogenous oxygen demaeghadation and associated

microbial respiration, and general wetland resmmat

4.4.2.3.1 Wetland Primary Productivity

Photosynthesis rates into water are a functiorvaifiable light, temperature,
nutrients, water depth, and vegetation type. Asddal curve was used to simulate

both diurnal and seasonal photosynthesis varigGdapra 1997):

PT = (4-85)

PMAX:-sinfw(h—h,)]  for hy <h<h
otherwise

where PMAX represents the maximum possible photosynthesigmageOy/m?-hr),
which occurs at noon each da§T is the photosynthesis rate at time t (mgrd-
hr), @ is the angular velocity (H, h, refers to the time of sunset (hr.) for a given
day of the year (DQOY), ant,, refers to the time of sunrise (hr.) for a givenY2O

The maximum photosynthesis raedMAX was estimated based on wetland literature

values. The variable was further defined accordingly (Chapra 1997):

(4-86)



hST — hSR
Tp

f= (4-87)

whereT, represents the total daily time period (24 hny frepresents the ratio of

sunlight hours (assumed to be hours between suamdsunset) to total hours (24
hrs) within a given day. In order to account toe effects of water temperature,
additional temperature and solar radiation termsevaéso added to the

photosynthesis expression (Chapra 1997):

SRI TW-20
PMAX.— > .9
PT = KSRI+SRI 7'

0 otherwise

sin[o(t - hgg)] for Rgs << gy (4-88)

whereSRI is the solar radiation (MJ/d), KSR is the half saturation constant for
solar radiation (MJ/fd), andé,,; represents the photosynthesis rate temperature

correction factor, which was estimated to be 1.fa8@eneral phytoplankton by
Chapra (1997). The EPA treatment wetlands manuggested an estimated net
primary production of 4 g total biomass/chand 1g @'g net biomass is produced by
photosynthesis in a wetland and that, on avera§eg & are produced per g-C of
biomass produced within a wetland (USEPA 2000anet al. (2010) found that an
estimated 668 + 5 g C/ayr was produced on average by vegetation in théhson
United States. Studies summarized by Mitsch anss@mk (1993) also estimated
primary productivity rates of 1000-3000 g-aboveuyrd biomass/fyr. Given these
literature values and the USEPA (2000) suggestadearsion factors, annual
photosynthesis rates with the units of gr@¥-yr were estimated for each source and

are summarized in Table 4-8. From these annudbpkiothesis rates a mean value
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of 1710 g-Q/m?-yr was calculated. A simple, linear relationshigs found to relate
this annual photosynthesis rate aPMAX:

PY = 188- PMAX (4-89)
where PY is the annual wetland photosynthesis rate gr®yr) andPMAX is the
maximum hourly photosynthesis rate (mgi@>-hr). A final value of 910 mg/fahr

for PMAX could then be estimated from Equation 3-88 basetiisrannual rate.

Table 4-8 Shows the estimated annual photosynthesis ratestfiroughout the
literature and corresponding calculaRMAX values.

Source Photosynthesis Rate | Calculated PMAX
(g-Oo/m*-yr) (mg-O,/m?hr)
USEPA (2000) 1460 777
Tian et al. (2010) 1670 888
Mitsch and Gosselink (1993) 2000 1063
Mean 1710 910

Once photosynthesis was determined, respirationcalaslated as a fraction
of PT. Chapra (1997) suggested general “rule winihi’ estimation of vegetation
respiration:

RESP= 001-PT (4-90)
where RESPrepresents the corresponding net respirationl @egetated biomass
associated witl®T (mg-O/m*hr). This respiration approximation excluded os®yg
demand of BOD as well as other organisms withiretlamd cell given the
complexity that they added to the model. Thereforerder to produce more
accurate DO levels, future versions of the model&hincorporate more complex

respiration processes, especially those relat&Dido degradation.

178



4.4.2.3.2 Surface Aeration

Surface aeration is the process by which oxygem fitee atmosphere diffuses
down into the surface layer of water. If water hageater oxygen concentration
with respect to its partial pressure in the atmesphdiffusion can also occur in the
upward direction, causing oxygen to bubble outefwater. However, if the
opposite is true, diffusion occurs in the downwdiréction with oxygen from the
atmosphere diffusing into the water. The genegabéon used to model surface
aeration is (Kadlec and Knight 1996; Bicknell et2001):

SURF=V K, (DO, —DO.,)-At (4-91)
where DO, ,, is the steady-state saturated DO concentratianginen cell (mg-

O./L), DO is the DO load (mg-&L) in a given cell and time intervaK, is the

mass transfer coefficient (1/hrY,is the water volume (L) in the cell, al®URF is
the resulting addition of DO to a cell within a givtime interval due to surface
aeration (mg-@. Therefore, the difference between the actudlsaturated
concentrations of DO in a cell serve as the grddheat dictates the surface aeration
rate.

DO can be determined through sampling and datactah whileK,, and

DOnmax must be calculated based on environmental comditi®O levels are very
sensitive to water temperature and saturated D€ldavere estimated using the

following equation (Bicknell et al. 2001, Kadlecdaknight 1996):

DO,,, =1000- LC?-SS [14.652— 0.41027,, + 0.00799T,,* — o.oooo777TW3J (4-92)
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whereT,, is the water temperature (°C). This equation ballused under the

assumption that water temperature and DO levelsarstant within a given cell. In
reality, a DO gradient associated with water demtlld exist. DO levels should be
highest at the surface where surface aeration sdouron-vegetated areas or areas
with emergent vegetation. However, this gradieas @wssumed negligible given the
shallow water depths generally found in construetetlands.

With DOnaxand DO, known, theK |, is the only unknown left. USEPA

(2000) used the following equation to estimate khe in constructed wetlands:

D, -v.
—[ - '}-eggzm (4-93)

La ™ S§/2

wherev; is the horizontal flow velocity (m/hr.), Os the oxygen molecular diffusion

constant (rfyhr.), 05 is the dissolved oxygen temperature correctiotofaandSS

is the water depth (m). Similar equations were atgerenced by Gonenc and Wolfin
(2005), Kadlec and Knight (1996), Bicknell et &001). A value of 7.33 x 10

m?/hr. for D_ was suggested by Kadlec and Knight (1996) for eem@mperature of
20°C. Bicknell et al. (2001), Kadlec and Knigh996), and USEPA (2000) assumed
a typical wetland flow velocity of around1.25 m/Hflow velocities simulated by the
hydrologic module of were used to determine finaface aeration values in the
current project. No temperature correction fagtas included in surface aeration
calculations due to the high uncertainty associati¢ld the extrapolation over a

temperature range (Kadlec and Knight 1996).
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4.4.2.4 Influent water quality concentrations and loads

The water quality portion of the model simulates ttynamics of ammonium
(NH4"), nitrate (NQ), total suspended solids (TSS), and dissolved exy@O)
within the wetland. Influent pollutant concentaais and loads vary depending on the
type of water being treated. Stormwater pollutamricentrations, for example, were
found in the literature to be dependent on runoffivfates (Lee and Bang 2000;
Sansalone and Cristina 2004). Pollutant conceabtsare also often much higher
during the initial portion of a storm event; thisgmomenon is referred to as the first
flush. However, due to the lack of knowledge sunding the relationship between
pollutant concentrations and flowrate, the cursgntly assumed influent stormwater
concentrations to be constant. Therefore, thendigiin of pollutographs
corresponding to influent wetland hydrographs wdwgduseful in the future
development of the model as this work was out efstope of the current study.

Conversely, wastewater pollutant concentrationateelated in the same
way to flowrates. Data provided by a local wastew&reatment plant did not show
significant annual trends in influent NH BOD, and TSS daily grab sample
concentrations nor any significant trends relatimg plant flowrate and influent
pollutant concentrations. Insufficient data haeerfound to affirm or negate any
trends between water quality and flowrate. Addislly, flowrate and pollutant
concentration relationships vary from site to sied therefore, are difficult to predict
for any other site or condition.

The wetland model developed herein simulates intlweater from three

sources, (1) stormwater (urban, residential, afjtical, etc.), (2) municipal
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wastewater, and (3) agricultural (mainly swine) tgaster. In the current study
influent pollutant concentrations were assumedetadnstant user inputs for all water
input types. However, in future versions of thedelp more complexity could be
added to influent pollutant concentration charasties as relevant data become

available.
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Chapter 5: Model Calibration

The model developed in the current study was catllok and verified with
data provided by Dr. Thomas Jordan from the SmitlassoEnvironmental Research
Center (SERC) for a restored wetland (Barnstabledgiving agricultural runoff in
Kent Island, MD. The following chapter describegetail all model inputs, data
manipulation methods, calibration procedures, &sdlts. The object of this chapter
was to demonstrate that the model could be caétdraith real data and produce

reliable water quantity and quality results.

5.1 BARNSTABLE 1 WETLAND DATA

The wetland was referred to as Barnstable 1 (doetlal. 2003; Kalin et al.
2012). Water quality and quantity data were codld@over the two-year period from
May 8, 1995, through May 12, 1997. The restoretlamd, which has an area of 1.3
ha (3.2 acres), treats water from a drainage dr&d ba (35 ac) that is comprised of
18% forest and 82% cropland (covered by corn dut@@b and 1997 and by
soybeans during 1996). The average watershed sld@é, and the soil is comprised
of two layers. The top layer is silt loam with neodtely low to low permeability and
was 0.2 m (0.656 ft) deep. The bottom layer extdrdtevn from 0.2 to 1 m (0.656 -
3.28 ft) below the surface and was comprised ¢f slhy loam containing 18-30%
clay. Drainage ditches and channels transportffdiroon the drainage area to the
wetland inflow point.

The restored wetland had previously been draioestve as cropland.

However, in 1986, the wetland was restored by exitlag an area to a uniform depth
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of 1 m (3.28 ft) over the 1.3 ha (3.2-ac) areshefwetland. Berms were also
constructed to maintain water levels at an avedsgpeh of 0.2 m (0.656 ft).

Elevation contours of the wetland with a scale @cin were measured by a Total
Station CTS-2/2B (Topcon, Tokyo, Japan). The tesgklevation map is shown in
Figure 5-1. Emergent vegetation was reported w@ican average of 80% of the total
wetland surface area during the growing seasowotlyt15% during the non-growing
season. Table 5-1 summarizes all relevant wetthadacteristics. Jordan et al.

(2003) provided complete details.
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Figure 5-1Barnstable 1 wetland topographic map with all atens in meters. All
boxes represent areas from which vegetation waplsamThe labels A, B, and C
respectively represent deep zones with submerggetaton, intermediate depths,
and very shallow (often dry) upper edges of thdamet Most all runoff entered the
wetland through the inflow labeled in the top rigbtner (Jordan 2013).
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Table 5-1Watershed and wetland specifications for the redgtwetland situated in
Kent Island, MD, as reported by or estimated frarddn et al. (2003).

Parameter Value
Drainage area (acres) 35
Land uses 18% forest

82% cropland (corn/soybean)
Drainage area hydrologic | C

soil type
Soil type Top 0.656 ft silt loam
Bottom 0.656-3.3 ft silty clay loam
Estimated hydraulic 0.00283
conductivity (ft/d)
Drainage area slope (%) 1
Wetland area (acres) 3.2

Wetland mean depth (ft) 0.656
Emergent vegetation coverl  80% during growing season
15% during non-growing season

5.1.1 Hydrologic data

Intermittent inflow (combined term of runoff infloand direct precipitation
over wetland) and outflow rates were reported brgdo et al. (2003). Outflow rates
were calculated via recorded depths through a 1206%h weir and C10 data logger
(Campbell Scientific, Logan, Utah) located at thil@t. Observed intermittent
outflow rates are plotted in Figure 5-2. The t@wmbined inflow data was used in
the current study to include both runoff from tletibuting drainage area and
precipitation that fell directly onto the wetlandordan et al. (2003) calculated these
combined inflow rates by adding the correspondiatjlow rate and change in
volume for a given time interval in the wetland:

(IN+P), =OUT +i—? (5-1)
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where (IN + P), represents the combined inflow rate (cfs) overnvamitime interval,

S

. . . : AS .
OUT. is the intermittent outflow rate (cfs) at tine(s), andE is the rate of

change in storage (cfs) within the wetland overtiime intervali. The combined
inflow rates provided by Jordan (2013) are ploite&igure 5-3.

Flowrates were only measured when a detectablegehanvetland water
depth was detected rather than at a regular titeevial. During large flow events,
flow could be recorded up to every 15 minutes. Ewasv, if depth changes were not
detected by the depth sensors, flow was not redorti¢etland ET was estimated
from pan evaporation measured at the Smithsoniairémmental Research Center
(SERC), which was 25 km from the wetland site.iltirdtion was assumed to be
negligible given that the wetland was underlairhvatclay layer of 0.5 m (1.64 ft).
Additionally, Jordan et al. (2003) reported thatycbamples taken below the wetland
bottom were dry. However, Jordan et al. (2003)rdjubrt that errors in calculated
annual water balances at the site may have beetodhe exclusion of infiltration
and dam seepage in their calculations. Givenitiidggmation, the current study
assumed infiltration occurred at the site at a \wbow rate due to the low
permeability of the underlying clay layer.

Daily rainfall data were measured by a UniversahRzage Model 5-780
(Belfort Instrument, Baltimore, MD) located at tféye Research and Education
Center (WREC), which is 13 km west of the wetlafidthese rainfall data were used
by Jordan et al. (2003) to estimate the weeklyfaflimolumes over the wetland as

well as the total annual runoff into the wetlandg$-igure 5-4) by subtracting it from
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the corresponding combined inflow data. Jordaa.g2003) provided more in-depth

information on instrumentation.
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Figure 5-2 Intermittent outflow rates (cfs) from Barnstablev&tland over the study
period as plotted from data provided by Jordan 8201
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Figure 5-3 Intermittent combined (runoff inflow + direct rdadl) inflow (cfs) to
wetland over the study period as plotted by dat&iged by Jordan (2013).
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Weekly combined inflow (runoff inflow + direct rdll), direct rainfall onto

the wetland, and outflow volumes were also maddahla by Jordan (2013). Direct

rainfall volumes were, again, estimated by Jordaal.€2003) from daily rainfall

measured at the Wye Research and Education CMREC) gage. All three

weekly data series are shown in Figure 5-4. Theskly volumes were later used to

estimate weekly influent and effluent pollutantdea

o x10° @)
£ 4 e T
3 +
€
£ 5l * * -
§ ¢ e o, & ¢ * : *
5 +
£ * MR V. + O o et
8 Aug-95 Dec-95 Mar-96 Jun-96 Oct-96 Jan-97 Apr-97
x 10° (b)
—~ 4 +
L
= +
E 2L + ~» +
g + -~ +* * <+
* * > ¢ *
© o 0y MR VO , * + AP R e Y S
Aug-95 Dec-95 Mar-96 Jun-96 Oct-96 Jan-97 Apr-97
_ x10° ©
% 4 T
3
.E 2 _
5]
£ 9 *, + tate gt .
DAug-95 Dec-95 Mar-96 Jun-96 Oct-96 Jan-97 Apr-97
Time

Figure 5-4 Weekly volumes with units offfor combined inflow (a), outflow (b),

and direct rainfall (c) over the wetland.

In addition to inflow and outflow data, Jordan (3)&lso provided

intermittent water depths in the outlet weir (séguFe 5-5), as well as corresponding

intermittent wetland storage volumes within thelewed (see Figure 5-6). Water

depths in the weir were assumed to be zero whewgitland was at capacity (88,219

ft%) and outflow did not occur. A negative depth ifeglthat the water level was

below the invert of the outlet weir, while a posgtivalue implied that the water level
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was above the weir invert. Data provided by Jor@&13) were also used to
determine the weir invert elevation of 98.901 m432 as shown in Figure 5-7,
suggesting that a depth reading of -1.32 ft wagative of a dry wetland. Wetland
storage volumes were computed by Jordan et al3)20@h the corresponding water
depths at the outlet weir and the wetland topograshmeasured by the Total Station
CTS-2/2B.

It was found that the Jordan et al. (2003) repowtater depth in the weir went
below the bottom elevation of the outlet cell dgrthe initial dry period from May
through October of 1995. As shown in Figure 5-8tew depths in the weir should
not go below -1.32 ft; however, the minimum recaraeater depth at the weir was
-1.59 ft. These negative depths reported by Jof@d@h3) may have been a result of

the depth gage sensitivity at low depths or due Ibtas in the gage calibration.

1.5F

0.5

-0.5

Instantaneous water depths through outlet weir (ft)

15 | | | | | | |

May-95 Aug-95 Dec-95 Mar-96 Jun-96 Oct-96 Jan-97 Apr-97
Time

Figure 5-5Observed water depths in the weir (ft) over thg &tudy period from
1995 to 1997 as reported by Jordan et al. (2003).
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Figure 5-6 Intermittent water volume storages as estimateldreported by Jordan
(2013) based on corresponding outlet weir watethdegnd wetland elevations.

326.5

Elevation (ft)

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2
Water depth through weir (ft)

Figure 5-7 Observed relationship between water depth flowlregoutlet weir and
elevation at the Barnstable 1 site based on datdaded by Jordan (2013).
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5.1.2 Water quality data

Mean weekly concentrations for TKN, TR NH,", NO; (defined as the
sum of all nitrite and nitrate species present)CT@nd TSS were computed from
composite weekly samples collected at the infloa antflow points of the wetland.
Composite samples were volume-weighted, colledtifigw or outflow volumes
proportional to the corresponding flowrate. Larfiewrates, for example, resulted in
larger corresponding collected volumes for a gitiere increment. Samples were
only collected when a certain threshold volumendibiwv or outflow passed the pump.
Therefore, water samples could be collected upéoyel5-min during large storm
events or not for days or weeks during droughtquoksi

Jordan et al. (2003) also calculated the totabgén (TN) levels by adding
TKN and NQ@, as well as the total organic nitrogen (TON) bitsacting TKN from
the calculated total organic nitrogen (TON) valu€ancentrations for all
constituents in the rainfall were also estimatednfianother study performed by
Jordan et al. (1995) and reported on a weekly psiordan (2013). The current
study was only concerned with TSS, NHand NQ". Figure 5-8 and Figure 5-9,
respectively, plot the weekly composite influentl a&ffluent concentrations for TSS,
NH,", and NQ'. Dissolved oxygen (DO) levels were not recordgddrdan et al.
(2003). Concentrations of pollutants in the rdinfgere also not used in the current
study, as the developed model structure did ndadecinput rainfall water quality
characterization. This exclusion of rainfall watesrality was assumed to be
reasonable due to the scarcity of rainfall wataaliggidata in the literature as well as

the small relative volume of direct rainfall volurteethat of runoff inflow volume
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(see Figure 5-4). Additionally, TSS concentratiarese equal to zero for all weeks

of record. NH" and NQ' recorded weekly concentrations are plotted in Fdi+10.
For purposes of the current study, influent DO lewveere assumed to equal saturated
DO levels based on personal communication withalo(@013). Given that most
wetland inflow entered the wetland via irrigatiokctes, inflow velocities should
promote aeration. Additionally, direct rainfallahd have high dissolved oxygen
concentrations given the high surface area of rapgland their prolonged contact
with the atmosphere as they fall. Jordan (2018) pledicted that background DO

levels were near or at saturation given the vegetgresent in the wetland.
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Figure 5-8 Weekly composite influent weekly concentrationg{b) of TSS (a),
NH;" (b), and NQ@ (c) as plotted with data provided from Jordan @01
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NH;" (b), and NQ (c) as plotted with data provided from Jordan @01
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5.1.3 Barnstable 1 layout and topography

The topographic map shown in Figure 5-1 definechBble 1 wetland
elevations, vegetation type distributions, andudeld wildlife structures (i.e., habitat
island and duck shelter). Due to the algorithmesdua the computer, generation of
the elevations shown in Figure 5-1 resulted in miper of the wetland edges that
appear wavy, which, in reality, represent stratgpbgraphic lines (Jordan 2013).
The southern edge of the wetland, for example ggagrts a straight berm despite its
wavy appearance in Figure 5-1. The boxed areassept plots for vegetation
sampling. Boxes labeled with A represent deepametiareas where only submerged
vegetation grew. Boxes labeled with B indicateaaref intermediate water depth,
and boxes labeled with C were very shallow, oftgnupper edges of the wetland
(Jordan 2013). The areas labeled with B and C Wetie assumed to support

emergent vegetation.

5.1.4 Characterizing error in the Barnstable 1 data

In order to fully understand the Barnstable 1 wetldata, it was necessary to
estimate the error associated with all observedeg(e.g., effluent rates, weekly TSS
concentrations, etc.) that were used in model c#itn. The current study defined
error as the discrepancy existing between the predurue values and corresponding
measured or computed values. While the errorsre€dmeasurements such as the

stage depth at the outlet wedy,, were easy to define based on instrumentation

error, other data were much more difficult to defas their accuracy and precision

were dependent on a number of factors.

194



Error propagation was used to estimate the total essociated with each

individual data point (i.e., 1-min outflow ratese®kly TSS concentration, etc.)

consisting of more than one error source (Topp@it2):

Ep = EZ+EZ+E2+---+E? (5-2)

where E; is the resulting total error (+ %) in a given dagdue,n is the total number

of error sources, an#t, ,E, ,E,,---E, represent all the sources of error (£ %) within

the data value. The measured and computed datalpdoby Jordan (2013) used in

the current study included the following directlgasured data:

1.

2.

3.

4.

Intermittent stage-depth measuremeridg () at the outlet weir (ft).

Weekly composite TSS influent and effluent concatiins (mg/L).
Weekly composite NI influent and effluent concentrations (mg/L).

Weekly composite N@ influent and effluent concentrations (mg/L).

Jordan et al. (2003) also used the difBg}, measurements to compute

corresponding inflow and outflow values:

1.

Intermittent outflow rates@QUT;) with units of (cfs).

Intermittent storage volumess() in wetland (fP).

Storage change ratea$ / At,) over each time interval (cfs).
Intermittent combined inflow ratedN; + P) to wetland (runoff inflow +

direct precipitation) (cfs).
Weekly effluent volumes (.

Estimated weekly combined inflow volumesft
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7. Weekly direct rainfall volumes as estimated by yaginfall at WREC rain
gage (ff).
5.1.4.1 Intermittent depth measurements

The intermittent depth measurements at the ouat (D, ) were the only

direct hydrologic measurements taken at the Babtestawetland. These
measurements were taken by a depth sensor, whiglciteal to deliver
measurements with an uncertainty of + 2% (Harmal.€2006). All other data

provided by Jordan (2013) were computed with treeafsheseDg ;) measurements,
and therefore all contain an inherent error otast + 2%.
5.1.4.2 Outflow intermittent rates and weekly volumes

Intermittent outflow rates were calculated from dogrespondindDg;, values

through use of a stage-discharge relationship &.eeir equation for the 120°
V-notch outlet weir). Harmel et al. (2006) estisherrors introduced by friction in
weir flow were estimated to be £ 5-10%. For theent study, an average
uncertainty of £7.5% was chosen to represent weasurement error. The resulting

propagated error in alDUT, values, both intermittent rates and weekly volurmess,
therefore, estimated to equal £7.76%.
5.1.4.3 Storage change rates

Wetland storage volumeS were computed by Jordan et al. (2003) through

use of the elevation measurements (see resultpagtaphic map in Figure 5-1)

taken by a Total Station CTS-2/2B and correspondietiand depthDg,
measurements. The current study estimated a +1%te be associated with these
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elevation measurements. An additional error o%a\as also inherent in storage

measurements due to the corresponding, values from which they were
computed. Given these two sources of error, tted goror associated with ea&h
value was computed to be £10.3% using Equation &@respondingS / At,

values were calculated accordingly:

AS _Su-S
At Lot

(5-3)

wherei represents the time intervais the time in seconds within a given time
interval. Error associated with the measurememioé t was assumed to be

negligible. Therefore, the error S / At, was equal to that ob , which was

estimated to equal £10.3%.

5.1.4.4 Combined intermittent rates and weekly volumes

Intermittent combined inflow ratedN; + P) were computed by Jordan et al.
(2003) accordingly:

UN+PL:OUﬁ+%% (5-4)

In addition to the errors associated WiitJT, (+7.76%) andAS, / At, (£10.3%),
(IN +P), values also had an error term that was generetetriegative values that
resulted from the addition @UT, and AS /At; for some time intervals. Physically,

these negative rates implied that for a given timervali, Equation 5-4 did not fully
characterize the water balance of the wetland &€, infiltration, or other losses
were not accounted for). Because these negatiuvevaccounted for only 0.2% of

the total combined inflow volume over the 2-yeardstperiod, Jordan et al. (2003)
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assumed them to be negligible, setting them to.zEwy error characterization

purposes, this £0.2% error was propagated alongté OUT, (+7.76%) and
AS [ At; (£10.3%) errors to compute a final error of +X&.¢or all (IN + P), values.

Weekly combined inflow volumes also were assumedtbige the same inherent error

of +12.9%.

5.1.4.5 Weekly direct rainfall volumes

Weekly rainfall volumes were summed from daily dheptecorded by a
Universal Rain Gage Model 5-780 located at WRE@heftent in these measurements
were the errors due to instrumentation limits dreldrrors associated with
differences in weekly rainfall patterns of the Bstable 1 site and WREC, which is
13 km east of the wetland. The area of the wet{@zlacres), which was used by
Jordan et al. (2003) to convert WREC-recorded adliniepths to volumes over the
wetland, was assumed to have negligible errorfoBdhstrument, the manufacturer
of the WREC rain gage, defines an accuracy fogdge of +0.5% of “full scale.”

Full scale refers to the holding capacity deptkthefgage, which was 12 in. for the 5-

780 model (fttp://belfortinstrument.com/products/universalrgiauge?).

Therefore, rain gage measurements were recordédhvaih accuracy of £0.06 in.
Over the 2-year study period from May 1995 throivsty 1997, a mean daily rainfall
depth of 0.377 in. (excluding days with no rainfalls recorded by the WREC rain
gage. The £0.06 in. accuracy represents +15.9%i®Mmean daily depth. This error
of £15.9% was assumed to equal the instrumentatiar inherent in the weekly

rainfall volumes over the wetland.
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In order to estimate the error introduced in weekinfall volumes due to the
distance between the rain gage at the Barnstabigtland, the Quadrant method was
used to estimate annual rainfall depths at theandtbased on precipitation data
recorded at the three rain gages closest to thHanekt These gauges were located in
Chestertown, MD (35.2 km north of the wetland)Baltimore, MD (44.3 km
northeast of the wetland), and at WREC (13km effteowetland). Precipitation
data for Baltimore, MD, and Chestertown, MD, webtained at a monthly time-
scale by NOAA. Rainfall from the three sites waswanulated according to the
study years defined by Jordan et al. (2003) wheeg § spanned from May 3, 1995
through April 30, 1996 and year 2 was defined tgyeafrom May 1, 1996 to May 1,
1997. Resulting annual precipitation at each efttiree sites and resulting estimated
annual precipitation at the Barnstable 1 wetlamdraported in Table 5-2. The error
for years 1 and 2 between the annual precipitatepths reported at WREC and

estimated at the wetland were, respectively, catedlaccordingly:

= —277% (5-5)

Epq =100x (MJ

Ep =100x

(49.1— 51.0} __373% (5-6)

where E; ;) and E;,, are the resulting errors (%) in annual WREC priégiijon

depths for years 1 and 2 relative to estimated anhepth at the wetland site. These
results suggest that, if the Quadrant method prediueasonable annual precipitation
estimations at the wetland site, the WREC rain gdagerved less rainfall than the
Barnstable 1 wetlandE;,, and E,,) were averaged to produce an overall gage

location error of -3.25%. Given that this errditeets annual variation rather than
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weekly variation between gage locations, the actugakly error could be higher.
However, given the available data, this error valfie8.25% was assumed to be
sufficient for characterizing the error resultimgrh estimating weekly rainfall from
an offsite rain gage. Error propagation was usegstimate a total rainfall error term
of £16.2%. Weekly inflow volumes were estimatedtie current study by
subtracting the weekly rainfall volumes from theresponding weekly combined
inflow volumes. Therefore, the resulting weeklflow volume error was propagated
from the errors associated with the weekly combinédw (£12.9%) and rainfall

(x16.2%) volumes and had a value of £20.7%.

Table 5-2Reported annual precipitation depths at threegages surrounding the
Barnstable 1 wetland and resulting estimated anmnegipitation depths at the site.

Annual Precipitation

Yearl | Year2 | Quadrant

(in.) (in.) Method weights
Baltimore 44.6 55.0 0.0704
Chestertown 51.5 62.4 0.112
WREC 41.6 49.1 0.818
Wetland Site
(estimated) 43.3 51.0

5.1.4.6 Water quality measurements

Errors associated with weekly composite TSS,N\Hnd NQ concentrations
were estimated based on values given by Harmé! €2G06) and the associated
weekly volume error. Weekly influent concentragdor all water quality
constituents had an error £20.7% that was due teminty in the associated

estimated weekly inflow volumes, as computed ingrevious paragraph. Similarly,
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all observed weekly effluent water concentratioad hn inherent error of £7.76%
due to weekly outflow volume error.

Measurement errors for influent and effluent TS8,Nand NQ were
assumed to be the same and were estimated frons eomputed by Harmel et al.
(2006) for water quality measurements. The stumhedy Harmel et al. (2006)
assumed that water quality measurements had fauce® of inherent error, (1) flow
measurement error, which was accounted for in tineent study by the weekly
influent and effluent volume errors; (2) error angple collection (i.e., errors
associated with using volume-weighted compositepsams well as low-flow
thresholds); (3) error associated with sample pvasien/storage (Jordan et al.
(2003) used acidification to preserve NHand NQ); and (4) error in laboratory
analysis of samples (Standard Methods followedfloanalyses). Sample collection
also had two sources of error, one of which wamftbe volume-weighted method
used to collect composite samples at the inletaanidt of the site and the second of
which due to the use of a low flow threshold belstich samples were not taken.
All errors associated with weekly influent and eéht water quality concentrations
are summarized in Table 5-3. Using error propagainfluent TSS, N&f, and NQ
errors were respectively found to equal +23.6, 280t 21.0%. Effluent TSS, NH
and NQ' errors were similarly estimated to equal £13.5116nd 13.9%. All errors
associated with weekly water quality data are shimwiable 5-3. Final errors

associated with all data used in model calibrasicmalso summarized in Table 5-4.
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Table 5-3Estimated error terms associated with weekly imftueend effluent
concentrations of TSS, NH and NQ.

Error Source TSS NH;" NO3
\(/g;oe;ekly inflow volume error +90.7 +90.7 +90.7
\(/g;oe;ekly outflow volume errofr 4776 4776 +776
Flow/v_olume-welghted +11 +11 +11
sampling error (%)

Low-flow threshold error (% +3 +3 +3
Sample preservation error 8% 1%
(%)

Laboratory analysis error (%) -0.85 +2.5 -1.9
Total influent error (%) +23.6 +25.1 +21.0
Total effluent error (%) +13.5 +16.1 +13.9

Table 5-4 Associated errors for all data and data-derivedis provided by Jordan

(2013) used to calibrate the model.
Data Array Total Error (%)
Intermittent stage depth measuremertds () at outlet 2
weir (ft) }
Intermittent outflow rates@QUT, ) with units of (cfs) +7.76
Intermittent storage volumesy() in wetland (}) +10.3
Storage change rateA$ / At;) over each time interval +10.3
(cfs) o
Intermittent combined inflow rated; + P) to +12.9
wetland (cfs) T
Weekly effluent volumes @} +7.76
Estimated weekly combined inflow volumes)ft +12.9
Weekly direct rainfall volumes as estimated byyail +16.2
rainfall at WREC rain gage {jt o
Computed weekly runoff inflow volumes it +20.7
Weekly composite TSS influent concentrations (mg/L) +23.6
Weekly composite TSS effluent concentrations (mg/L) +13.5
Weekly composite NI influent concentrations (mg/L +25.1
Weekly composite N effluent concentrations (mg/L +16.1
Weekly composite N@influent concentrations (mg/L +21.0
Weekly composite N@effluent concentrations (mg/L +13.9
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5.1.5 Conversion of intermittent to 1-min time intervals

The intermittent combined inflow (runoff inflow +iréct rainfall) (cfs),
recorded outflow (cfs), outlet weir water depth,(find wetland storage volume’|ft
values were reformatted into 1-minute time intesvalthe current study for use with
the model, which runs on a 1-min time step. Thiginntermittent combined inflow
and outflow rates were reported by Jordan (2018patadic time intervals (ranging
from 15-min to 39 days). Linear interpolation wesed to interpolate between
consecutive outflow, outlet weir depth, and wetlatmrage volume intermittent data
points and to estimate corresponding flowratestigge@nd storage volumes on a 1-
minute basis. Additionally, resulting 1-min cométhinflow and outflow rates (cfs)
were converted to 1-min volumes ifi ity multiplying each 1-min flowrate by 60

s/min and by the time interval of 1 min.

5.1.6 Separation of inflow and rainfall

To calibrate the model using a 1-min time increméntas necessary to
separate the 1-min combined inflow volume3) (ftto two 1-min input vectors, (1)
the runoff via the main wetland inlet and (2) direinfall onto the wetland. A
method referred to as the ratio method was devdlapachieve this goal. With this
method, the ratio of the computed annual on-si@ffunflow depth to the depth of
the annual combined inflow provided by Jordan (3048s computed for both years
of record where year 1 spanned from May 3, 199%utph April 30, 1996, and year 2
was defined to range from May 1, 1996, to May 197.9These two ratios were then
multiplied by each 1-min combined inflow volume®(fvithin the corresponding year

of record in order to estimate the correspondinmif-runoff inflow volumes (fi).
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Lastly, 1-min direct rainfall volumes {jtover the wetland were computed by
subtracting the resulting 1-min runoff inflow volesifrom the corresponding 1-min
combined inflow volumes.

The first step of the ratio method estimated anduakt rainfall volumes over
the Barnstable 1 wetland. Corresponding annuafatidepths at the Barnstable 1
site were previously estimated to equal 43.3 an@ Bil (see Table 5-2). The total
associated direct rainfall volume over the wetléardeach year of record was

computed accordingly (the Barnstable 1 wetlandamaarea of 13,000 T

1ft

2
P, =43.3in.x-——x13000m” x ﬂ =504659ft® (5-7)
12in. m
2
P, =51.0in.x 112ftn x13000m? x@ =594402ft° (5-8)
in.

where P, and P, were the respective annual direct rainfall volurffe’s over the
Barnstable 1 wetland for years 1 and 2. ORcand P, were computed, they were
subtracted from the corresponding annual combin#ow volumes (IN + P), and
(IN + P),) reported by Jordan (2013) for the Barnstableeliriorder to determine
the annual runoff inflow volumedN, andIN,). These annual combined inflow

volumes were computed by summing all 1-min combinédent volumes (see

Section 5.1.5) for each year of recordN + P), was equal to 1.77 x 1@ and
(IN + P),was equal to 3.81 x f6t>. Based on these values, the followilyy, and
IN ,were computed:

IN, = 1.77x 10°ft®> — 504,659=1,265341ft * (5-9)
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IN, = 381x10° ft® - 594402= 3,215598ft ® (5-10)
These annual inflow volumes were then converteal diepths over the contributing
drainage area (140,000°m

_1265341ft°  1m®  12in.
' 140000m?  (328ft)2  1ft

=10.1in. (5-11)

N 3215598t 1m?  12in.

, = X 5 X =25.6in. (5-12)
140,000m (328ft) 1ft

It was noted that while the rainfall depths fornged and 2 were comparable (43.3
and 51.0in.),IN,(25.6 in.) was more than doubli, (10.1 in.). This discrepancy in

inflow volumes was thought to be due to a changeigation practices on the
drainage area. Jordan et al. (2003) cited thdiesarys were grown on the drainage
area during years 1995 and 1997, and corn was gdowng 1996. While changes in
crops may have contributed to a change in draiaagg runoff volumes for years 1
and 2, additional changes such as alterationsainaiye ditches could have also
contributed to this discrepancy.

Given these runoff inflow depths, separate runoéficient values were
computed for each year of record accordingly:

~1008in.

- — 0.233 5-13
' 433in. (-13)
c, =28 _ 450, (5-14)
51.0in.

The resultingC,and C, values were computed in order to show that bo#nsyef
record exhibited rational runoff coefficients faor agricultural drainage area with

drainage ditches. Again, due to the discreparim¢seenIN, and IN,, the resulting
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C,(0.502) was more than doub(® (0.233), suggesting that contributing drainage
area properties changed significantly after the frear of record. Despite these
differences, bottC, and C,were rational, suggesting that that estimatdd and IN,
depths also were reasonabile.

In order to separate 1-min combined inflow volurmge (1) 1-min direct
rainfall volumes and (2) 1-min runoff inflow volumetwo annual separation ratios

were computed based on the anniié| and IN, volumes and corresponding annual

(IN + P), and (IN + P),volumes. These separation ratios were computed

accordingly:
3
R = IN, = l26534%ft3 =0.715 (5-15)
(IN+P), 177x10°ft
3
IN,  3215598ft _ 0844 (5-16)

=N P), 381x10°ft°®
where the resulting separation ratiBsand R, represent the estimated proportion of
the annual combined inflow (runoff inflow + direinfall) entering the wetland that
was due to runoff inflow for years 1 and 2. Theg maot runoff coefficients (see
Equations 5-13 and 5-14). The resultiRgand R, ratios were further assumed to
represent the proportion of each 1-min combineldm#olume that was contributed
by runoff inflow. Given this assumption all 1-neombined inflow volumes in year
1 were multiplied by 0.715 and those for year D844 in order estimate

corresponding 1-min runoff inflow volumes for thexcord period:
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IN, oy =R.(IN + P), (5-17)

IN, ) = R,(IN + P), (5-18)

wherei represents the 1-min time increment and the sigéedrl and 2 indicate
years 1 and 2. Corresponding 1-min rainfall volsrﬁie(fte’) were then computed by
subtractingIN; (ft%) from correspondingIN + P), volumes (f?):

R =(N+P)ig —INjy (5-19)

P =(IN + P)i(z) —IN; 5 (5-20)
With 1-min rainfall (R) and 1-min runoff inflow (N,) volumes defined for each year
of record, all necessary hydrologic inputs werayefar model simulations. The
resulting separate® , and R, rainfall 1-min inputs summed respectively to 43.4
and 51.0 in. for years 1 and 2. Similarli;,, and IN;, 1-min runoff inputs

summed to 10.1 and 25.7 in. for years 1 and 2.

5.1.6.1 Separated rainfall distribution
While the ratio method allowed for the relativeiynple and rational

separation of the 1-min combined inflow volumes|#o introduced some error into

the resulting 1-min rainfall and runoff inflow vohes. Because the ratié$ and
R, were multiplicative, if combined inflow occurredrfa given 1-min interval, both

rainfall and runoff inflow were computed to occerwell. In reality, rainfall does
not always occur concurrently with runoff, and gatlg ends before runoff
depending on the drainage area properties. Themathod, however, distributed

rainfall and runoff over the same combined infloattprn. Therefore, even when
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combined inflow occurring at the end of a stormréweas very small and most likely
attributable only to runoff inflow, the correspondiratio (R orR,) divided the

combined inflow into both rainfall and inflow. Assresult of this method limitation, a
large number (91.8% of all hourly rainfall deptlo$very small rainfall volumes
(amounting to hourly depths over the wetlan&@:.01 in.) were generated, which
resulted in a high annual average of 293 of “raidgys. However, 196 of “rainy”
these days were found to have daily depths of bL0dr less. Therefore, an
estimated 97 days/year experienced rainfall withtlie greater than 0.01 in., which is
reasonable for the Baltimore, MD area, which hanbsted to have 90 to 114 wet
days/yr (climatezone.com; McCuen 2013). While ¢hemall rainfall depths did not
have a significant impact on the inflow volumeshe wetland, they did hinder ET in
the model as ET was bypassed in the model if rhioéaurred with a given hour of
simulation. This effect is addressed and discussetbre detail during the

hydrologic calibration of the Barnstable 1 in Sentb.3.1.

5.1.7 Influent pollutant concentration 1-min inputs

Jordan (2013) provided weekly composite concemtnatdf TSS, Ni, and
NOj3 over the two-year study period (see Figure 5-Because the model developed
in the current study operates on a 1-min time watierL-min influent water quality
concentrations were also required as inputs int@adio the 1-min runoff influent
and direct rainfall volumes {ftdeveloped in Section 5.1.6. Input 1-min pollatan
concentrations were assumed to be equal to thesmnding weekly composite
concentrations recorded by Jordan et al. (2003}ksiklg weeks of data were also

assumed to have influent pollutant concentratiapgkto those of next recorded
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week. All 1-min concentrations had units of mg/h.reality, influent concentrations
can vary greatly from minute to minute (McDiffettad. 1989; Lee and Bang 2000).
However, the method used herein was found to peothd best estimate of 1-min
influent concentrations given the lack of suffidielata and knowledge in the
literature surrounding the behavior of pollutanhcentrations in runoff at such small

time scales.

5.1.8 Barnstable 1 Outflow

A 120° V-notch weir was used to measure outflomfrihe Barnstable 1
wetland (Jordan 2013). The following weir equatemmputed outflowing rates from

the wetland in order to model outflow from a 120h¥tch weir:
Q, ()= 433-d,,(t)*° (5-21)
whereQ,(t )is the flowrate (cfs) over the weir at tirhémin) andd,,(t )s the depth

of water over the weir at tinte Intermittent depthsl ,(t yvere reported by Jordan

(2013).

5.2 SUMMARY OF USER INPUTS FOR BARNSTABLE 1 WETLAND

The following section describes the user inputiigeo the model for the
Barnstable 1 wetland. Due to uncertainty assodiaféh the values, a number of
inputs required calibration. Estimated ranges vdefened for each of these uncertain
inputs based on literature values and on the ptiegesf the Barnstable 1 wetland and
its contributing drainage area. All user inputd #imeir initial values are shown in
Table 5-5. A number of model inputs related tolared inflow and rainfall (i.e.,

number of wet days per year, drainage area rurneficient, etc.) were not required
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for the Barnstable 1 model because 1-min inflow i@mafall volumes derived from

Jordan (2013) data were directly input into the slod

Table 5-5All model parameters for the Barnstable 1 modwedirtassigned initial

values, and corresponding estimated ranges.

User input Initial value Estimated range
Number of years of simulation 3

Cell length (ft) 104
Number of cells in wetland design 13
FID vector See Table 5-6
Vegetatlon_speuflcatlon for_ each cell (no vegeratr O, See Table 5-6
emergent = 1, submerged = 1)

Initial water depth in each cell See Table 5-6
Bottom elevation in each cell See Table 5-6
Berm height at exit of each cell no berms
Weir invert heightH, (ft) 1.32
Hydraulic conductivityK,, (ft/d) 0 0 -0.00283
Shelter factof 0.75 0.5-1
Wetland albeda 0.159 0.066-0.252
Leaf area index LAI 6.5 4-16.8
Maximum leaf conductanc€,,; (mm/s) 9.7 0-19.87
Emergent vegetation heiglat (m) 0.635 0.5-0.8
Wind speed measurement height(m) 2
Maximum photosynthesis rafeMAX (mg-OQ/m?-hr) 910 777-1063
TSS particle diametdd (m) 2x10° 1x10"-1x10"
Initial water temperaturd,,,, (°C) 15.5 1.11-32.2
Nitrification reaction rateK ,,; (hr?) 0.0100 0.000417-0.0196
Denitrification reaction rat& y,; (hr?) 0.0208 0.00375-0.0379
TSS wetland background concentratib8S (mg/L) 3 2-5
NH," wetland background concentratiddH 4, (mg/L) 0 0.2-1.5
NO; wetland background concentratidhO3, (mg/L) 0

DO initial concentration in wetlan®O, (mg/L) 7.5 5-15
Influent DO concentratio®O,, (mg/L) 15 5-15
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5.2.1 Model layout of Barnstable 1 wetland

The Barnstable 1 wetland has a triangular shage avitarea of 1.3 ha (3.2
ac). A clear flow path through the wetland wasdiscernible when it was full
(Jordan et al. 2003). While the wetland had twets(Sharifi et al. 2013), only the
main inlet at the top of the wetland area (seef€éigull) was simulated by the
model, as the model only has the capacity for ofet.i Additionally, the main inlet
at the top of the wetland was cited to deliver adersbly more water to the wetland
than the secondary inlet and was used for allw#ampling (Jordan 2013).
Therefore, the current study assumed negligiblewfrom the secondary inlet as
well as any runoff into the wetland that did notegrthrough the main inlet. In order
to capture the shape of the wetland, an initidlsiee of 104 ft x 104 ft was chosen;
which divided the wetland into 13 cells, each witharea of 10,753%t Cell depths
and flow directions were estimated from a compptegram-generated elevation
map provided by Jordan (2013) and shown in Figute Fhe initial 13-cell model
configuration for the Barnstable 1 wetland is showRigure 5-11. This design has a

principal flowpath consisting of five cells.
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3111t

Figure 5-11 Model representation of the Barnstable 1 wetlahkde numbers represent the
FID values for each cell number and the arrowsgihede the initial postulated flowpath of
the wetland. The darkly-shaded cells highlightrien flowpath through the wetland.
Black arrows represent the primary flowpath and/gneows represent the secondary
flowpath.

Table 5-6Barnstable 1 wetland model design specificatiomngie primary and
secondary flowpaths (FID and FID2), initial wat@pths, elevations, and vegetation
descriptors for each wetland cell.

Initial , .

Cell  FID FID2  Water E'e"ff‘“o“ \[/)egetf"‘“on

Depth (ft) (ft) escriptor
1 0 1 1.29 0 2
2 1 2 1.29 0 2
3 1 3 1.29 0 2
4 1 6 0.785 0.503 1
5 3 5 0.254 1.03 1
6 3 5 0.254 1.03 1
7 4 2 1.19 0.103 1
8 4 6 0 2.26 1
9 4 8 0.468 0.820 1
10 7 10 0.000 1.38 1
11 7 9 0.878 0.410 1
12 7 11 0.238 1.05 1
13 12 10 0 1.87 1

The specifications for the Barnstable 1 model desigg summarized in Table
5-6. In order to simplify the inputs, the datum flee lowest cell bottom elevation

was set to equal zero at as opposed to using iearelevations used shown in
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Figure 5-1. This linear transformation resulteciweir invert heightd, ) of 1.32 ft,

which is the difference between the elevation efuteir, 98.90 m (324 ft) and the
bottom elevation at the outlet of 98.50 m (323 ft.)

Initial water depths were estimated based on tiialinecorded water depth
in the outlet of -0.0276 ft on May 3, 1995, whichsithe first day of simulation. The
Flow Identification Direction numbers for the priggFID) and secondary (FID2)
flowpaths (see Section 4.4.1) specify the cell ners) into which a given cell flows.
Vegetation descriptors of 1 represent submergedtaégn while those of 2 represent
emergent vegetation. As mentioned above, all él@vs, flowpaths, and water
depths were estimated from the topographic mapigeovby Jordan (2013) (see

Figure 5-1).

5.2.2 Weir invert height H,

The weir invert heighH, (ft) was defined as the distance from the bottom of
the wetland to the bottom of the outlet weir. Ascdssed in Section ¢, was
estimated to equal 1.32 ft based on data proviéedbbdan (2013). Error iAl, was

assumed to be negligible and, therefore, was nifitrated.

5.2.3 Hydraulic conductivity K,

The vertical hydraulic conductivit¥,, of the wetland controls the rate of

infiltration lost from the surface storage withiretwetland. A number of sources of

error are associated with the estimatiorkgfincluding soil heterogeneity,

macropores, and soil grain orientation and shadpedan et al. (2003) initially
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assumed infiltration to be negligible due to theentying clay layer of 0.5 m (1.64
ft) below the wetland. However, they did repbwtterrors in calculated annual
water balances at the site may have been due &xthiasion of infiltration and dam
seepage in their calculations. Given this infororgtthe current study assumed an
initial infiltration rate of O but allowed for theossibility that infiltration occurred at
the site at a very slow rate due to the low pernligabf the underlying clay layer.
This clay layer was assumed to havia range of 10 to 10° cm/s (2.83x18 to

0.00283 ft/d) (Fetter 2001). Therefore, while thiéal K,, input value was 0, a

corresponding range of 0 to 0.00283 ft/d was spetibr calibration.

5.2.4 PET input parameters

PET input parameters included albedo,(shelter factor €,), maximum leaf
conductance(, ), and height of wind measurements §. All initial PET input
values were assigned based on literature rangesl fand discussed in Section 0.
While z, was assumed to be constant given that NOAA (188&)rted that all wind

speed measurements were taken from gages situadteayht of 2 m, all other PET
parameters were calibrated for the Barnstable letnddmergent vegetation height

above water £ ) was set equal to 0.635 m, which was the mearevaluthe wetland

as estimated by Jordan (2013).

5.2.5 Maximum photosynthesis rate

As estimated in Section 3.4.2.4RMAX was initially set to equal 910

mg/nf-hr based on a mean literature value for annuadbwetoxygen production of
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1710 g-Q/myr. This annual photosynthesis varied greathhimithe literature
(Mitsch and Gosselink 1993; USEPA 2000; Tian e2@lL0). The corresponding
PMAX values calculated for the annual rates from eaahcgowvere 777, 888, and
1063 mg/m-hr. ThereforePMAX was calibrated in the Barnstable 1 model within

estimated range of 777 to 1063 mg/nn.

5.2.6 TSS particle diameterD

While reports have studied the TSS particle sis&riButions of agricultural
runoff, distributions varied greatly between stitgs with different soil types and
geographic location (Liebens 2001; Pathak et @420 Additionally, particle size
studies were not found for the mid-Atlantic regmfrthe US. Pathak et al. (2004),
however, observed that agricultural runoff partaistributions in India closely
followed topsoil distributions during large storweats as well at peak flows for all
storms. Liebens (2001) also found that TSS partichmeter sizes in swales that
received agricultural runoff reflected the high tat of sand in the contributing
drainage areas, which were located in Escambia {@pElorida. Given these results,
the current study assumed that the particle siteilolition of the contributing
drainage area was a reasonably accurate repraesardfithe corresponding runoff
particle diameter distribution for agricultural affiat the Barnstable 1 site.

Under this assumption, a simple particle diameigridution was estimated
for agricultural runoff entering the wetland useccalibrate the model developed in
the current study. The Barnstable 1 wetland reszkranoff from a drainage area
comprised of a silt loam soil (Jordan et al. 2008¢cording to the USDA textural

soil classification study guide, there are two ki¢ifins of silt loam: (1) greater than
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or equal to 50% silt, 12-27% clay, and the remajmpercent sand; and (2) 50-80%
silt, < 12% clay, and the remaining percent sang@ 1987). Using the USDA soil
texture triangle (see Figure 5-12), a silt loamv@5% silt, 15% clay, and 20% sand
was assumed for the soil within the Barnstablealndige area. The USDA (1987)
defined clay to have a diameter of < 0.002 mmtgiltave a diameter between 0.002
and 0.05 mm, and sand to have a diameter rang®®h@m (very fine sand) to 2 mm
(very coarse sand). Based on these proportiosigy@le particle diameter

distribution was estimated and is shown in Table From these estimates a median
particle diameter of Am was estimated for the initial TSS particle diagn&X of the

agricultural runoff entering the Barnstable 1 weda

«——— Sand Separate, %

Figure 5-12The USDA soil texture triangle (soils.usda.gov).

Table 5-7Estimated particle diameter distribution for runerfitering Barnstable 1
wetland used for model calibration.

Particle % Weight
Diameter (um) finer
50 80
2 20
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5.2.7 Initial water temperature T, (°C)

The first day of record simulated for the Barnstabimodel was May 3, 1995
(day of year 123). Based on the 59 years of climalata obtained from NOAA (see
Section 4.2.4), the average daily mean, minimurd,raaximum air temperatures for
this date were respectively 15.5, 1.11, and 32.2%@an daily water temperatures
simulated within the model followed mean daily @mperatures closely (see Section

4.3.1). Therefore, the initidl,, input value was set equal to 15.5°C to match the

mean daily temperature for DOY 123. An estimatathe of 1.11 to 32.2°C was also

used as a guide in the calibrationTgf,, in the Barnstable 1 model.

5.2.8 First-order nitrification K,,; and denitrification K, rate constants

The current study used first-order reactions toutite the chemical processes
of nitrification and denitrification. Rate constamwere used to control the rate at
which each of these processes occurred within eeltlof the model wetland.
Furthermore, these rate constants were appliedome-aninute interval and input
into the model with units of Hr Most studies reported rate constant values witts
of d, yr?, or m/yr (Kadlec and Knight 1996; Carleton et28101; Bastviken 2006;
Chavan and Dennet 2008). Rate constants with ahit0/time represent volumetric
constants while those with units of length overdiwere area-based constants. A
summary of rate constants reported in the liteeatiuitheir original units for both

nitrification (K,,; ) and denitrification K, ) is provided in Table 5-8. Volumetric

rate constants were used in the current studyegsvilere used within each wetland

cell, each of which was assumed to act as an iddiaticompletely mixed flow
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reactors (CMFR) rather than plug-flow reactors.algous rate constants for such a

small time interval could not be found in the lgtrre.

Table 5-8Literature K,,; and K, values in their original units.

Source

KNIT

KDN

Kadlec and Knight (1996)

18 m/yr

35 ml/yr

Carleton et al. (2001)

30.1V%-6.9 — 86.7 yr)

53.4 yf' (-0.7 — 203 yi)

Bastviken (2006)

35.3 m/yr (0.5 — 70 m/yn)

185 n{4® — 360 yi')

Chavan and Dennet (2008

0.24@®.01 — 0.47 d)

0.50 d" (0.09 — 0.91 d)

Rate constants could not be reliably converteth¢odesired units of Hdue

to the uncertainties of rate variation throughdwt dday. Factors affecting reaction
rates within a given day include oxygen levels,evé¢mperature, pH, and the
amount of bioaviable organic carbon (Bastviken 200%&dditionally, rate constants
reported in the literature represent the overad od chemical plug-flow processes for
entire wetland systems, while the current studysaionsimulate the rate of chemical
processes within each designated completely miedreactor (CMFR) wetland
cell in order to better understand internal wetlpnocesses. The reported rate
constants represent a wide variety of wetland tmeat systems, preventing them
from being reliably used to characterize individwatland systems.

Given these difficulties in obtaining rate consgaimbm the literature, all rate
constants were determined by calibration. Litematalues (see Table 5-8)

consistently reportedk ,,, values to be approximately double the correspandin
K\ values regardless of the units used to express. tidrase relative magnitudes

were used as a guide to initikll,, and K,; estimates in calibration. The initial
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K,y and K, input values were estimated to equal 0.0208 anti i:bbased on the

mean daily values reported by Chavan and Denn@8)2@ Table 5-8 as they were
the values based on the smallest time intervdieriterature. Corresponding
estimated ranges fd€ ,, and K,,; were also estimated on the ranges observed by

Chavan and Dennet (2008), which were respectiv€l§3¥5 to 0.0379 Hrfor Kon

and 0.000417 to 0.0196 hfor K.

5.2.9 Wetland background concentrations TSS,NH4,,NO3,,DO,)

An initial estimated wetland background concentratf 3 forTSS was

taken from USEPA (2000). This value representdythieal background TSS
concentration found in free water surface consédigtetlands due to internal
wetland processes such as resuspension and ptaddé&on. According to USEPA
(2000), an estimated calibration range 78S of 2 to 5 mg/L was also chosen.

Typical NH4, values from 0.2 to 1.5 were reported by EPA (20060jree
surface water treatment wetlands. Given that eleskeweekly effluent Nigf
concentrations had a mean of 0.232 mg/L and a noimiraf 0.0701 mg/L, it was
thought that the Barnstable 1 model wetlaxH 4, values were lower than those
reported by USEPA 2000. In order to prevent pesibias in the simulated effluent
NH,4" concentrations an initiaNH 4, value of zero was input into the Barnstable 1
model.

Wetland background nitrate leveléO3, are generally zero (Kadlec and

Knight 1996; USEPA 2000). Therefore, the currentlg assumed an inpMO3,

219



value of zero. The input paramel®3, was not calibrated as the literature

consistently reported values of zero for wetlanckiggound nitrate concentrations.

DO, only represented the initial dissolved oxygen @wmiation in the
wetland as DO was generated in the wetland viaearéeration in all cells and
submerged vegetation photosynthesis in three (ks Table 5-5). Jordan (2013)
estimated that dissolved oxygen levels within tiaeBtable 1 wetland were near or
at saturation during the day given these DO sourctee wetland. An initiaDO,

of 7.5 mg/L was input to the model and was caldxtatithin the model with an

estimated range of 5 to 15 mg/L.

5.2.10 Influent DO concentration DOy,

Influent DO concentrations were not recorded byldoret al. (2003).

Therefore, 1-minDO,, values had to be estimated for the Barnstable detnoAs

discussed in Section 5.1, influent DO levels weasuaned to equal saturated DO
levels based on personal communication with Jo(@@mh3). Therefore the initial

inputDO,, value was set to 15 mg/L. The USEPA (1998) adpmrted that urban

stormwater runoff throughout the US was found teehBO concentrations of greater
than or equal to 5 mg/L and cited that urban rugefierally did not cause
downstream DO sags. Therefore, a calibration rafieto 15 mg/L was estimated

for the Barnstable 1 model.

5.3 PROCEDURE FOR CALIBRATING THE BARNSTABLE 1 MODEL

Manual subjective optimization was used to calibthe user inputs for the

wetland model with the data provided by Jordan 80Wetland hydrology was
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calibrated first and was followed by wetland wajaality and all relevant water

quality parameters. The biag), the relative biasd€/y), the root mean square error
(RMSE), and the relative standard err& (§y) were used to assess calibration

results based on the Barnstable 1 formatted 1-mnithoav (cfs), water depth through
outlet weir (ft), corresponding wetland water vokistorage (f), as well as the
weekly water quality (mg/L) and outflow volumeftiata.

Annual depths for all relevant water balance fluicesyears 1 and 2 of the
study period, which are summarized in Table 5-9evetso used as guides to assess
model performance. Additionally, Table 5-9 shotws maximum and mean 1-min
effluent rates from the Jordan (2013) outflow ddean effluent rates were
computed excluding zero-flows. These flowratesenesed as additional measures of

model evaluation.

Table 5-9 Annual equivalent depths for all wetland fluxesl @torages for both years
of the record period. Annual peak and mean efflflemrates were also included.
Notation with * indicates that a given value wasnpuited in the current study. All
other depths were summed annually based on Jo2@48) data.

Year 1 Year 2
Runoff inflow* IN (in.) 10.1 25.7
Surface outflowOUT (in.) 9.59 23.5
Initial storagesS, (in.) 7.24 7.52
Final StoragesS; (in.) 7.52 8.80
Change in storagaS(in.) 0.286 1.28
Estimated RainfallP (in.) 43.4 51.0
Peak outflow discharge
(cfs) 8.80 9.27
Mean outflow discharge 0.0750 0123
(cfs)
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Because water quality transformations are deperwtetiie hydrology (i.e.,
flowpath, water depths, retention time, flowrates,) of a given wetland, all of the
hydrologic components (i.e., 1-min outflow ratesnih wetland storage volumes, 1-
min water depth at the outlet weir, and weeklyusffit volumes) of the wetland were
calibrated first, followed by all water quality meiccomponents. All hydrologic
calibration trials and resulting goodness-of-fétstics as well as annual equivalent

depths for all relevant water fluxes are listedable 5-11 and Table 5-12.

5.3.1 Calibration of Barnstable 1 hydrology

53.1.1Trial 1

The initial trial produced positively biased hydrgl/ outputs. Simulated
1-min outflow rates had a/Y of 16.0% and are shown in Figure 5-19 and Figure

5-20. WeeKkly effluent volumes also reflected thims with ag/Y of 15.4% (see
Figure 5-15 and Figure 5-16). Similarly, wetlatdrage volumes (Figure 5-17 and
Figure 5-18) and weir water depths (Figure 5-19 Rigdre 5-20) were biased by

respective values of 13.9 and 7.7%. Despite thizses, all resulting, /S, show

strong agreement between the model and the obsdatadranging from 0.192 for 1-
min outflow rates to 0.445 for weekly effluent volas. The biased results of the
model suggested that the model was over-predistmigage within the wetland as

well as outflow from the wetland. In order to redithese biases, it was necessary to
reduce storage in the wetland by increasing theuatnaf water within the system

lost due to ET and infiltratior), which would in turn reduce the wetland outflow

flux. An overall water balance was also perfornrettial 1 in order to ensure that
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the model was conserving water correctly. Thelteguvolumes associated with all

water balance fluxes are shown in Table 5-10.
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Figure 5-13Compares the model-simulated (blue) and obseiadk) 1-min
effluent flowrates (cfs) for trial 1 of calibration
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Figure 5-14Comparison plot of simulated versus observed 1efflnent flowrates
(cfs) for trial 1 of calibration.
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Figure 5-15Compares the model-simulated (blue) and obsevladk) weekly
effluent (ff) for trial 1 of calibration.
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Figure 5-16 Comparison plot of simulated versus observed weeftluent volumes
(ft*) for trial 1 of calibration.
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Figure 5-19 Compares the model-simulated (blue) and obseladk) water depths
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Table 5-10Resulting water balance and corresponding waieef for trial .

Year 1 (ft) Year 2 (ft)
Runoff inflow (IN) 1,268,692 3,219,170
Estimated RainfallFf) 505,481 594,752
Surface outflow QUT ) 1,602,323 3,652,048
Change in storageAS) 13,590 18,591
Wetland ET ET) 158,259 143,283
Wetland Infiltration () 0 0
Water Balance 2.53 x T0 -0.04

5.3.1.2Trial 2

A large portion (91.8%) of the hourly rainfall daptwere very smalk(0.01
in.), which could be credited to the ratio metheedito separate rainfall inputs from
other inflow inputs in the original combined inflamput reported by Jordan (2013)
(see Section 5.1.6.1). For perspective, 0.01sithe smallest depth recorded by a
typical tipping bucket rainfall gage, which cantbdggered by heavy dew or fog. In
order to increase simulated ET, the model was athibg suppress ET only if a
rainfall depth greater than 0.01 in. fell in a giveour. This change improved
goodness-of-fit statistics for all four outputs quamed with Jordan (2013) observed

data. The 1-min outlet water depths had a reldtias of 0.046, while the other

outputs had higher relative biases ranging fro®®#nd 0.101. All resulting, /S,

showed strong agreement between the model andvelosgata, ranging from 0.202

for 1-min outflow rates and outlet water depth #32 for weekly effluent volumes.

5.3.1.3Trial 3
While statistics improved from trials 1 to 2, thedel was still positively
biased, suggesting that too much water was siifigoallocated to storage and

outflow within the model. Therefore, more wateeded to be routed to the fluxes of
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ET and infiltration. Simulated annual ET for ydaf19.9 in.) was also low compared
to estimated annual wetland ET range of 25.7 tm3that was computed in Section
4.2.6. Additionally, the simulated ET depth foay (28.6 in.) was at the lower end
of this estimated annual wetland ET range, sugygshiat the ET rate could be
increased while maintaining rational ET depthstoth years of record. Based on
these annual ET depths, the leaf area index (LAY wcreased from 6.5 to 10 in trial
3 in order to increase ET rates.

Results from trial 3 showed further reductions iesbproducing relative bias
values less than 0.08 for all of the time seriepwis with the largest value being

0.076 for 1-min outflow rates (see Table 5-12).e'§g/§y values for all 1-min

outflow rates and wetland storage volumes werdatjidarger than those produced in

trial 2. These increase@e/§y values were likely due to the local biases present

the simulated 1-min values. The model appeargtmbre sensitive to changes to the
water balance than the corresponding observed ddiis. difference in model
prediction of wetland storage volumes, water dephd outflow rates may be due to
the discretization of the wetland into cells. Tded structure and defined flowpath of
the model may not fully characterize the complexityhe actual flowpath and
elevations of the Barnstable 1 wetland.

Finally, the annual ET depths that resulted froiad 8, which increased with
respective depths for years 1 and 2 of 22.5 and i85.were analyzed. While
simulated ET for year 2 was still within the prevsty estimated range of 25.7 to 38
in. (see Section 4.2.6), the first year ET was sdlatively low, which was thought to

reflect the 53-day dry period that occurred inwetland during the summer of 1995.
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The respective daily ET rates for years 1 and 2wemputed as 0.0726 in./d over
310 wet days in year 1 and 0.0978 in./d over 365 dtlayear 2. Given the total
number of wet days in the wetland, the ET rated@ih years are comparable. The
resulting year 1 ET rate represents an annual pthdd 26.5 in. assuming the
wetland held water for 365 days. The discrepandyT rates between years 1 and 2
could be due to a number of factors including vagen growth/maturation in the
wetland, differing spring/summer air temperatuses] limitations of ET in year 1
due to shallow water depths. Based on this arsalyshile the model simulated more
than 10 inches less of ET in year 1 than in yedo#h annual depths appear to be

reasonable when compared with the estimate litexainge of 25.7 to 38 in.

5.3.1.4 Trial 4
In order to further reduce model overpredictiometland storage and

outflow, infiltration was increased in the modelibgreasing the input hydraulic

conductivityK,, from 0 to 2.38 x 18 ft/d, which was the specified lower bound for
clay hydraulic conductivity as defined by Fetted@2). This change i, did not

produce any significant changes in model outpwrdg 0.0001 and 0.00012 in. of

water was infiltrated from the wetland over yeasnd 2.

53.1.5Trial 5

Given that notable change in infiltration was nbserved in trial 6<,, was

further increased from 2.38 x 1o 2.38 x 1C ft/d in trial 5 to increase infiltration in
the wetland and reduce wetland storage and outfldwmes and rates. The resulting
annual infiltration depths for years 1 and 2 weg98nd 11.8 in. compared well with

the inputK,, of 2.38 x 1@ ft/d, which equates to 12.4 ft/yr. Both yearsdweed a
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little less infiltration due to dry periods thatftleither a portion of or the entire

wetland dry. This simulation also producedY values with magnitudes below 0.05
for all of the time series outputs (i.e., 1-minftaw rates, 1-min water depths at
outlet weir, 1-min wetland volume storages, andkieeffluent volumes).

Additionally, resulting§e/§y ranged from 0.221 for 1-min water depths at théebut

weir to 0.422 for weekly effluent volumes. Basettbese results, the model
hydrology was assumed to be sufficiently calibratétie final calibrated results are
shown graphically both against time with correspogabserved data as well as in
comparative plots with observed data on the x-ari simulated results of the y-axis
for 1-min outflow rates. These plots are showFRigure 5-21 and Figure 5-22,
respectively, for weekly effluent volumes in Figi-23 and Figure 5-24, for 1-min
water depths at the outlet weir in Figure 5-25 Rigiire 5-26, and in 1-min wetland
storage volumes in Figure 5-27 and Figure 5-28di#tonally, all hydrologic

calibration trials are documented in Table 5-15.
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Figure 5-21 Compares the model-simulated (blue) and obsetladk) effluent
flowrates (cfs) on a 1-min time interval for trialof calibration.

Simulated Effluent Flowrate (cfs)

Obsenved Effluent Flowrate (cfs)

Figure 5-22 Comparison plot of simulated versus observed 1efflnent flowrates
(cfs) for trial 5 of calibration.
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Figure 5-23Compares the model-simulated (blue) and obsevladk) weekly
effluent volumes (f) for trial 5 of calibration.
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Figure 5-24 Comparison plot of simulated versus observed weeftluent volumes
(ft*) for trial 5 of calibration.
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Figure 5-25Compares the model-simulated (blue) and obsemadk) wetland
water depths at the outlet weir (ft) on a 1-mindimterval for trial 5 of calibration.
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Figure 5-26 Comparison plot of simulated versus observed 1water depths at the
outlet weir (ft) for trial 5 of calibration.
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Figure 5-27 Compares the model-simulated (blue) and obsemadk) 1-min
wetland water storage volumes’(ftor trial 5 of calibration.
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Figure 5-28 Comparison plot of simulated versus observed 1watiand water
storage volumes @ for trial 5 of calibration.
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Table 5-11Resulting annual equivalent depths for wetlandl@art infiltration, ET, and change in storage. Amahpeak and mean
discharges were also included. Mean flowratesueberl zero-flows.

Total annual Total annual Total annual ET | Annual change | Peak outflow discharge Mean outflow

Trial # outflow (in.) infiltration (in.) (in.) in storage (in.) (cfs) discharge (cfs)
Yearl | Year2 | Yearl Year 2 Year 1 Y(;ar Year1l | Year 2 Year 1 Year 2 Year 1 Year 2

1 11.7 26.6 0 0 13.8 12.2 1.11 1.59 8.46 7.92 @088 0.119

2 11.2 25.2 0 0 19.9 28.6 0.54 1.9Y 8.46 7.57 @OoB8 0.127

3 11.0 24.6 0 0 225 35.7 0.1§ 2.26 8.46 7.13 @.089 0.133
4 11.0 24.6 0.0001 0.00012 22.5 35|7 0.18 2.26 8.46 7.13 0.0897 0.133

5 10.4 23.6 8.69 11.8 20.7 35.8 -0.07 2.46 8.4$ 56.7 | 0.0864 0.137

Table 5-12Hydrologic calibration trials and correspondinatistics for (1) weekly outflow volumes i (2) 1-min water depth in
the outlet weir (ft), (2) 1-min wetland storage wwie (ff), and (3) 1-min effluent rates (cfs).

Weekly effluent volume (ft3) Water Depth at Weir (&) Wetland Storage Volume (ff) Outflow (cfs)
Trial # _ _ | = = _ N _ IV | - _ _ =/v | 5/8
€ |RMSE|g/Y |&/5| & | Ruse| ey |55 | e | ruse|®/Y |sss | e |ruse|®Y | /S
1 6.90 33.3 0.154 0.44p 0.114 0.21y7 0.0f7 0.422 621y 13088 0.139 0.403 0.012 0.098 0.160 0.192
2 428| 323| 0.095 0.43p 0.069 0.15b 0.046 0.B00 0817 11466 | 0.096) 0.353 0.007 0.061 0.1p1 0.3202
3 3.15| 32.0| 0.070 0.42p 0.025 0.108 0.007 0.p10 6524 12203 | 0.062] 0.37¢ 0.005 0.065 0.076 0.3215
4 3.15| 32.0| 0.070 0.42p 0.025 0.108 0.007 0.p10 6524 12203 | 0.0621 0.37¢ 0.005 0.065 0.076 0.3215
5 1.06 315 0.024 0.42p -0.012 0.114 -0.008 0.p215172 13400 0.03g 0.418 0.002 0.070 0.029 0.p30
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Table 5-13Summary of trials 1-5 including the changes mé#ue reasons for each change, and the corresporeinljs.

=

Trial # Parameter change Reason Trial result
1 No changes Initial trial with all Jordan Simulated outputs match trends of
(2013) inputs observed values but are biased. ET
annual depth low and wetland storage
and outflow volumes and rates high.

2 Allow hourly ET To increase ET depths and Annual ET depths increased. Model st
simulation for all hourly| indirectly decrease OUT depths.overpredicted storage and outflow
rainfall depths less than volumes and rates. Goodness-of-fit
or equal to 0.00083 ft. statistics improved for all outputs.

3 Increase LAI from 6.5 to To increase ET depths and ET depths increased and OUT depths
10 indirectly decrease OUT depths.decreased. Model still overpredicted

storage and outflow volumes and rates
Goodness-of-fit statistics improved for
outputs.

4 IncreaseK,, from 0O to To increase wetland infiltration | No significant changes.

238 x 16 ft/d and to reduce model
overprediction of effluent
volumes and rates, and wetland
storage.

5 IncreaseK,, from 2.38 x | To increase wetland infiltration | Goodness-of-fit statistics improved,
108 t02.38 x 13 fyd | to reduce model overprediction| resulting ing/Y and S, /S, values for

of effluent volumes and rates, all outputs indicative of a good fit.
and wetland storage.
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5.3.1.6 Hydrologic calibration results and discussion

While the model predicted observed hydrologic valizrly well (all

e/Y magnitudes below 0.05 arf§} / S, values below 0.500), a number of

discrepancies were apparent between the simulattdl@zserved hydrologic time
series. These problems likely stemmed from theréization of the Barnstable 1
wetland into a 13-cell system (see Figure 5-11)tAedack of knowledge of the
wetland internal flowpath. The current section deses these incongruities in detail.
Firstly, it was noted that the simulated outflowdlhggraphs exhibited lower
peaks and higher falling limbs than correspondibgeoved outflow hydrographs. As
documented in Table 5-11, the final model undernpted 1-min peak effluent rates
for years 1 and 2 (8.45 and 6.75 cfs) as comparedrtesponding observed 1-min
peaks of 8.80 and 9.27 cfs. Conversely, simulatedn flowrates for each year
(0.0864 and 0.137 cfs) were overpredicted by thdeahcompared with the observed
values of 0.0750 and 0.0123. Additionally, Fig&f21 shows that the model
systematically underpredicted peaks. As menti@atier, the model also produced
outflow hydrographs with larger flowrates on thiifg limb. An example of this
trend was plotted in Figure 5-29, which was zoomed better show the model
hydrograph behavior. This systematic error inrtfuelel suggests that simulated peak
water levels at the outlet weir were less thanesponding observed levels, which
can be seen in Figure 5-25. These reduced wabén geaks produced smaller
outflow rate peaks and outflow hydrographs with engradual falling limbs. This
problem likely stemmed from the inability of the d&b to fully characterize the

internal wetland elevations and flowpath(s) via 1Becell design shown in Figure
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5-11. Additional sources of error within the modeuld be due to the methods used
to simulate roughness coefficients within each aveticell based on vegetation

type/inclusion.

Observed
1.2+ Simulated {
o1
RE2
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g
% 0.8+
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=]
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(3]
=
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o—J

Time (min)
Figure 5-29Zoomed-in view of simulated (blue) and observdddk) 1-min outflow
rates to show the difference in predicted and olesehydrographs. Note that
simulated peaks are smaller than correspondingspaadk that simulated hydrographs
produce larger flowrates in the falling limb thamserved hydrographs.

In addition to the errors seen in the model outftates and water depths at
the outlet weir, errors were also noted in the $ted 1-min wetland storage
volumes. As shown in Figure 5-27, there were almmof local biases in the
simulated wetland storage volumes. The model apdda overpredict high storages
and underpredict low storages. This error trentthénpredicted 1-min storage
volumes was, again, indicative of the inabilitytoé model to fully characterize the
flowpath and bottom elevations (see Figure 5-1thefBarnstable 1 wetland due to
the large uncertainty associated with these meamnes. In order to address this

problem, the effects of flowpath and cell-size wiemther investigated in Sections

5.3.3and 5.3.4.
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5.3.2 Calibration of Barnstable 1 water quality

All hydrologic inputs calibrated in Section 5.3.&m held constant during
water quality calibration in order to evaluate gegformance of the model in
predicting observed weekly effluent water qualioypcentrations (i.e., TSS, NH
and NQ). The mean, the minimum, the maximum, and thedstad deviation for
effluent TSS, N, and NQ concentrations reported by Jordan (2013) are
summarized in Table 5-14. It was noted that olesiwveekly influent N
concentrations, with a median value of 0.152 mugfére often less than or equal to
effluent NH;" concentrations, which had a median of 0.155 mgrhis trend
suggests that the Barnstable 1 actually generaited &t times. The model did not
contain a mechanism for actively generating;N#ut rather specified a minimum
background concentration limit for each pollutamtjch did not allow TSS, NH,
and NQ' concentrations in the wetland to be reduced belowesponding user-
specified values. Therefore, the model could athy tapture this N generation
behavior in the wetland. A similar, but weakenttavas also seen in TSS weekly
concentrations, which had respective influent afident median concentrations of
112 and 106 mg/L. As a result of this wetland @rathe inclusion of N and
TSS generation mechanisms would be suggested ifuaumg versions of the model.
Each water quality calibration trial was discussedetail in the following
subsections and resulting goodness-of-fit critand statistics from each trial are

summarized in Table 5-15 and Table 5-16.
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Table 5-14Influent and effluent water quality statistics feeekly TSS, N, and
NOj concentrations computed in the current study fdata provided by Jordan

(2013).
Observed weekly water quality statistics

Mean Median Minimum Maximum Stand_ard

deviation
IN ouT IN OUT | IN ouT IN ouT IN ouT
(ang’/SL) 175 153 112 106 | 239 639 583 846 151 16
(n'\ig/f_) 0170 | 0222 | 0152| 0158 0079 0070 0438 157  10.07 0.22
(n'\gﬁ) 0303 | 0218 | 0176| 0099 0003 0000  1.10 133 0.320.303

5.3.21Trial 1

Initial water quality related input parameters usettial 1 were estimated via

literature values as well as Barnstable 1 chanaties and are summarized in Table

5-5. The results from trial 1 showed that the nhoeelerpredicted weekly effluent

TSS and NH' concentrations with large respectigéY values of -0.903 and -0.794,

repsectively. Conversely, the model predicted WelK); concentrations with very

little bias as indicated by it8/Y of -0.01. None of the water constituents, however

followed the trends of the observed weekly datd askvidenced by the resulting

S./S, values of 1.32 for TSS, 1.29 for MHand 0.877 for N®. The

underprediction of simulated TSS concentrations ka/ due to an incorrect initial

TSS particle diameter estimate, while the erroseeiated with N and NQ

concentrations could be due to a number of fadctmtsding incorrect nitrification

Kyr and denitrificationK ,; rate constants, dissolved oxygen levels, and wetlan

NH;" and NQ background levels. All of these factors were added in the water

quality calibration trials in the current sectioResults from trial 1 are shown

graphically both against time with correspondingarved data and in comparative
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plots with observed data on the x-axis and simdlatsults of the y-axis for weekly
effluent TSS concentrations in Figure 5-30 and Fidi+31, NH" concentrations in
Figure 5-32 and Figure 5-33, and N@oncentrations in Figure 5-34 and Figure
5-35.

These poor goodness-of-fit statistics should beetgal given that weekly
composite influent concentrations were predictadgisorresponding 1-min
concentrations entering the wetland. Without wateality data at a finer time scale,
it was difficult to accurately model variation irever concentrations in the wetland at
the 1-min time scale. Therefore, large errors veessociated with the resulting

summed weekly effluent water quality concentrations
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Figure 5-30Comparison plot of simulated (open circles) anseobed (stars) weekly

effluent TSS concentrations (mg/L) for trial 1.
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Figure 5-31Plot of simulated versus observed weekly effluUE®% concentrations
with units of mg/L for trial 1. A 1:1 line is drawfor reference.
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Figure 5-32Comparison plot of simulated (open circles) anseobed (stars) weekly
effluent NH," concentrations (mg/L) for trial 1.
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Figure 5-33Plot of simulated versus observed weekly efflidHt" concentrations
with units of mg/L for trial 1. A 1:1 line is drawfor reference.
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Figure 5-34Comparison plot of simulated (open circles) anseobed (stars) weekly
effluent NG concentrations (mg/L) for trial 1.
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5.3.2.2 Trial 2

In order to improve the accuracy of simulated wgekincentrations, the TSS
particle diameter was decreased from 2xa0to 2x10’m. Decreasing the TSS
particle size should decrease the TSS settlingitgland, therefore, decrease the
wetland trap efficiency, which in turn, would inase the amount of TSS leaving the

wetland through the outlet. Resulting simulate@kiy TSS concentrations

improved in fit withe/Y and §e/§yvalues of -0.196 and 1.16, and a mean effluent

concentration of 123 mg/L, which was closer todhserved mean of 153 mg/L.
While the simulated TSS concentrations were lessdai, they still did not follow the
trend of the corresponding observed weekly conagatrs well, which, was likely
due to the complexity of TSS behavior in the acBeinstable 1 wetland. As

mentioned earlier, observed Barnstable 1 weeklyémt and effluent composite
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concentrations were fairly similar (see Table 5-1%herefore, in addition to settling,
TSS concentrations in the actual Barnstable 1 weteere also likely controlled by
processes such as resuspension, and TSS generati@yetation decay and algae
growth/decay. Because the current model only @ated| TSS settling and an
enforced background TSS level of 3 mg/L, the rasgi$imulated TSS

concentrations could not follow the same trenchasobserved data.

The poorS, /S, of 1.16 and&/Y of -0.196 were thought to be due to a

number of factors including the discrepancies éxated between the simulated and
actual flowpaths in the Barnstable 1 wetland, T&®ispension, and TSS generation
via vegetation decay and algae growth/decay. Atshmodel-defined flowpath
would have allowed for less settling and conseduémgher effluent TSS
concentrations. The defined model flowpath (sggiféi 5-11) could have also
oversimplified the true path or paths of water tigio the Barnstable 1 wetland.
Additionally, flowpaths may change depending onewx#tvels in the wetland, adding
to the discrepancy between the simple model-defiloggpath and the actual,
dynamic flowpath. As mentioned earlier, resuspamaind TSS generation within the
Barnstable 1 wetland could have also contributetiechigh effluent TSS
concentrations observed. Finally, the use of @ s@an TSS particle diameter may
oversimplify the actual influent TSS particle digeredistribution. In reality TSS
particles with differing diameters would settle atidifferent points within the
wetland due to their varying settling velocitieBhe current model assumed all TSS

particles to have the same diameter and, in thensame settling velocity. As a
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result of all of these factors, simulated weekueiht TSS concentrations did not

predict corresponding observed values well.

5.3.2.3Trial 3

The simulated weekly effluent NHconcentrations were dependent on a

number of inputs includindC,,;, NH4,, PMAX, DO, DO,,, andT,

in w(o) *
Nitrification, the transformation of NA to NOy, was simulated to occur in the water
column only when DO concentrations were greatergoral to 2 mg/L. The model
generates oxygen via surface aeration in everyawettell and via photosynthesis

only in wetland cells with submerged vegetatiorowdver, neitheDO,, nor
DO,should have a large impact on DO levels in the Bafrle 1 wetland design, as

it is very shallow, allowing for rapid surface agva, and because photosynthesis
occurs in the three deepest wetland cells (seeeTabl). This large production of
oxygen within the wetland implies that the wetlanuiface water should generally be
saturated, which was found to be true as the siteulil@mean daily dissolved oxygen
concentration in the wetland was found to equa® b@g/L. Given these internal

wetland oxygen conditions, the input paramé{ey, was first targeted in order to

improve model prediction of weekly effluent WHconcentrations. Therefore, in trial

5, K; was decreased from 0.01 to 0.001 iran effort to increase the simulated

mean weekly effluent Ni concentration of 0.046 mg/L up to the observellefit
mean of 0.222 mg/L.

This decrease iK ; improved model prediction of NFiwith resulting

NH," €/Y and S, /S, values of -0.468 and 1.05. The simulated;Nideekly mean
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effluent concentration also increased from 0.046.14.8 mg/L, which was still
slightly more than half of the observed mean ofQ.thg/L. Simulated N®also
decreased as a result of the decredsggdvalue, with a mean weekly effluent

concentration of 0.180 mg/L versus 0.216 mg/L ial #. This decrease in NOwvas

due to the slower resulting rate of production @sNvia nitrification.

5324 Trial 4

K+ Was further decreased in trial 4 from 0.001 to 0106f" in order to

correct the model underprediction of effluent NHThe resulting mean simulated
weekly effluent NH" concentration was 0.148 mg/L, which was still lowean the
corresponding observed mean of 0.222 mg/L. Thdsroof magnitude decrease in

K, did not sufficiently increase the simulated effiudlH,” concentrations so as to
match observed values.
53.25Trial 5

In trial 5, K ,; was decreased again from 0.0001 to 0.0000kdreduce

nitrification in the wetland as to allow for higheffluent NH;" concentrations. This
change did not significantly affect NHgoodness-of-fit statistics, and only increased
the mean simulated effluent WHconcentration from 0.148 to 0.152 mg/L, which
was also equal to the median weekly influent;Neébncentration (see Table 5-14).
Based on these results, the input parami€ter appeared to become less sensitive as
it was decreased.

This apparent insensitivity df; within the model did not reflect the

complex behavior of Ni in the actual Barnstable 1 wetland. In realitg behavior
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of NH4" in wetlands is very complex and is dependent naraber of factors such as
wetland chemistry, microbial populations, and saaBty. Wetlands can also
generate N via ammonification and resuspension (Kadlec anigyitriL996;

USEPA 2000). As discussed earlier in this sectio@model contains no mechanism
by which to actively generate NHwithin the wetland, but rather enforces a

minimum background N concentrationNH 4, within the wetland. Therefore,
within the model, wheNH4, is set equal to zero, effluent lWHtoncentrations can

only be less than or equal to corresponding intlwencentrations. As a result, as

inputK ; values approach zero, effluent Nitoncentrations approach

corresponding influent N concentrations. However, in the case of the Babhes

1 wetland, observed effluent concentrations werenogreater than corresponding

influent concentrations. Given the structure @f tarrent model, simulated YH

concentrations could fully characterize the behaefmbserved concentrations.
Another source of this discrepancy could also ketduhe influent weekly

data used, which were assumed constant over eadhofeecord. These constant

influent values did not capture the variation ia fimin NH" concentrations that

was most likely present in the actual wetland mfloThis lack of variation in

influent NH;" concentrations would then be transferred to cpoeding effluent

NH;" concentrations, resulting in more constant sinegdl@bncentrations. As a result

of all discrepancies exiting between the simulated actual Barnstable 1 wetland

system, weekly simulated effluent WHoncentrations did not follow the same trend

as observed values as shown in Figure 5-36.
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Figure 5-36Plot of simulated versus observed weekly efflidHt" concentrations
with units of mg/L from trial 5. A 1:1 line is dnan for reference.

53.2.6Trial 6

In an effort to increase simulated effluent NH4-qA@entrations, influent DO
(DO,,) concentrations were decreased down to 0 mg/L thehdea of reducing
internal wetland DO levels below 2 mg/L, which wauh turn, disable nitrification
in the model. However, this change did not reduettand DO levels below 2 mg/L
due to the large DO production within the Barnstablvetland, which produced
sufficient DO in the wetland to counter the redoictin DO,,. Therefore, this

reduction in influent DO levels did not significhnthange simulated NA effluent

concentrations.

5.3.2.7 Trial 7

In trial 7, the background Nfi concentrationNH4, was increased from O to

0.070 mg/L in an effort to increase effluent Nidoncentrations. Additionally, the
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influent DO concentration was increased back toriiginal value of 7.5 mg/L.

While USEPA (2000) reported a typichlH4_of 0.20 to 1.5 mg/L for constructed

wetlands, a value of 0.07 mg/L was chosen for &iat it was the minimum observed
mean weekly effluent NH concentration. This increaseNiti 4, , however, did not
affect predicted effluent NA concentrations significantly (see Table 5-15 aadl@
5-16), suggesting again that hHbehavior in the Barnstable 1 wetland was more

complex than the simulated IyHoehavior.

5.3.2.8Trial 8

In order to reduce the negative model bias in efftNH;" concentrations,

theNH4,was increased from 0.07 to 0.20 mg/L. This chaegsalted in a
&/Y value of 0.008 and slightly decreasggd/ S, value of 0.972. Based on the

discrepancies between the model and the actuakBdnle 1 wetland system, the

resulting simulated N values were assumed to be sufficiently calibrated.

53.29Trial 9

Weekly NG&™ concentrations were targeted next for calibration.
Denitrification in the model was simulated in theaic sediments of all wetland
cells with emergent vegetation (USEPA 2000) as a&ih the water column of cells
with water DO levels less than 2 mg/L. Simulateskldy NG&™ concentrations were,

therefore, a direct function df,;, NO3,, and an indirect function of all factors

influencing corresponding simulated WHoncentrations. The denitrification rate

constantK ,; as well as the wetland flowpath dictated this tieac In trial 10, the

negative model bias in weekly effluent fl©@oncentrations was addressed by
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decreasing ., from 0.0208 to 0.002 Hr Results from trial 10 produced a mean

weekly effluent N@ concentration of 0.303 mg/L, which was about Odgilirgreater
than the observed mean of 0.218 mg/L (see Tabk) 5-This large increase in

predicted effluent N@ concentrations showed thKt,,; was much more sensitive
thanK ;. Because observed effluent l@oncentrations were less than influent

concentrations, the exclusion of a N@eneration mechanism within the model did
not play a large role in model prediction of N@s it did with TSS and NA.,
Therefore, within the Barnstable 1 wetland, the ohating processes controlling

NOj effluent concentrations appeared to be nitrifaratnd denitrification.

5.3.2.10 Trial 10

Given that simulated weekly effluent N@oncentrations were still greater

than corresponding observed valuls,; was increased from 0.002 to 0.01" fim
trial 10 in order to reduce simulated effluent N€ncentrations. This change
improved goodness-of-fit statistics, producing /& of -0.049 and &, / S, of 0.900.
The resulting simulated mean weekly effluentyN€é»ncentration was 0.207 mg/L,

which was very close the observed value of 0.218 mg

5.3.2.11 Trial 11

In order to further decrease simulated weekly efitNGQ;” concentrations to

better match corresponding observed valleg,. was increased from 0.005 to
0.0085 hi in trial 11. This change resulted in N@/Y and S, /S, values of 0.001

and 0.923, and a mean simulated weekly effluen M@ centration of 0.218 mg/L.

Discrepancies between simulated and observegl ddcentrations were
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hypothesized to be due to the limitations of thevjgled weekly data and differences
in the modeled and actual wetland flowpaths. Tloe@hdid not experience the same
problems in predicting N§concentrations as it did with NHconcentrations. This
difference in prediction success was due to thethat effluent N@ concentrations
were generally lower than corresponding influentgamtrations. Therefore, the
issues of resuspension and wetland generationadidlay as large a role in effluent
NOs concentrations as in effluent WHconcentrations. Based on these results, trial
13 was the final trial in the water quality caliboa of the model. The final TSS,
NH,", and NQ plots resulting from trial 13 are shown in Fig887 and Figure

5-38 for TSS, in Figure 5-39 and Figure 5-40 for;Nknd in Figure 5-41 and Figure

5-42 for NQ'.
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Figure 5-37 Comparison plot of simulated (open circles) anseobed (stars) weekly
effluent TSS concentrations (mg/L) for trial 11.
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5.3.2.12 Water quality calibration results and discussion

While the model was able to match observed wedHllyemt NO;” reasonably
well, it did not accurately predict weekly effluer®S and N concentrations well.
The poor model fits for effluent TSS and NHoncentrations were hypothesized to
be due to the complex behavior of TSS and,Nithin the Barnstable 1 wetland,
discrepancies between the simulated and actuahmeeflowpaths, and the large time
scale of the available water quality data. WHile tnodel assumed that the
dominating water quality processes within any giwatland were TSS settling,
nitrification, and denitrfication, the Barnstablelata showed that resuspension, plant
decay, algae growth and death, and ammonificatiay aso play important roles in
wetland performance. These processes would, tirerdfe incorporated in future
versions of the current model. Goodness-of-fitistias for simulated weekly

effluent TSS, N, and NQ for all trials are shown in Table 5-15. Additidiygathe
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mean, maximum, minimum, and standard deviation®dtih simulated and observed

weekly effluent concentrations of all constitueats summarized in Table 5-16.
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Table 5-15Trials and corresponding statistics for calibnatod model water parameters through the use of lyeshknposite
concentrations of (1) TSS, (2) NHand (3) NQ@.

TSS (mg/L) NH4 (mg/L) NO3 (mg/L)

mmal e | ruse| ey | S| & | rwse| ey || & | rwse| ey | SIS,
1 134 | 212 | -0903 134 -0146 0281 -0494 1p9 00D 0.264| 0.014 0.877
2 299| 185 | -019§ 116 -0176 0281 -0794 1b9 00®| 0.264| -0.01d 0.877
3 299| 185 | -0194 116 -0104 0229 -0468 1[5 03®| 0257| -0174 0.85%
4 29.9| 185 | -0198 116 -0074 0217 -0.333 0$9D.057 | 0.252| -0.260 0.83¢
5 299| 185 | -0198 116 -0070 0216 -0314 0$9m.060 | 0.252| -0.274 0.83]
6 29.9| 185 | -0198 116 -00/0 0216 -0.314 0$9m.060 | 0.252| -0.274 0.83]
7 299| 185 | -0198 116 -0067 0215 -0.301 0$890.060 | 0.252| -0.274 0.83]
8 299| 185 | -0198 116 0002 0212 0008 0$72 06@. 0.252| 0.274 0.831
9 29.9| 185 | -0198 116 0002 0212 0008 0$72 8.0 0.346 | 0389 1.150
10 299| 185 | -0194 114 0002 0212 0008 0$72.010| 0271 -0.049 0.90(
11 299| 185 | -0194 114 0002 0212 0008 0$472000. 0.278| 0001 0.923
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Table 5-16 The mean, maximum, minimum, and standard devidtioweekly composite simulated TSS, NHand NQ effluent
concentrations from the Barnstable 1 wetland.

Trial TSS (mg/L) NH4 (mg/L) NO3 (mg/L)
Mean | Min Max std Mean| Min Max std Mean Min Max| std

1 14.7 3.00 259 35.5 0.046 0.000 0.114 0.023 0,216012 2.34 0.309
2 123 10.9 470 94.4] 0.046 0.000 0.114 0.023 0.2160120| 2.34 0.309
3 123 10.9 470 94.4 0.118 0.024 0.2385 0.036 0/1800030| 2.18 0.294
4 123 10.9 470 94.4] 0.148 0.028 0.303 0.¢53 0/1610010, 2.13 0.291
5 123 10.9 470 94.4] 0.152 0.028 0.3R9 0.057 0/1580010, 2.12 0.291
6 123 10.9 470 94.4 0.15p 0.028 0.3R9 0.¢57 01580010 2.12 0.291
7 123 10.9 470 94.4] 0.1556 0.076 0.331 0.¢55 0/1580010| 2.12 0.291
8 123 10.9 470 94.4 02283 0.200 0.3p3 0.041 01580010 2.12 0.291
9 123 10.9 470 94.4] 0.2283 0.200 0.33 0.041 0.3030020( 3.20 0.480
10 123 10.9 470 944 0223 0200 0.393 0.041 0,207001 2.57 0.360
11 123 10.9 470 94.4 0.223 0.200 0.3|93 0.041 0J218001 2.66 0.375
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5.3.3 Effects of flowpath

Using five additional 13-cell designs, flow was siated in order to assess
the effect of flowpath on model performance. Whiie initial 13-cell design used
for calibration was labeled as 13F1, the five addal designs were named 13F2,
13F3, 13F4, 13F5, and 13F6. The wetland desigr2 t8Rsisted of a different
secondary flowpath than 13F1. The wetland des&#B8Mid not include a secondary
flowpath but maintained the same primary flowpaghheat of the design 13F1 shown
in Figure 5-11. Designs 13F4, 13F5, and 13F6 akneariations of the design 13F3,
all of which did not include secondary flowpathsldrad differing main flowpaths
through the wetland. Therefore, while designs 18k@ 13F3 were compared
directly to the original 13-cell design 13F1, tiveaf three designs 13F4, 13F5, and
13F6 were compared to 13F3. The results for edetell design are discussed in the
following subsections. All hydrologic annual vasugnd goodness-of-fit values were
compiled in Table 5-23 and Table 5-24, and all wateality goodness-of-fit values

were summarized in Table 5-25 and Table 5-26.

5.3.3.1 Wetland design 13F2

The secondary flowpath used in the wetland desifi was altered in the
13F2 design (see Figure 5-11 and Table 5-6) inrdadevaluate the sensitivity of
model performance to changes in the secondary #itwpThis change in the
secondary flowpath appeared to significantly affbetdistribution of water within
the simulated wetland as evidenced by the result8# 1-min wetland storage
volume /Y of -0.069 as compared to that of the 13F1 desinich was 0.030. The

annual change in storage for year 2 for design 1@&also 2.46 ft. versus the
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corresponding depth of 0.97 ft in design 13F1.a4ssult of this altered wetland
storage, the peak outflow for year 2 was largaetasign 13F2 (11.1 cfs) than in
design 13F1 (6.75 cfs). These effects were mkslylimore notable in year 2 due to
the greater amount of rainfall occurring in yeas2well as the drought period in year
1. Drier periods in the wetland may have reducatemievels in the wetland so as to
completely dry out some cells, which would furthestrict the corresponding
simulated wetland flowpath.

TSS effluent concentrations were also slightly kigh design 13F2 with a
mean value 153 mg/L versus 147 in the 13F1 dewigich indicate that design 13F2
incorporated a shorter flowpath through wetlanthveihg for a shorter residence
time and less TSS settling. The resulting mearklyedfluent NG;” concentration
decreased from 0.218 mg/L in design 13F1 to 0.264.nm 13F2. This decrease in
effluent NQ' concentrations suggests that while the design hald2a shorter
residence time, more time relative to the desigallBas spent in cells with
emergent vegetation, which simulated denitrificatid herefore, the decreased
residence time in 13F2 appeared occur mostly ircéie with a VEG = 1 (see Figure
5-43). These water quality results suggest theaute of hydraulic residence time as
the sole measure of wetland performance may nappeopriate if all wetland areas

do not perform the same chemical and/or physicatgsses.
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3111t

Figure 5-43 Model representation of the Barnstable 1 wetlait an altered secondary
flowpath (design 13F2). Darkly-shaded cells hightimain flowpath through wetland.

Table 5-17Barnstable 1 specifications for design 13F2 fowpath (FID and FID2
#s), initial water depths, elevations, and vegetatiescriptors for each wetland cell.

Initial , .

Cell  FID FID2  Water E'e"ff‘“o“ Vegetation

Depth (ft) (ft) Descriptor
1 0 1 1.29 0 2
2 1 2 1.29 0 2
3 1 3 1.29 0 2
4 1 8 0.785 0.503 1
5 3 5 0.254 1.03 1
6 3 5 0.254 1.03 1
7 4 9 1.19 0.103 1
8 4 8 0 2.26 1
9 4 9 0.468 0.820 1
10 7 10 0.000 1.38 1
11 7 11 0.878 0.410 1
12 7 11 0.238 1.05 1
13 12 10 0 1.87 1

5.3.3.2 Wetland Design 13F 3

The secondary flowpath in the original wetland de<si3F1 was removed to
make the design 13F3 (see Figure 5-44). This desas tested to show the
importance of the inclusion of a secondary flowpathich allowed all wetland cells
to flow into up to two receiving cells. All hydmagical time series outp@/Y values
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for 13F3 were at least double those of design 13 1-min wetland storage

volumes were, again, the most sensitive outputs &/ Y of -0.146 in design 13F3.
Effluent peak rates also increased for both yefrsamrd with respective values of
10.0 and 17.8 cfs. Given these trends, the exaiusi the secondary flowpath
resulted in significantly different simulated wetthstorages and depths, and, as a
result, different outflow rates.

Simulated effluent TSS and N@oncentrations for design 13F3, with mean
values of 153 and 0.224 mg/L, were slightly lardpam those for 13F1, which
produced mean effluent values of 147 and 0.215 mghkiis trend suggested that the
design 13F3 had a shorter residence time withiitrifging cells (i.e., cells with
VEG = 2) than the 13F1 design. Therefore, the 1B#3gn performed slightly worse

with respect to water quality than the 13F1 design.

3111t

Figure 5-44 Model representation of the Barnstable 1 wetlaitd mo secondary flowpath
cells (design 13F3). Darkly-shaded cells highligtain flowpath through wetland.
#s), initial water depths, elevations, and vegetatiescriptors for each wetland cell.
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Table 5-19Barnstable 1 specifications for design 13F3 ferghimary and secondary
flowpaths (FID and FID2), initial water depths,\&&ons, and vegetation descriptors
for each wetland cell.

Initial . )
Cell FID  FID2  Water E'e‘;f‘t'on \éegetf"‘tlon
Depth (ft) (ft) escriptor
1 0 1 1.29 0 2
2 1 2 1.29 0 2
3 1 3 1.29 0 2
4 1 4 0.785 0.503 1
5 3 5 0.254 1.03 1
6 3 6 0.254 1.03 1
7 4 7 1.19 0.103 1
8 4 8 0 226 1
9 4 9 0.468 0.820 1
10 7 10 0.000 1.38 1
11 7 11 0.878 0.410 1
12 7 12 0.238 1.05 1
13 12 13 0 1.87 1

5.3.3.3 Wetland Design 13F4

Wetland design 13F4 incorporated an altered maimgdath to that seen in
13F3 and did not incorporate a secondary flowp&th show in Figure 5-45 and
Table 5-20, the wetland design 13F4 had a maindaitviength of 5 cells. While
both wetlands 13F3 and 13F4 had main flowpaths thghsame length, the water
was routed through different cells. The purposthefl3F4 design was, therefore, to
show the sensitivity of the Barnstable 1 wetlandleldo changes in the route of the
main flowpath. Neither hydrologic not water qualitutputs for the design 13F4
were significantly different from those of 13F3ggesting that the model was not

sensitive to the change in the main flowpath made3fF4.
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Figure 5-45 Model representation of the Barnstable 1 wetlaitd &main flowpath
of 5 cells (design 13F4) that differs from theiadidesign (13F1) used for calibration
as the FID numbers are not the same (darkly-shelteeleghlight main flowpath).

Table 5-20Barnstable 1 wetland model design specificationslésign 13F4 for the
primary and secondary flowpaths (FID and FID2)}iahwater depths, elevations,
and vegetation descriptors for each wetland cell.

Initial . .
Cel FID | FID2  Water E'e‘;at'on \éegetf"‘t'on
Depth (ft) (ft) escriptor
1 0 1 1.29 0 2
2 1 2 1.29 0 2
3 1 3 1.29 0 2
4 1 4 0.785 0.503 1
5 1 5 1.19 0.103 1
6 3 6 0.254 1.03 1
7 3 7 0.254 1.03 1
8 4 8 0 2.26 1
9 4 9 0.468 0.820 1
10 5 10 0 1.378 1
11 5 11 0.878 0.410 1
12 11 12 0.238 1.05 1
13 12 13 0 1.87 1

5.3.3.4 Wetland Design 13F5
The wetland design 13F5 altered the 13F3 desigmctorporate a 6-cell main

flowpath. This design was documented in Figuréé%dd Table 5-21 and was used
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to assess the effect a longer flowpath had on thaeirperformance relative to the
13F3 design, which had a 5-cell flowpath. The amdyable hydrologic difference

between the designs 13F3 and 13F5 was the improveshéhe 1-min wetland
storage volume prediction. The design 13F5 prod@&e and §e / §y values of

-0.097 and 0.546 for 1-min wetland storage volumiete the 13F3 design produced
values of -0.146 and 0.682. The goodness of ffiafioother hydrologic output time
series also improved slightly. However, becausiawe storage was the most
sensitive wetland characteristic, it experiencedrtiost change.

Water quality performance for the 13F5 design wss slightly better than
that of the design 13F3, with respective mean weekluent TSS and N9
concentrations of 148 and 0.194 mg/L. This redunciin effluent TSS and NO
concentrations was due to the addition of cellsEke (Figure 5-46) to the main
flowpath, which resulted in an increased resideimae in denitrifying cells.
Therefore, increasing the flowpath within the maodiel affect both the hydrologic

and the water quality performance of the wetland.

—— 5191t i

311 ft

Figure 5-46 Model representation of the Barnstable 1 design
wetland 13F5 with a main flowpath of 6 cells (dgrkhade cells).
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Table 5-21Barnstable 1 wetland model design specificationslésign 13F5 for for
the primary and secondary flowpaths (FID and FID#)ial water depths, elevations,
and vegetation descriptors for each wetland cell.

Initial Elevation Vegetation
Cell FID# @ FID2# Water (ft) Descriptor
Depth (ft)

1 0 1 1.29 0 2
2 1 2 1.29 0 2
3 1 3 1.29 0 2
4 1 4 0.785 0.503 1
5 3 5 0.254 1.03 1
6 3 6 0.254 1.03 1
7 4 7 1.19 0.103 1
8 4 8 0.000 2.26 1
9 4 9 0.468 0.82 1
10 7 10 0.000 1.38 1
11 7 11 0.878 0.410 1
12 11 12 0.238 1.05 1
13 12 13 0.000 1.87 1

5.3.3.5 Wetland Design 13F6

Wetland design 13F6 altered the 13F3 design byrparating a 4-cell main
flowpath. All specifications for the 13F6 desige a@epicted in Figure 5-47 and
listed in Table 5-22. The purpose of the desighrGl®as to assess the effect of a
shortened flowpath on model performance relativilaéos-cell flowpath design 13F3.
As a result of this shortened main flowpath, a tgeportion of water was allocated
to outflow in the 13F6 design. This trend was seehe increase@/Y values for
1-min effluent rates, 1-min water depths at théedwteir, and weekly effluent
volumes. Additionally, the design 13F6 predictedér storage volumes, with a
€/Y of -0.179 versus that of design 13F3 of -0.146e %-cell flowpath allowed
water to flow from the wetland more efficiently anmbre quickly, resulting in greater
outflow and less storage within the wetland. Theameffluent weekly TSS and

NOj for design 13F6 were 156 and 0.250 mg/L, whichenegher than those

266



predicted by the 13F3 design of 153 and 0.224 m@ésed on these increases, the
shorter flowpath produced a shorter wetland redenime, resulting in less accurate

and poorer pollutant removal than that simulatethieyl 3F3 design.

f———— 5191t i

3111t

Figure 5-47 Model representation of the Batalle 1 wetland 13F6 witt
main flowpath of 4 cells (darkly-shade cells).

Table 5-22Barnstable 1 wetland model design specificationslésign 13F6 for for
the primary and secondary flowpaths (FID and Fi#)ial water depths, elevations,
and vegetation descriptors for each wetland cell.

Initial Elevation Vegetation
Cell FID# FID2# Water (Ft) Descriptor
Depth (ft)

1 0 1 1.29 0.00 2
2 1 2 1.29 0.00 2
3 1 3 1.29 0.00 2
4 1 4 0.785 0.503 1
5 1 5 1.19 0.103 1
6 3 6 0.254 1.03 1
7 3 7 0.254 1.03 1
8 4 8 0.00 2.26 1
9 4 9 0.468 0.820 1
10 5 10 0.000 1.38 1
11 5 11 0.878 0.410 1
12 5 12 0.238 1.05 1
13 12 13 0.000 1.87 1
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5.3.3.6 Flowpath sensitivity results and discussion

The secondary flowpath appeared to have a signifiogpact on wetland
storage and outflow allocation, which was showwotilgh designs 13F2 and 13F3.
However, significant hydrologic (see Table 5-23 diathle 5-24) and water quality
(see Table 5-25 and Table 5-26) differences betweewetland designs 13F4 and
13F3, while both had a main flowpath length of Bsc&were not evident. Designs
13F5 (6-cell main flowpath) and 13F6 (4-cell mdowipath) did, however, produce
different hydrologic and water quality outputs. €6k results suggest that the model
was more sensitive to flowpath length rather thengpecific defined main flowpath.
Given a longer flowpath, water moved more slowlptigh the wetland, resulting in
more storage, lower outflow rates, and a longemtain time. Conversely, the
shorter 4-cell flowpath design 13F4 allowed for &b move more quickly through
the wetland and resulted in higher outflow rates simorter retention times.
Additionally, as seen in design 13F2, a longerma time did not always translate
to more NQ reduction and depended on the vegetative chaistaterof the cells
through which water was routed. These resultsestgfat while retention time is an
important factor in both water quality and hydratogerformance, the retention time
in specific wetland zones should be emphasizedadiitian to the overall wetland

retention time.
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Table 5-23Resulting annual equivalent depths for wetlandl@art infiltration, ET, change in storage., annpabk and mean
discharges for all six 13-cell wetland designs.aklfowrates excluded zero-flows.

Total annual Total annual Total annual ET | Annual change in Peak outflow Mean outflow
Trial outflow (in.) infiltration (in.) (in.) storage (in.) discharge (cfs) discharge (cfs)
Yearl | Year2 | Yearl Yearl| Year2 Yearl Y&2 | Yearl Year 2 Year 1l Year 2
13F1 10.4 23.6 8.69 20.7, 35.8 -0.0/7 2.46 8.45 6.75 0.0864 0.137
13F2 10.4 24.0 8.54 19.6 32.1 -0.011 0.97 8.86 11.1 0.0861 0.129
13F3 10.4 24.4 8.43 18.6 29.1 -0.0R -0.06 10.0 17.8 0.0838 0.123
13F4 10.4 24.4 8.43 18.7 29.6 -0.06 0.7 9.p9 18.1 0.0839 0.123
13F5 10.4 24.3 8.49 19.0 29.8 0.00 0.38 9us5 521 0.0838 0.127
13F6 10.4 24.5 8.40 18.3 28.9 -0.09 -0.35 109 21.2 0.0813 0.120
Table 5-24Hydrologic goodness-of-fit results for all six 18Howetland designs.
Weekly effluent volume (m3) Water Depth at Weir (f) Wetland Storage Volume (ff) Outflow (cfs)
Trial _ e/lY | =2 _ = | =, = _ = | =,= _ _ =
€ RMSE S./S, € e’y S!S, € RMSE | /Y | S./S, € RMSE | /Y
13F1 1.06| 315| 0.024 0.4 2 -0.008 1022517 13400 0.030 0.41B 0.002 0.00 0.0 030
13F2 1.81| 323| 0.040 0.433 N 0.0p1  0J19%855 15951, -0.069 0.49p 0.008 0.084 0.0 0.1L78
13F3 2.43| 34.8| 0.054 0.465 il 0.016 0p3m2412 | 22135/ -0.146 0.68 0.004 0.098 0.0 0325
13F4 2.35| 34.7| 0.052 0.465 3 0.0016 0p191241 | 20120/ -0.133 0.62p 0.004 0.100 0.0 031
13F5 2.24| 33.6| 0.050 0.451 3 0.002  0j198247 17709| -0.097 0.54p 0.004 0.070 0.0 0.p33
13F6 255 35.6| 0.057 0477 i 0.032 0j32m5151 | 25030/ -0.179 0.774 0.004 0.143 0.0 0p74
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Table 5-25The mean, maximum, minimum, and standard devigtti) for weekly composite simulated TSS, NHind NQ°

effluent concentrations for all six 13-cell wetlaghelsigns.
Trial TSS (mg/L) NH4 (mg/L) NO3 (mg/L)

Mean Min Max std Mean Min Max std Mean  Min Max std
13F1 147 12.7 527 1088 0.223 0.200 0.393 0.p41 180,20.001 2.66 0.375
13F2 153 5.44 655 124 0.227 0.200 0.387 0.p46 0{205000 | 2.53 0.355
13F3 153 6.83 703 1300 0.225 0.200 0.379 0.p44 0}|2B4000 | 2.71 0.385
13F4 152 6.55 693 1291 0.225 0.200 0.394 0.p46 0{20000 | 2.80 0.389
13F5 148 4.06 637 124 0.226 0.200 0.399 0.p47 0}194000 2.13 0.320
13F6 156 15.9 726 134 0.224 0.200 0.397 0.p43 0}2B0002 3.37 0.454

Table 5-26Goodness-of-fit results for six all 13-cell wetlasesigns for weekly composite concentrations off@%, (2) NH', and
(3) NG5

TSS (mg/L) NH4 (mg/L) NO3 (mg/L)

Trial _ __ | SIS _ __ | SIS B |l =,=

€ RMSE | &/Y e € RMSE | /Y ey € RMSE | &/Y S./S,
13F1 -5.5 192 | -0.036 1.2( 0.002 0.212 0.008 0.p7200| 0.278 0.001 0.923
13F2 3.0 196 0.02( 1.24 0.005 0.200 0.023 0.p300070. 0.259| -0.034| 0.8671
13F3 3.1 199 0.021 1.24 0.002 0.198 0.g11 0.p17 120/0 0.273 0.058 0.914
13F4 2.1 200 0.014 1.26p 0.003 0.195 0.014 0.p050080} 0.284 0.036 0.957
13F5 2.1 197 | -0.014 1.248 0.004 0.201 0.016 0.p32017| 0.222| -0.082 0.743
13F6 5.8 200 0.039 1.25p 0.001 0.193 0.007 0.B950380} 0.344 0.181 1.154
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5.3.4 Effects of cell size

A total of three 26-cell designs were simulatethtestigate the effect of cell
size and number, especially in characterizing eiena and wetland flowpath. These
three simulated 26-cell wetland designs were refeto as 26F1, 26F2, and 26F3 and
are shown in Figures 5-48, 5-49, and 5-50. It elzserved that increasing the main
flowpath within the 26-cell wetland structure impeal simulation outputs and
corresponding goodness-of-fit statistics. Howeletause the actual Barnstable 1
wetland was not observed to have a well-definedglth (Jordan et al. 2003), it was
more difficult to estimate an accurate flowpath tluéhe increased complexity
introduced by the 26-cell structure. The gredtewpath complexity inherent in the
26-cell structure of the 26F1, 26F2, and 26F3 daesaiso produced different
hydrologic and water quality model outputs thandhginal 13-cell structure 13F1,
which suggested that wetland cell size was an itapbcriterion when using the
wetland model developed in the current study. @loee, while the increased number
of cells allowed for a more detailed charactermabnf the wetland elevations,
defining a flowpath for the 26-cell design allowfed more error as the flowpath was
more complex. The resulting goodness-of-fit stagsfor all 26-cell designs are

summarized in Table 5-27 through Table 5-30.

5.3.4.1 Wetland Design 26F 1

The first 26-cell design 26F1, which is shown iguWe 5-48, had a main
flowpath of 7 cells and produced greater outflow promoted a shorter retention
time than the original 13F1 design. Simulated ltsdtom the 26F1 design

overpredicted outflow rates with respective wealijuent volume and 1-min
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effluent ratee/Y values of 0.064 and 0.071 (see Table 5-28). ifsi®ased outflow
trend was also evident in the annual peak effldesttharge rates simulated in the
26F1 design of 11.3 and 25.6 cfs for each yearsgll2a These peak flows were
much higher than those produced by the 13F1 desigich were respectively 8.49
and 12.4 cfs for years 1 and 2. Corresponding npnel@icted storage variables were

also observed in the 26F1 design with 1-min wetlsiodage volume and water

depths at the outleE/Y values of -0.260 and -0.100 as compared with 811
values of -0.06 and -0.03. These hydrologic ressuiggested that the main flowpath
of 7 cells in the 26F1 design moved water throdghwetland more quickly than
both in the 13F1 design and in the actual Barnstahietland, which further
illustrates the trend that the main flowpath lengttirectly related to the simulated
wetland retention time.

The reduced simulated retention time in the 26Klgihealso increased
effluent TSS, N@, and NH" concentrations (see Table 5-30). The resultirfgl26
water quality goodness-of-fit statistics reflectedse increased effluent

concentrations with respective weekly effluent T8z, and NH™ concentration
€/Y values of 0.0581, 0.016, and 0.247, all of whigravmore positive than the
corresponding 13F1 values of -0.005, -0.135, a@84). The 26F1s, /S, values

were also poorer than those achieved in the 13Bifyéor all water constituents,

which suggested that the 26F1 did not capture ffheeat water quality trends as well

as the 13F1 design. Despite the positive biasgésneneaseds, /S, values observed

in both the hydrologic and water quality outputshef design 26F1, it still matched

the observed hydrologic data reasonably well gitan it was not calibrated. The
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discrepancies observed between the 13F1 and 2&fdnd#id, however, suggest that

the 26F1 flowpath design was not analogous to &t Tlowpath design.

I 440 ft i

[ 422 | 417 18 9

<
<

=4
|

15 16| 11 21 24 367 ft
—A v t;
141-—I 10| |6 8 13
4 _:,.* t;
51 2 a7 9

Figure 5-48 Model representation of the Barnstable 1 wetlait & 26-cell configuration
and a main primary flowpath of 7 cells. This desigpas referred to as 26F2. Darkly-
shaded cells highlight main flowpath through wedlaifhe primary flowpath (FID) is
shown with black arrows and the secondary flowgatB2) is shown with grey arrows.

5.3.4.2 Wetland Design 26F2

A second 26-cell design (26F2) was developed wittaa flowpath of 8 cells
in order to increase the wetland retention timtha26F1 design and to better match
13F1 hydrologic and water quality results (see f@di+49). The increased flowpath
in the 26F2 design was observed to slightly improeth hydrologic and water
guality goodness-of-fit statistics, suggesting that26F2 retention time was slightly
longer than that of the 26F1 design. Despite tirapeovements in observed data fit
and agreement with 13F1 output values, the samelogiic and water quality trends
that were seen in the 26F1 were observed in the 86Bign. While the 26F2

underestimated wetland storage volumes and depth&rpredicted outflow
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volumes and discharge rates as well as corresppedilient TSS, N@, and NH*

concentrations due to its shorter retention time.

[ 440 ft |

367 ft

Figure 5-48 Model representation of the Barnstable 1 wetlait & 26-cell configuration
and a main primary flowpath of 8 cells. This desigps referred to as 26F2. Darkly-
shaded cells highlight main flowpath through wedlaiThe primary flowpath (FID) is
shown with black arrows and the secondary flowgatB2) is shown with grey arrows.

5.3.4.3 Wetland Design 26F3

A final 26-cell design was developed (26F3) withhain flowpath of 12 cells
in order to further reduce the wetland retentiothm 26-cell structure. While the
26F3 design matched both 13F1 and the actual Bdnlest wetland hydrology, it did
not predict wetland water quality performance w@&ksulting 26F2 goodness-of-fit
statistics for all hydrologic time series except Temin water depths at the weir were
better than those produced by the 13F1 designT(@ele 5-28). These hydrologic fit
improvements suggest that the 12-cell flowpatth&é26F3 design promoted a

wetland retention time similar to that observethia actual Barnstable 1 wetland.
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Despite this improvement in retention time simwlafithe 26F3 design water quality
performance was poorer than that of the 13F1 desitns discrepancy in water
guality performance suggested that while the 13#lL26F3 designs had similar
retention times, their respective flowpaths throtlghwetland were different.
Increased effluent Nconcentrations in the 26F3 could, for exampledbe to a
shorter respective retention time in cells with eyeat vegetation, in which
denitrification was simulated. Similarly, the rid@ complexity of the 26F3 flowpath
may have also promoted secondary routes from thetmthe outlet with shorter
retention times than the overall mean wetland tegeriime, which would, in turn,
produce higher effluent water quality concentragioBecause the actual flowpath
through the Barnstable 1 wetland was not knowrtheethe 13F1 nor the 26F3
flowpath can be deemed more accurate. Thereforalibbrated, it seems that the
26F3 design could recreate both the observed hygimand water quality

performance of the Barnstable 1 wetland.
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Figure 5-50 Model representation of the Barnstable 1 wetlait & 26-cell configuration
and a main primary flowpath of 12 cells. This desivas referred to as 26F3. Darkly-
shaded cells highlight main flowpath through wedlaifhe primary flowpath (FID) is
shown with black arrows and the secondary flowgatbB?2) is shown with grey arrows.

5.3.4.4 Céll size sensitivity results

While both the 13- and 26-cell design structuresifpted observed
hydrologic and water quality values reasonably ywbi optimal number of cells
chosen to represent a given wetland design wasiftiube dependent on a number of
factors including (1) the extent to which a giveti size could characterize the
wetland design, (2) the computational time, andl@ypath complexity. As with
any model, the current model is only as good atlitita used to calibrate it. This
experiment also reinforced the sensitivity of bleykrologic and water quality
performance on wetland flowpath. The flowpathha Barnstable 1 wetland was not
well-defined and a fair amount of error was asdediavith the elevation map used to

estimate cell elevations (see Section 5.1.4.3yesthese data limitations, greater
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error may be associated with smaller cell sizepbimue to the scale at which
elevations and the flowpath were reliably knowmaler respective cells require
greater knowledge of the internal flowpath of aegiwetland design. However, it is
also necessary to choose a cell size sufficiemtiglisto correctly capture wetland
structure. Therefore, the correct cell size shogfdesent general wetland

topography and allow for sufficient but not excesdiowpath characterization.
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Table 5-27Resulting annual equivalent depths for wetlandl@art infiltration, ET, change in storage., annpabk and mean

discharges for all 26-cell wetland designs (26FBE2 and 26F3as well as the initial, calibrated design 13F1.akéowrates
excluded zero-flows.

Total annual Total annual Total annual ET | Annual change in Peak outflow Mean outflow
Trial outflow (in.) infiltration (in.) (in.) storage (in.) discharge (cfs) discharge (cfs)
Yearl | Year2 | Yearl Year 2 Yearl| Year2 Yearl Y&2 | Yearl Year 2 Year 1 Year 2
13F1 10.42 24.20 9.52 12.06 19.31L 30.88 0.71 -0.018.49 12.44 0.080¢9 0.114
26F1 10.91 24.54 8.03 10.41 17.14 27.56 -1.37 0.5111.25 25.56 0.0801 0.121
26F2 10.83 24.21 8.24 10.92 17.94 29.85 -1.43 1.57 9.37 11.65 0.0829 0.132
26F3 10.52 23.89 8.70 11.36 19.64 32.82 0.15 1.95 0.671 11.80 0.0827 0.119

Table 5-28Hydrologic goodness-of-fit results for all 26-cektland designs (26F1, 26F2, and 26F3) as wehasitial, calibrated

design 13F1.
Weekly effluent volume (m3) Water Depth at Weir (f) Wetland Storage Volume (ff) Outflow (cfs)
Trial _ _ — — N —T==
€ RMSE | @/Y S, /S, € RMSE| g@/Y S./S, € RMSE | /Y S./S, € RMSE | /Y y
13F1 2 32 0.042 0.43p 0.038 0.180 0.0B ops -50683852 | -0.06 0.74 0.003 0.060 0.047  0.1]99
26F1 2.91 345 0.064 0.4683 -0.150 0.2p6 -0.10 043921989 | 26212| -0.260 0.808B 0.005 0.120 0.071 0.395
26F2 2.37 32.8 0.0529 0.439 -0.183 0.228 -0.123 44J4 -15824| 18379 -0.187 0.546 0.004 0.053 0.059 @017
26F3 1.62 29.3 0.036 0.3 -0.174 0.2p1 -0.12 04301162 17940| -0.014 0.55B 0.003 0.110 0.041 0.B62
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Table 5-29Goodness-of-fit results for all 26-cell wetland ides (26F1, 26F2, and 26F3) for weekly compositeceatrations of (1)
TSS, (2) NH', and (3) NQ.

TSS NH4 NO3
ral | & (mgiL) (fn“g‘jf) s/VY | 515, | e(man) (fn“gff) &7 | %S| ema) (fn“g‘jf) eIV | SIS,
13F1 -1.2 549 -0.005 0.785 -0.042 0.274 -0.13b 0.670 0D.0 0.394 0.004 0.418
26F1 8.72 207 0.0581 1.307% 0.00355 0.192 0.0160 920B 0.052 0.401 0.247 1.343
26F2 -1.40 197 -0.00932 1.25 0.00668 0.199 0.0300 0.p250.022 0.270 0.106 0.904
26F3 -5.56 195 -0.0366 1.225 0.00831 0.200 0.03[73 .9210 -0.030 0.188 -0.140 0.624

Table 5-30The mean, maximum, minimum, and standard devigtta) for weekly composite simulated TSS, NHind NQ°
effluent concentrations for all 26-cell wetland ides (26F1, 26F2, and 26F3).

Trial TSS (mg/L) NH4 (mg/L) NO3 (mg/L)

Mean Min Max std Mean Min Max std Mean Min Max std
13F1 132 7.57 495 108 0.162 0.074 0.368 0.062 0.261001 2.96 0.421
26F1 159 8.44 803 143 0.226 0.20p 0.403 0.0466 0264001 3.84 0.504
26F2 149 4.47 682 123 0.229 0.200 0.409 0.0%12 04284000 2.67 0.383
26F3 146 6.21 543 116.¢ 0.231L 0.200 0.449 0.0p811850, 0.000 1.61 0.272
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Chapter 6: MDE Stormwater Wetland Design

6.1 DESIGN EXAMPLE

In this example, a shallow stormwater wetland wesighed following the
procedure outlined by MDE (2009) for a wetlandhet €levenger Community Center
in Charles County, MD. Given these specificatiand location, MDE (2009)
concluded that the following design criteria weee@ssary:

1. The Water quality volum&/Q, , which is the storage required to capture and
treat runoff from 90% of the average annual ralnfaas required and was
defined by MDE (2009) accordingly:

_P-R,-DA

W
@ 12

(6-1)

whereP is the precipitation depttR, is the volumetric runoff coefficient, and
DAis the drainage area (acres). Because the wetlendias located in
Charles County, MD, R of 1-in. was required as the site was in the Easte
Rainfall Zone of Maryland (see Figure 6-1R, was defined accordingly (MDE
2009):

R, = 005+ 0.009. | (6-2)
where| represents the percent of imperviousness (%)eofithinage area.

2. The recharge volumRe, storage was the MDE-define storage volume required

in order to account for groundwater recharge logt t the development in the
contributing drainage area. MDE (2009) defis) in two ways depending on

the method used to provide groundwater rechalfgeater was infiltrated by a
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designed structure such as the wetland, a perotunne method should be used
to calculate the volume of water that must inftérdown to groundwater within
the wetland:

_S-R,-DA

12 (6-3)

whereSis the soil specific recharge factor (values tiste Table 2-2), andRe,
is the required recharge volume (ac-ft).Ri, is to be treated non-structurally

(i.e., filter strips, grass channels, etc. pladedughout thdA), the percent

area method should be used:
Re, =S-A (6-4)
where A is the impervious area cover (acres), and, indase,Re, is equal to

the area (acres) of non-structural treatment thestiine provided for infiltration
of water from the impervious surfaces within thaidage area.

MDE (2009) also required that any constructed wetldesign control both the
volume and discharge rates associated with the 24yhr storm event. This
requirement was achieved by sizing wetland desigtisthe capacity to store
and appropriately transfer the storage vol@pe (ac-ft) computed by MDE
(2009) as the wetland inflow volume produced bylhg, 24-hr storm event.
MDE (2009) also required the storage and contrautfiow due to the 10-yr,
24-hr storm depending on local jurisdiction. Thquired wetland storage
volume (ac-ft) computed by MDE (2009) to be asgedavith the 10-yr, 24-hr
storm was referred to %, Based on the location of the proposed wetland in

the MDE (2009) exampl&), storage was included in the design.
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5. Finally, MDE (2009) required for some locationsttbanstructed wetlands
either control or safely transfer the influent vokiQ; (ac-ft) associated with
the 100-yr, 24-hr stormQ; was not controlled in this example, but was

conveyed safely through the wetland.

Western Rainfall Eastern Rainfall
Zone Zone

P = 0.9 inches

Figure 6-1 Assignment of the precipitation deg@rused to determin&/Q, for the
state of Maryland (MDE 2009).

6.2 PRELIMINARY DESIGN
Given the site specifications, initial valueswfy , Re, ,Cp,, andQ, 10 were
calculated. In order to calculate an initial estienaf WQ, R, was calculated

accordingly (MDE 2009):

R, = 005+ 0.009-( 1'94a°j .100= 0.379 (6-5)
5.3ac

Next, an initial wetlandVQ, was computed (MDE 2009):
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(Lin))(0.379( 5.3a9

wQ =
< 12in./ft

=0.167ac-ft (6-6)

Therefore, the wetland must treat a volume of 046 (7,292 i) in order to meet
MDE wetland water quality standards.

Due to a high water table at the site, infiltratiwas assumed not to be a
feasible function of the proposed wetland (MDE 200@ this case, MDE required
that theRe, volume be collected and infiltrated by a sejgafatility or be directed to
pervious areas within the drainage area. Thergtbeeactual wetland will not
provide infiltration. An offsite infiltration trech was assumed to infiltrate water
structurally in this example (MDE 2009). Therefoaigoercent volum®&e, value (see
Equation 6-3) was calculated accordingly (MDE 2009)

_026(0.379)( 530
12in./it

Re, = 0.0435ac- ft (6-7)

A total volume of 0.0435 ac-ft (1,896)fmust be provided offsite. Next, tip, ,

which was the required storage volume for the abmifthe 1-yr, 24-hr storm, was
calculated using TR-55. From TR-55, the drainaga avas estimated to have a time
of concentration of 0.26 hr (see Section 11.2) and an overall CRdofOutput from

TR-55 is compiled in Table 6-1 (MDE 2009).
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Table 6-1Relevant output values from TR-55 as well as tipeii rainfall depths for
the 1, 10, and 100-yr 24-hr storm events as defiryed DE (2009).

1-yr, 24-hr (Cpy) 10-yr, 24-hr (Qp) 100-yr, 24-hr @)

Rainfall depth (in.)

(MDE 2009) 2.7 5.3 7.5

Post-development

runoff depth (in.) 0.72 2.61 4.48

Post-development
unit peak discharge 0.995 1.10 1.12
(cfs/ac/in.)

Post-development

peak discharge (cfg 3.79 15 27.0

N—r

Pre-development

runoff depth (in.) 0.18 1.34 2.76

Pre-development
unit peak discharge 0.460 0.904 0.967
(cfs/aclin.)

Pre-development

peak discharge (cfg 0.439 6.42 14.1

N

q,/q; ratio 0.115 0.400 0.519

Once MDE (2009) obtained the TR-55 outputs, thesevussed to compute
Cp, and an initial estimate of the required outletiogfdiameter for the stormwater
wetland design. The ratio of post- to pre-develeptipeak 1-yr 24-hr flowrates was
calculated in order to determine the correspondatig of requiredCp, to total
runoff volume from the drainage area. Figure 6&&wsed to determine a suitable
g,/ g; ratio based on the maximum detention time of Z4ftr a Use | watershed
and the unit peak discharge for the 1-yr 24-hmstevent. The term “Use 1”
referred to the designated use of the wetlandeftlwater. Use 1 describes
watersheds in which water is designated for genesal As a contrast, watersheds in

which water is used either for trout reproductioriar recreation are referred to Use

[l and Use IV and require a maximum retention tiofid.2 hr in order to reduce
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effluent water temperatures, to which trout are/\semsitive (MDE 2009). The unit
peak discharge was also determined graphically ffagure 6-3 given the drainage
area time of concentration of 0.26 hr and the ratimitial abstraction to rainfall

depth for the 1-yr, 24-hr storm evert ( P). Initial abstractionl ,was calculated

using the SCS Curve Number relationship (MDE 2009):
I, = 02(@—10j 2(@—10j 0.703in. (6-8)

where |, is the initial abstraction (in.) of the drainagear|,/P could then be
calculated using the 1-yr 24-hr precipitation depftR.7 in. (MDE 2009):
I,/P=0.703in./2.7in.= 026 (6-9)
Given anl /P ratio of 0.26 and a time of concentration of Oh26a 1-yr 24-hr unit
peak discharge, of 625 csm/in (cfs/nfiin.) was derived from Figure 6-3. This
value of g, and the 24-hr extended detention time were thed tsextrapolate a
q, /¢, value of 0.030 from Figure 6-2. Theg /g, value was input into the
following equation to determine the ratio of re@dirCp, storage (in.) to runoff depth

(in.) Vg /V, (MDE 2009):

Vg /Vg = 0.683-143q,/q, )+ 1649, /q, )" - 084(q,/q, )’
= 0.683- 1430.030)+ 164(0.030)* — 084(0.030)° (6-10)
= 064
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From the resulting/ /V, value of 0.64, the initial estimate Gfp, was

calculated (MDE 2009):

(Vo /Vg)-Vg- A _ (064)(072in.)( 5.3a9)

Cn. =
N oin 12in /it

= 0.204ac- ft (6-11)

Therefore, a total of 0.204 ac-ft (8,869 ff storage must be provided in the wetland
design to medTp, requirements. The,to be controlled by the wetland as defined
by q,/q, and the TR-55 derived post-development 1-yr 2@dak flow of 3.7 cfs
reported in Table 6-1 (MDE 2009):

a, =(9,/q )-g = (0.030(379cfs) = 0.113cfs (6-12)
Given a required peak outflow of 0.11 cfs for thgr 24-hr, the orifice area was

calculated by rearranging the orifice equation (MZID9):

A = d, B 0.113cfs
C,v/20h, 06 2@B22ft/s?)(3t)

= 0.013ft? (6-13)

where h, represents the maximum storage depth associateddp;j (ft) and was
assumed to equal 3 ft in the MDE example. From dhifice area,, an initial

orifice diameterd, was calculated (MDE 2009):

2
d, =1/4'A° = 40013M7) _ 1201 (6-14)
VA VA

In order to produce a maximum outflow rate of Ocidfor a 1-yr 24-hr storm event,

ad,of 0.129 ft (1.54 in.) would be required. MDE, heoxer, requires a minimum

orifice diameter of 3 in. to avoid clogging problemTherefore, the orifice diameter
was set to equal 3 in., resulting in an orificeaan€0.0491 ftand an outflow rate of

0.42 cfs when 3-ft of head are present over thfeceri This resulting maximum
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effluent orifice flowrate was slightly smaller thétme corresponding pre-development
1-yr, 24-hr flowrate of 0.434 cfs, which suggesiattthe orifice was sufficiently

sized.
Storage volumes and outflow rates f@s were then computed using the
same methods used for @, values. Thel,/P was calculated using the 10-yr, 24-
hr precipitation depth of 5.3 in. (MDE 2009):
|, /P=0.703in. /53in.= 013 (6-15)
The q, /g, ratio for theQ, values was calculated by MDE (2009) directly based
the g, and g, flows of 6 and 15 cfs for the 10-yr, 24-hr storniaobed from Table 6-1
(MDE 2009):
0,/q =6cfs/15cfs= 040 (6-16)
From thisq,/q, value, the corresponding, /V, was calculated (MDE 2009):
VIV, = 0.683- 143 040)+ 164( 040)° — 084(040)’ = 032 (6-17)
The Q, was then calculated (MDE 2009):

_ (032)(261in.)( 5.3a0

Qe 12in./ft

= 037ac-ft (6-18)

Therefore, a total of 0.37 ac-ft (16,068 fitorage above the/Q, storage is required
to control the 10-yr, 24-hr storm ever@, storage was not included in this design

example. Generally, 100-yr storm storage is oelgwant when building in 100-yr
floodplain. The final required storages for thegwsed shallow wetland are shown

in Table 6-2.
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Table 6-2Summary table of all preliminary storage volumasthe example shallow
wetland (MDE 2009).

Storage Volume Required (ac-ft) Notes
WQ, 0.167
R Treated offsite (included
& 0.0435 within WQ))
Cp, 0.204 Cp, release rate is 0.42 cfs
Qs 0.370 Q, release rate is 6 cfs
Q provide safe passage of
' 100-yr storm in final design

6.3 MDE DESIGN CRITERIA COMPUTATION

The wetland surface area and volume was dividedrdog to the general
MDE design criteria that the wetland surface ateaukl be at least 1.5% of the
drainage area and water depths should be broken dogordingly, a minimum of
35% of surface area must ¥é in. and at least 65% of it must 4.8 in. to promote
sustainable wetland vegetation (MDE 2009). FotleWwavetlands, MDE requires
that the wetland surface area be at least 1.5%eodtainage area. Therefore, the
minimum required wetland surface area was caladlateordingly (MDE 2009):

SA =0.015 53ac=0.0795ac (6-19)
where SA represents the minimum wetland surface area (aevbgch is equal to
0.0795 acres or 3,463 ftAdditionally, becaus®e, was assumed to be treated
offsite, it could be subtracted frodvQ, as the wetland will not need to treat this
volume of water. The updat&lQ,value was calculated (MDE 2009):

WQ, =WQ - Re, = 7,292ft* —1,896ft° = 5,396ft* (0.124ac- ft) (6-20)

289



The wetland requires only a correctf, volume of 5,396 ft(0.124 ac-ft). Next,
the forebay was specified to have a voluive)(of 10% of thewQ, (MDE 2009):
V. = 010(5,396ft%) = 540ft* (6-21)

At least 25% ofWQ, was required to be stored in areas with deptlygeziter than or
equal to 4 ft. These areas were called deepwetasa The minimum total
deepwater surface area was calculated accordiNiDE(2009):

V, = 025(5396ft%) =1,349ft*> (0.031ac-ft) (6-22)
whereV, represents the total volume¥(fof the deepwater areas within the wetland

design. It was acceptable to use the forebay aapool to fulfill this requirement.
High-marsh areas were defined by MDE (2009) asethdsose water depth
was less than or equal to 6 in. (0.5 ft). MDE regplithat these areas comprise at

least 35% of the wetland surface area (MDE 2009):
SA, = 035(3463ft*) =1212ft*> (0.028a0 (6-23)
where SA, represents the surface area of the wetland desidjpatigh-marsh areas.

Finally, total marsh areas (low and high) were mksdi as areas with a water depth of
less than or equal to 18 in. (1.5 ft). MDE reqditkat these areas comprise 65% of

the total wetland surface area (MDE 2009):
SA = 065(3463ft?) = 2,251ft*> (0.052ac) (6-24)
where SA represents the wetland surface area with watehdegs$ than or equal to

18 in. (1.5 fi).
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6.4 FINAL STORMWATER WETLAND DESIGN

The current study developed a 25-cell shallow staatar wetland design that
met all of the MDE-defined criteria defined in Sent6.3. The resulting wetland was

designed with a surface ar&#, which was computed to be 3,463 (0.0795 ac) in

Equation 6-19. Therefore, each cell was assigimeensions of 11.8 x 11.8 ft. A
25-cell structure was chosen in order to best canae the different areas (i.e.,
high-marsh, low-marsh, deepwater areas, etc.).itiddlly, the 25-cell structure
allowed the analyses for differences of +4% in bdesign criteria specified by MDE
(2009). The final 25-cell stormwater wetland desipas used in sensitivity analyses
(see Section 6.10) performed on both MDE desigeraias well as wetland input
parameters such as wetland albedo and influentdi&seter.

As discussed in Section 6.3, MDE (2009) required the forebay be 10% of

the WQ,. Within the current example, a forebay with awoé of 540 ftwas

required to serve to meet this criterion. Thelbase in addition to the micropool,
also contributed to the deepwater areas (i.e.samith water depths 4ft) in the
wetland design. The forebay was modeled usingldar#x 11.8 ft cell. Therefore,
in order to ensure the forebay accountedfd% of theWQ, and had a depth of 4
ft, it was assigned a depth of 4 ft. The resulforgbay was 10.3% of th&/Q, .
MDE (2009) also required that the forebay be sepdriiom the main wetland by a
berm. Therefore, in the stormwater wetland desagmerm was placed after the
forebay cell.

The forebay and micropool were assumed to accauralifdeepwater areas
in the wetland as suggested in MDE (2009). Accwydo MDE (2009), these
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deepwater areas were required have a voMgnthat accounted for greater than or
equal to 25% of th&VQ,, which was computed in Equation 6-22 to be 11849

While a specific forebay depth was not specifiediyE, a micropool was defined
as having a depth of 3-6 ft (MDE 2009). The micolpwvas modeled using one 11.8
x 11.8 ft cell and was assigned a depth of 5.,A@tiich resulted in a total deepwater
volume of 1,351 ftand accounted for 25.0% of theQ,.

Once deepwater areas were identified, high-maestsanere targeted, all of
which were assumed to have a water depth of 0.B fligh-marsh minimum
required surface are@A, of 1,212 f£ was computed in Equation 6-23 by MDE
(2009). ThisSA, represented 35% of the wetland surface &8a Therefore, a
total of nine cells were used to model the highghareas with water depths of 0.5 ft
resulting in a total high-marsh surface area o1 &, which accounted for 36% of
the SA.

MDE (2009) required that at least 65% of tB& have water depths less than
or equal to 1.5 ft. This requirement incorporateth high (water depths 0.5 ft) and
low (water depths between 0.5 and 1.5 ft) marsasaré1DE (2009) determined that
this total (high + low) marsh area should have aimiim surface are&A of 2,251

ft? (see Equation 6-24). In order to fulfill this tBement, a total of eight low-marsh
cells with water depths of 1.25 ft were incorpodait&o the 25-cell stormwater
wetland design. The addition of these low-marsls geoduced a total marsh area of

2,355 ff (17 wetland cells), which accounted for 68.0% af 82 .
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The forebay and micropool areas were representdddeyl each, high-marsh
areas by nine cells, and low-marsh areas by egjls, ¢eaving six remaining cells to
be defined. MDE did not provide guidelines forigssg depths to the wetland
proportion represented by these six cells. Theeefach of the six remaining cells
was assigned a depth of 3 ft in order meet@ of 5,396 f£. The final wetland
volume was 5,835t which was slightly oversized so as to allow fensitivity
analyses of MDE volumetric criteria (see SectidB%without reducing the wetland
volume belowWQ,. All resulting stormwater wetland depths, volupmsface

areas, and associated number of cells are summaniZeable 6-3. The final 25-cell
wetland design met all MDE-specified criteria definn Section 6.3.
Table 6-3Zone depths, surface areas, volumes, and assbaiateber of cells for the

25-cell stormwater wetland as designed by the plaes and specifications of MDE
(2009). Each cell has dimensions of 11.7 by 111.7 f

Zone Depth (ft) Number of cells| Surface area® | Volume (ft°)
Forebay 4 1 139 554
Micropool 5.75 1 139 797
High-marsh 0.5 9 1247 623
Low-marsh 1.25 8 1108 1385
Other 3 6 831 2494
Y 25 3463 5853

A number of other specifications were defined bRBA(2009) with relation

to the wetland design configuration. MDE (2009ygested an internal flowpath

L:W ratio of greater than or equal to 1.5:1. Aduigtlly, the forebay and micropool

cells were required to be situated respectivethainlet and outlet of the wetland.

Aside from these requirements, however, MDE didspatcify strict quantitative or

gualitative criteria on the design and arrangenaerter depths within a stormwater
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wetland. Therefore, the 25-cell stormwater desigveloped in the current study was
arranged in order to maximize the L:W ratio of thain flowpath through the
wetland. The resulting 25-cell stormwater wetlaedign is shown in Figure 6-4.
Additionally, Table 6-4 summarizes all of the floatph, water depth, vegetation type,
bottom elevation, and berm height specificationsefich cell within the design

depicted in Figure 6-4.

Figure 6-4 Diagram of wetland flowpath with humbearseach cell representing
location in the primary flowpath FID. The micropautlet cell is labeled as 1 and
the main wetland flowpath is highlighted in theldarshaded cells. Lightly shad
cells represent high-marsh cells. Additionalljpem was situated between cell 25
(the forebay) and cell 24. Each cell has dimersmfrl1.8 x 11.8 ft. Black arrows
represent the primary flowpath FID while grey arsawdicate the secondary
flowpath FID2.

Because the model uses the Rational method toastimnoff from the
contributing drainage area, the rational C wasresed. According to MDE (2009),
the drainage area was comprised completely of Bypeils with 1.94 acres of

impervious surfaces, 0.3 acres of woods in goodlition, and 3.06 acres of open

space (lawns, parks, etc.) in good condition. Addally the drainage area was

294



defined by MDE (2009) to have a slope of 0.013.ft®iven this description, a
composite rational C value of 0.36 was calculatsbedingly:

_ (194a9)(085) + (306a9(008) + (0.3a9(008)
- 5.3ac -

C

036 (6-25)

The corresponding Rational C values for each la®dtype were defined according

to McCuen (2005).

Table 6-4Constructed wetland cell specifications for FIDIDE, vegetation type
(VEG), initial design depth in ft SS, and cell edéon above a datum EL in ft.
Vegetation descriptor values of 0, 1, 2 indicaspegtively that a given cell has no
vegetation, emergent vegetation, and submergedatege

Cell FID FID2 SS (ft) VEG EL (ft) | BERM (ft)
1 0 1 5.75 0 0 0
2 1 4 1.25 1 4.5 0
3 1 3 0.5 1 5.25 0
4 2 4 0.5 1 5.25 0
5 2 7 1.25 1 4.5 0
6 5 6 3 2 2.75 0
7 5 7 0.5 1 5.25 0
8 6 8 3 2 2.75 0
9 8 9 1.25 1 4.5 0
10 9 10 0.5 1 5.25 0
11 9 7 1.25 1 4.5 0
12 11 12 0.5 1 5.25 0
13 11 4 3 2 2.75 0
14 13 14 0.5 1 5.25 0
15 13 3 3 2 2.75 0
16 15 14 1.25 1 4.5 0
17 16 18 1.25 1 4.5 0
18 17 18 0.5 1 5.25 0
19 17 14 3 2 2.75 0
20 19 18 0.5 1 5.25 0
21 19 12 3 2 2.75 0
22 21 20 0.5 1 5.25 0
23 21 10 1.25 1 4.5 0
24 23 22 1.25 1 4.5 0
25 24 25 4 0 1.75 5.75
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6.5 MDE OUTLET DESIGN

MDE designed an orifice to control the 1-yr, 24fbow and a weir to control
the 10-yr, 24-hr flow exiting the wetland. The laetl outlet structure was located in

the micropool. The 1-yr, 24-hr orifice was designe control theCp, volume with a
3-in. diameter. It was situated directly abovemnalrpool depth. Th€), riser, which
was designed to control the 10-yr, 24-hr flood, Ve&sited directly above the total
storage depth associated wiiip, .

In order to size the outlet weir structures, tloeagie depths associat€h,
and Q, with were calculated by dividing the storage volsrdg, andQ, by the

total wetland surface area (3,563.ftThe surface area was assumed not to increase
as storage increased above the normal pool lewsidglicity of calculations. In
reality, the wetland would have sloped edges, causie wetland surface area to
increase as the wetland filled with more and moagew For this simplified example,

the edges of the wetland were assumed verticadedan the water deptty of 2.56
ft over the wetland surface area associated wilth storage volume of 8,865%ft

the current study computed the maximum effluerd fidm the wetland for future

reference by rearranging Equation 6-13:

g, =C,A/2gh, = 06- 0.0491ft2\/ 2(32.2ft/s*)( 256ft) = 0.379cfs (6-26)
where g, (cfs) represents the maximum effluent orifice flewrting the wetland

design.

The Cp, orifice invert was situated at the normal pool te@t 75 ft above the

micropool bottom) and th&, weir was situated 2.56 ft above the normal pogptlde
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(8.31 ft above the bottom of the micropool). Thkdwing (weir + orifice) flow

equation was used to determine @gweir length (MDE 2009):
Q0= Culio 3/;Lzo + CoA)\/ 29“3 (6-27)
whereC,,is the weir coefficient (3.1),, is the weir length (ft)h,,,,is the depth of

head over th&), weir (ft), andq, ,,is the 10-yr, 24-hr inflow rate (cfs) that the weir

must control. In the case of tigg weir, h, ., represents the difference between the
depth of theQ, and Cp, storages (2.56 ft) anhi, represents the head above the
centerline of theCp, orifice up to the top of th€), weir (4.64 ft). Theq, flowrate
associate witlCp, was 6 cfs. Therefore, the weir lengtiior Cp, control could be

solved for (MDE 2009):

 G0—-CoAn/20h,  642cfs— (06)(005ft?), 232.2ft/s?)( 256)
s C,hi2 - (3.1)(208)%?

= 0.650ft (6-28)

Therefore, a weir length of 0.605 ft and a weirgheiof 2.08 ft were required to

control the 10-yr, 24-hr flood. A similar methodsvused to determine tig weir

length. MDE assumed the orifice to be cloggedrdpa 100-yr, 24-hr storm and,

therefore, used the following two-stage weir floguation to estimate th®, weir
length (MDE 2009):

Ui 100 = Cu Loz + Cu oo (6-29)
whereq, ,,, represents the inflow 100-yr, 24-hr flow (27 cfk),, is the Q, weir

length, andh,,,,, is the head above th@; weir during a 100-yr flood, which was
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assumed to equal 0.5 ft in the MDE example. Is thiseh, ,, referred to the head
over theQ, weir during a 100-yr flood (1.77 ft)L,,, was then computed:

0 100 — CulLiohls _ 27cfs— (3.1)(0.650ft)( 258ft)*'2
C h3'2 (3.1)(05)%?

w' 'w,100

~170ft (6-30)

L100 =

Therefore, theQ, weir should have a length of 14.75 ft and a hegglt.5 ft. Figure

6-5 shows the resulting riser and orifice desigtnatoutlet of the micropool.

5.75ft 12.89 fi

1

DATUM

Figure 6-5 Outlet orifice and double riser design throughNMi2E (2009) method. The datum
represents the bottom of the micropool, which wesighed to have a depth of 5.75 ft. The
designatedCp, , Q,, Q, depths represent the water depths correspondithg tb-yr, 10-yr, and

100-yr, 24-hr floods within the wetland.

6.6 FESABILITY CHECK

Once the wetland storages were calculated, MDEedthat a wetland
feasibility test be run to ensure that the wetlatodild not dry out over a 30-day

drought. In order to determine if the wetland vieessible, the estimated wetland
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inflow was compared with the maximum drawdown witthe wetland due to total
evaporation.

Wetland monthly inflow was estimated by multiplyitige drainage area
runoff efficiency by the drainage area and the ,224rhr rainfall depth for Charles
County, MD (3.3 in.). The runoff efficiency wasfohed as the ratio of runoff to
rainfall for the 2-yr, 24-hr for the drainage aréss calculated by TR-55, the
estimated runoff from the drainage area for a 2¢rhr storm event was found to
equal 1.1 in. The runoff efficiencl was then calculated &= 1.1in.  /3.3y.
MDE (2009). A final estimate of wetland monthlylow was calculated (MDE
2009):

Inflow = (33in)(033(539 = 048ac-ft/month (6-31)

12in./ft

Outflow from the wetland via evaporation was thetireated using the highest
monthly evaporation rate (see Table 6-5), which thiasfor the month of July with a

value of 0.54 ft/month (MDE 2009):

2
g7 - (346317)(054Tmonth) _ 515, ti/month (6-32)

43560ft?/ac

Because the monthly outflow due to evaporation araerder of magnitude less than
the monthly inflow to the wetland, it was concludgdt the wetland should maintain
water levels during normal conditions (MDE 2009he MDE procedure next
estimated the total evaporation loss and assocedtidnd drawdown during a 45-
day dry period. Again, the maximum evaporatioe K&t0.54 ft/month was used as a

conservative estimate of the evaporation rate.aBse July has 31 days, this monthly
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rate translates roughly to a daily rate of 0.01daf§. Therefore, over 45 days, a total

depth of 0.78 ft (9.36 in.) would be evaporated.

Over a 45-day dry period at this evaporation ridte wetland would

experience a drawdown of 9.36 in. While the higlrsh areas would be dry during

this period, the wetland would still have 5.64(47 ft) of water in the low-marsh

areas and at least 3.22 ft of water in the deepwateges. Wetland vegetation that is

tolerant of such water depth changes should betseléor this wetland design in

order to ensure vegetation survival through poatetxtended dry periods.

Table 6-5Preci

pitation and evaporation monthly rates foryend (MDE 2009)

April May June July August Septemb
Precipitation (ft) 0.30 0.35 0.32 0.36 0.38 0.31
Evaporation (ft) 0.36 0.44 0.52 0.54 0.46 0.35

6.7 MEETING POND CODE STANDARDS

All wetland designs must meet Code 378 Pond Stasdarorder to ensure

that berms are correctly sized and constructeditaatdhe appropriate permits are

acquired before construction is begun. Accordim@ode 378 Pond Standards, the

following minimum requirements must be met for amybankment or excavated

pond (MDE 2009):

1. Failure of the dam will not cause loss of life,damage to private or public

properties.

2. The product of the pond storage (ac-ft) times ffec@ve height of the dam is

less than 3,000 where the effective dam heightaasured from the lowest

bottom elevation of the pond to the height of theesgency spillway.
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3. A dam with an effective height of 35 ft or lessnsidered a class “a” dam
hazard in rural areas. Dams with effective height®0 ft or less in urban
areas are also considered class “a” hazards. Glassfers to structures that
are of least concern.

In addition to these requirements, a breach flowgtrbe calculated for the proposed

pond (MDE 2009):
Quax = 32H 2 (6-33)
where H , represents the depth of water (ft) at the darhatitne of failure

(measured to the crest of the emergency spillwag design high water if a

emergency spillway is not present) aQgl., is the resulting peak breach discharge

from the pond (cfs). GiveR,

max

and a topographic map of the design site, the

resulting flood deptld (ft) would be calculated. tf was found to be less than or
equal to 1.5 ft, the dam would still be considesieddass “a” hazard. Howevaet,
depths greater than 1.5 ft were considered eittieor* “c” hazards. Wetland
designers should ensure that their designs adbelé€ode 378 Pond Standards
before going forward in construction. The stormavatetland designed in the
current section was assumed to meet these requitemieen that a detailed

topographic map was not provided.
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6.8 STORMWATER WETLAND CALIBRATION

Subjective optimization was used to calibrate tkengple stormwater wetland.
All inputs related to wetland ET were assignedchi® ¢orresponding mean literature

values recorded in Section 2.3.3.1. B#Sg; and K; were set to the initially

estimated mean values derived from the literatéife@l and 0.0208 Hr(see Section
5.2.8). Estimated influent TSS, NHand NQ concentrations were estimated to
equal the mean values reported by Leisenring €2@12), which were based on a
total of 11 stormwater wetlands located in the ditlantic region and are shown in
Table 6-6. The initial and final user input paraene are listed in Table 7-5
Calibration trials were made with simulation pesaxf 5 years in order reduce
calibration time. All trials and their correspondiparameter changes are

summarized in Table 6-8.

Table 6-6Influent and effluent median concentrations forsiwater wetland basins as
reported by the BMP database. The 25% percemtile’r&% values are shown in parentheses
(Leisenring et al. 2012).

Constituent Leisenring et al. (2012) — Chesapeake Bay area BMIBD
In (mg/L) Out (mg/L) Removal (%)

BOD
TSS 43.2 (21.4-91.8) 15.2 (8.5-33.3) 64.8
TN 1.88 (1.06-2.52) 1.40 (0.84-2.27) 25.5
TKN
Organic N* 1.25 1.07 14.4
NH3/NH, 0.13 (0.08-0.24) 0.08 (0.04-0.18) 38.5
NOs 0.50 (0.28-0.93) 0.25 (0.12-0.67) 50.0

* Organic nitrogen EMC values estimated by subingcammonia and nitrate values
from total nitrogen assuming all corresponding ealare based on the same volumes
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Table 6-7All user inputs for the stormwater wetland destifpejr assigned initial values, and

final values after calibration.

User input Initial value Final value
Number of years of simulation 25 25
Contributing drainage area (sc) 5.3 5.3
Cell length (ft) 11.8 11.8
Number of cells in wetland design 26 26
FID vector See Table 6-4
Vegetation specification for each cell (no vegetatr 0, emergent = 1, submerged = 1 See Table 6-
Initial water depth in each cell See Table 6-4
Bottom elevation in each cell See Table 6-4
Berm height at exit of each cell See Table 6-4
Orifice or Weir (Orifice = 1, Weir = 2) 1 1
Orifice area (ft) 0.0491 0.0491
10-yr weir length (ft) 0.605 0.605
100-yr weir length (ft) 175 175
Orifice invert heightH | (ft) 5.75 5.75
10-yr weir invert height (ft) 2.56 2.56
100-yr weir invert height (ft) 4.64 4.64
Hydraulic conductivity K, (ft/d) 0 0
Shelter factofs 0.75 0.75
Wetland albeda 0.159 0.159
Leaf area index LAI 6.5 6.5
Maximum leaf conductanc@leaf (mm/s) 9.7 9.7
Emergent vegetation heigh#,, (m) 1.65 1.65
Wind speed measurement heigngi1 (m) 2 2
Maximum photosynthesis rat MAX (mg-0y/m?-hr) 910 910
TSS particle diametdd (m) 9.5x10° 1.2x10°
Initial water temperatura-w(o) (°C) 155 15.5
Nitrification reaction rateKNlT (hrh 0.01 0.004
Denitrification reaction ratd< DNT (hr?) 0.0208 0.055
TSS wetland background concentratiIrS% (mg/L) 3 3
NH," wetland background concentratidNH 40 (mg/L) 0 0
NOs wetland background concentratidNO30 (mg/L) 0 0
DO initial concentration in wetlan(DO0 (mg/L) 7.5 7.5
Influent DO concentratiorDOin (mg/L) 7.5 7.5
Influent TSS concentratioﬂ_s% (mgl/L) 43.2 43.2
Influent NH;* concentrationNH 4in (mg/L) 0.13 0.13
Influent NHy" concentrationNO3In (mg/L) 0.50 0.50
Wetland perimeter (ft) 259 259
Number of wetland habitat types 3 3
Number of habitat islands 0 0
Goal high-marsh design depth (ft) 15 15
Goal low-marsh design depth (ft) 3 3
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Table 6-8 Stormwater wetland calibration trials and correspog results.

Trial Change made Change Mean Mean annual | Mean Mean annual | Daily mean Daily mean Daily mean
rationale annual inflow (in.) annual ET (in.) effluent TSS | effluent NH," | effluent NO5
rainfall (in.) outflow (in.) conc. (mg/L) | conc. (mg/L) | conc. (mg/L)
1 39.1 14.0 13.9 31.1 3.02 0.05 0.36
2 TSS particle diameter Increase
decreased from 9.5xf0n | effluent TSS 454 16.2 16.2 30.8 18.8 0.05 0.36
t0 1.0 x10Pm concentrationg
3 TSS particle diameter Decrease
increased from 1.0x10m | effluent TSS 43.2 15.4 15.4 31.2 15.2 0.05 0.36
to 1.2 x10Pm concentrationg
! Ky decreased from :\THC S 40.7 14.5 14.5 31.0 15.3 0.05 0.36
- 4 . . . . . . .
0.01 to 0.008 it concentrationg
° K decreased from :\THC oo 445 15.9 15.9 31.0 16.3 0.08 0.35
0.008 to 0.004 i concentrationg
! Koy increased from B(e)C'r o 425 15.2 15.1 31.0 15.6 0.08 0.26
0.0208 to 0.05 hf concentrationg
8 K onr increased from | Decrease
NOs 37.6 13.4 13.3 31.2 15.2 0.08 0.25

0.05 to 0.055 ht.

concentrationg
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6.9 STORMWATER WETLAND PERFORMANCE EVALUATION

The overall performance of the stormwater wetlaesigh was evaluated
through the computation and assessment of perfaeneniteria (PC) and metric
values based on the PC and PTM functions defin&kation 3.4. A total of five
final Wetland Sustainability Indices (WSI's) weteeh computed resulting from (1)
equally weighting all metrics, (2) weighting onlyater quality metrics, (3) weighting
only flood control and downstream hydrologic regimetrics, (4) weighting all water
quality and hydrologic metrics, and (5) weightingyowildlife habitat and aesthetics
metrics. The metric weighting scheme 4 was refetoeas the Best Management
Practice (BMP) weighted design, as it equally wiadhall water quality and
hydrologic metrics, which were the metrics on whBWP design is focused.
Because the base stormwater wetland design wasRafBbility designed according
to MDE requirements, this weighting scheme wasrassito align best with the

intended functions of the wetland.

6.9.1 Performance criteria and metric computation

A total of 16 performance criteria (PC values) waegeloped (see Section
3.4) in order to quantify the performance of a giveetland design with respect to the
seven wetland functions defined in the currentystuthese wetland functions were
(1) wildlife habitat, (2) flood control, (3) downstam hydrologic regime
maintenance, (4) wetland water balance maintendfrgroundwater recharge and
baseflow maintenance, (6) aesthetics, and (7) vagakiity. Within the current

section, all 16 of these PC values for the basenstater wetland design were
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computed. All wetland outputs relevant to PC cotafon are summarized in Table

6-9; resulting PC values are shown in Table 6-10.

Table 6-9All relevant outputs resulting from the 25-yr silation of the base
stormwater design discussed in Section 6.11.

Model output Base design
Mean daily effluent TSS Conc. (mg/L) 15.4
Mean daily effluent DO Conc. (mg/L) 10.3
Mean daily effluent NH4 Conc. (mg/L) 0.0782
Mean daily effluent NO3 Conc. (mg/L) 0.258
Mean Annual Rainfall depth (in.) 43.4
Mean annual ET depth (in.) 31.0
Mean Annual Inflow depth (in.) 15.5
Mean Annual Outflow depth (in.) 15.5
Mean Annual Infiltration depth (in.) 0
Annual Mean Influent volume (ac-ft) 6.85
Annual Mean Effluent volume (ac-ft) 6.93
Annual Mean pre-development volume (ac-ft) 2.65
Mean high-marsh water depth (ft) 0.52
Mean low-marsh water depth (ft) 1.27
Daily Influent flow CV 2.10
Daily Effluent flow CV 0.73
Daily pre-development flow CV 2.10
2-yr Inflow rate (cfs) 0.947
2-yr Outflow rate (cfs) 0.338
2-yr pre-development rate (cfs) 0.366
Mean inflow non-zero flow days 105
Mean outflow non-zero flow days 262
Mean pre-development non-zero flow days 105
Influent zero-flow exceednce probability 0.128
Effluent zero-flow exceedence probability 0.575
Pre-development zero-flow exceedence probability| 0.128
Influent bankfull flow exceedence probability 0.0152
Effluent bankfull flow exceedence probability 0.00807
Pre-development bankfull flow exceedence probabijlit  0.000252
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Table 6-10AIll computed performance criteria (PC) values catefd for the base
stormwater wetland design.

Performance criterion Base design

Mean daily TSS conc. (mg/L) 154
Mean daily DO conc. (mg/L) 10.3
Mean daily NH4 conc. (mg/L) 0.0782
Mean daily NO3 conc. (mg/L) 0.258
Vegetative cover PC 0.68
Habitat island PC 0
High-marsh PC 0.962
Low-marsh PC 0.983
GW recharge PC 0.00
Wetland perimeter PC (ft) 1.24
Wetland diversity PC 3
Wetland area PC (acres) 0.0795
High-flow PC 0.316
Low-flow PC 0.223
Flow variation PC 2.90
Flood control PC 0.382

6.9.1.1 Wildlife habitat

Two wildlife habitat PC values were defined in therent study (see Section
3.4.1), one of which evaluated the proportion okegent vegetated area in the
wetland available for marsh wren habit&Q,, ) and the second of which evaluated
the number and distribution of habitat islands given wetland designRC,,,). A
total of 17 out of 25 cells had emergent vegetaitiaime base design, resulting in a
PC,,of 17/25 or 0.680. The base design did not, howenelude any habitat
islands, and, therefore, hadP{,,, value of 0. Applying the corresponding habitat
PTM relationships defined in Equations 3-4 and 8eBresponding habitat metrics

M, andM,,, of 0.712 and O were computed:
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1 1

M., = - -0712  (6-34)
1+10890exp(-15- PC,,;) 1+10890exp(-15-0.680)

M,,=0 (6-35)
Therefore, while the base stormwater wetland degegformed reasonably well with
respect to wren marsh habitat, it did not providg additional waterfowl habitat via
habitat islands. Based on these habitat methesstormwater wetland design does
not represent an optimal design for the sustainadi@tenance of wildlife habitat as

defined in the current study.

6.9.1.2 Flood control

The flood control performance criterid?C. was equal to the proportion of
computed pre-development mean annual voline to that of the wetland outflow
V,,: (see Section 3.4.2). This ratio evaluated therexb which annual wetland

effluent volumes compared with annual volumes estith to runoff from an

analogous pre-developed area. The base stormwatiand design computed,
andV,.. values of 302,020 and 115,279 (®.93 and 2.65 ac-ft), which resulted in a

PC.. of 0.382:

3
_1152791t° _ oo,

= =0. 6-36
302020ft® ( )

PC.. = !PRE

VOUT

Therefore V. only represents 38.2% ¥f,; , indicating that the wetland produces
61.8% more runoff than pre-developed conditionscaisePC_. was less than 2,

the final flood control metridM .. was computed according to Equation 3-7:

M. =-PCZ% +2-PC.. =-(0.38%)+2-0.382= 0.618 (6-37)
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These resultind®C.. and M. suggest that the performance of the stormwater

wetland design was not effective in reducing theoftivolume entering the
downstream natural area. This poor flood contesfgrmance is typical of
stormwater wetlands, which are generally designighdl avgreater focus on water

quality improvement and peak flow reduction tharvolume reduction.

6.9.1.3 Downstream hydrologic regime
A total of three downstream hydrologic regime PQ@ea (PC,, ,,PC,
and PC, ,,) were developed in Section 3.4.3. TRE,, ,,, the high-flow PC, is a

ratio of the proportion of 1-min pre-developmenttanin outflow discharge rates
that exceeded the computed pre-development 2eyr éistimated bankfull flow)
discharge for a given drainage area. H@, ,, the low-flow PC, is a ratio of the
proportion of 1-min pre-development to 1-min outfllowrates that exceeded zero.

Finally, the PC,, ., the flow variation PC, represents the ratio @ftirean pre-

development daily flowrate coefficient of variati@Ve to the is the mean wetland

effluent daily flowrate coefficient of variatioBVe over the simulation period.

These three PC values were computed accordingihéobase stormwater wetland

design:
PCy = Pere) _ 0.000252 0316 (6-38)
Pourwy  0.000797
PCy, = Derey _ 9128 _ 223 (6-39)
Pourqy 0975
CV» 210
PCH (cv) = C:\/E = 0727 = 290 (6'40)
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The same PTM functional form, which is shown in &ipn 3-1, was used to convert
all three downstream hydrologic regime PC valugféar corresponding metrics

My My, andMy

M ) = —PC2 ) +2-PCpyyy =-(0.335) + 2-0.335= 0.558 (6-41)
Mo =—PCZ, +2-PC,,, =-(0.223)+2.0.223=0396 (6-42)
Micv) =0 (6-43)

These metric values revealed that while the wetthdd fair job of mitigating the
frequency and duration of flow exceeding bankfalll@ poor job of mimicking pre-
development zero-flow frequency and duration. WWe#dand also failed to recreate
the variation in flow observed under pre-developexditions.

These discrepancies between wetland outflow andi@velopment
hydrologic regimes are due to the manner in whiehwetland outlet orifice and weir
structure controls flow. The outlet orifice wastdgmed according to MDE (2009)
requirements to reduce effluent flowrates to a maxn effluent rate of 0.379 cfs.
However, because the wetland did not reduce influelumes proportionally to these
reduced peak flows, the resulting effluent hydradaggime did not match that of
pre-development conditions. Therefore, while peffikent flowrates were restricted
by orifice and weir flow, higher flows were maimad over longer durations than
under corresponding pre-development conditionsa Aesult of these longer flow
durations, wetland effluent flows exceeded zer&%rof the time or an average of
262 d/yr while pre-developed flows only exceedem A2.8% of the time or 105

d/yr. Because flows were maintained over longeations, the day-to-day variation

in effluent flowrates, which was represented b@\ae of 0.727, was much lower
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than that of pre-developed conditions, which wasasented by &€Vr of 2.90. The
three hydrologic regime metrics were designed tduate the frequency, duration,
and magnitude of wetland effluent flow as it congubro pre-developed values with
the hopes of promoting stormwater wetlands thaebetimic pre-developed

hydrologic conditions.

— Wetland effluent

002 ¢ v e Pre-developed

0.015

0.01

Discharge rate (cfs)

0.005

70 80 90

Time (hr)

Figure 6-6 Comparison of example effluent (solid line) and-geveloped (dashed
line) hydrographs. The pre-developed hydrograghahital duration of 16 hours
while the effluent hydrograph flows over a totall@5 hours. The effluent volume is
also almost double that of the pre-developed runoff

6.9.1.4 Wetland water balance

Two wetland water balance performance criteR&, ,, and PGy, , were
defined in Section 3.4.42C,,,, is the ratio of a user-defined goal high-marsh wate

depth to the actual mean high-marsh water depthtbeesimulation period.

PG, is the ratio of a user-defined low-marsh deptthdctual simulated mean
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low-marsh depth. Both wetland water balance PGeslvere computed according

to Equations 3-17 and 3-18:

SSoaqny 050

PCus) = SS. = 052= 0.962 (6-44)
SSoaqw) 125

Pl =~ g = 157 = 0983 (6-45)

Given than optimaPC, ,, and PG, values were 1.0, these values show that the

wetland maintained design water levels very wedrahe simulation. Final wetland
water balance metricsl, g, andM,,;,, were also computed using the same PTM
relationship (see Equation 3-1) as all of the ddmeasn hydrologic regime PC
values:

Mgy = —PClag) + 2+ PCuginy = —(0.962°) + (2-0.962 =0.999  (6-46)
Mugy, = —PClgu + 2+ PCugy = —(0.98%F) + (2-0.983 = 100 (6-47)

These resulting metrics also show that the baskmdéetesign maintained the design

water levels very well over the 25-yr simulationripd.

6.9.1.5 Groundwater recharge and baseflow maintenance

The current study developed one groundwater reetemnd baseflow
maintenance PC valueC,,, (see Section 3.4.5), which was a ratio comparieg th
estimated pre-development annual infiltration dherdrainage area with the
simulated annual infiltration volume within the \eetd. The base stormwater design
incorporated an impervious liner, and thereford,rbt provide any infiltration. As a
result, the®PC,, and corresponding metric for the base design wette ® based on

Equations 3-231 and 3-24.
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6.9.1.6 Aesthetics

Three aesthetics performance criteria were spédfi&ection 3.4.6, which

evaluate the extent to which the (1) wetland pet@mieregularity PC,, , (2)
wetland-type diversityPC,,,, and (3) total wetland surface arB&, contributed to

the overall aesthetic appeal of a given wetlandgdesThe following aesthetic PC
values were computed for the base stormwater weetlasign according to Equations
3-25, 3-26, and 3-27:

PR 2591t

PC,, = = =124 (6-48)
2,/7 (43560-A,) 2,7 (43560-0.0795a0
PC,, =N= 3 (6-49)
PC, = A, = 0.0795 ac (6-50)

where PFkis the wetland perimeter (ft}, is the wetland surface area in acres, and

N is the total number of wetland habitat types presethe wetland design. The

wetland perimetePR was equal to 259 ft and the arég was 0.0795 ac (3,463t

The base design was also assumed to have thréeédkand habitat type®N , which
were high-marsh areas, low-marsh areas, and aidawater depths between 1.5
and 4 ft. Deepwater areas were not includedll ias they did not provide habitat, but
were rather intended to provide areas for additi®®s settling. From these PC

values, final aesthetics metriés,, , M,,,, andM , were then computed based on

Equations 3-28, 3-29, and 3-30:

PC, 124

M =] = 5 = ? = 0248 (6'51)
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My = % = g = 060 (6-52)

PC, _ 0.0795ac
1C 1Cac

M, = =0.00795 (6-53)

These final metrics indicate that the base wettiggign did not have a large aesthetic
value with respect to perimeter irregularity andace area. It did, however, provide
some variation in wetland habitat types, which itesuin a finalM,,, of 0.60.

Overall, because aesthetics were the not a manded function of this stormwater

wetland, these poor aesthetics metrics were exdepte

6.9.1.7 Water quality

Water quality PC values were defined in Section73td equal the mean daily
effluent TSS, dissolved oxygen, WHand NQ' concentrations over the simulation
period, which were respectively 15.4, 10.3, 0.048%] 0.258 mg/L and are compiled

in

Table6-10 From these concentrations, Equations 3-32 throug¢h ®ere used to

compute corresponding water quality metiMds,;, M4, Moo, andM -
Myos=1 (6-54)
M 0 = 115-exp(-996- NH4) = 1.15-exp(- 996-0.0782) = 0.528 (6-55)
My, =1 (6-56)
M es=3-TSS® =3. (154%")=0.328 (6-57)
These metrics were based on a study done by Melatt (2010) that related water

guality concentrations with different levels of mal stream benthic health. The
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resulting metrics showed that the wetland did azebent job of achieving healthy
effluent concentrations of DO and NOHowever, effluent TSS and NH
concentrations were still high compared to hedkhrels reported by McNett et al.

(2010) to correspond with natural streams.

6.9.1.8 Final WSI computations

Once all performance criteria and metrics were agegbfor the base wetland
design, a total of five metric weighting schemesengeveloped in order to show to
effect of weighting on the final Wetland Sustairidépindex (WSI). As defined in
Section 3.5, the WSI is the weighted sum of alllaret metrics. The weights
assigned to each metric are subject to user dignreased on the intended
function(s) of a given wetland design. Therefaveighting schemes were developed
within the current section to compute the final VéSthe base design with respect to
(2) all wetland functions, (2) water quality furants, (3) flood control, wetland water
balance, and downstream hydrologic regime funct{oas all relevant hydrologic
functions), (4) habitat and aesthetic functionsl &) both water quality and
hydrologic functions. The final weighting schemeferred to as the BMP weighting
scheme, was assumed to be most relevant to thaelbaigm as its main purpose was
to control the effluent hydrologic regime, preveoivnstream flooding, and to
improve stormwater water quality. The BMP weiggtstheme was further used in
the sensitivity analyses of all design criteria arglit parameters performed later in
this section.

As shown in Table 6-11, the five different weiglgtiscchemes resulted in

varying WSI scores for the base wetland desigre watland performed worse, with
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a WSI of 0.314, when only habitat and aesthetiaicgetvere weighted. This low
WSI score reflects the poor aesthetics and hatiditics produced by the wetland.
Conversely, the wetland performed best when onlemnguality metrics were
weighted, with a WSI of 0.714. The final BMP weligly scheme resulted in a WSI
of 0.640, which reflected good water quality pemiance and fair hydrologic
performance. Therefore, while stakeholders mdsteésted in wetland habitat and
aesthetics would be disappointed with this wetldesign, those concerned solely
with water quality performance would favorably assthe performance. Based on
these results, the WSI weighting method appearsfiect the performance of the
wetland with respect to all defined wetland funieto

While the different weighting schemes were sucegssfproducing WSI
scores indicative of the performance of the wetharttl respect to different wetland
functions, the significance of the differences bedwthese scores remains to be
defined. As defined in Sections 3.4 and 3.5, leghperformance metrics and WSI
scores had ranges of 0 to 1, with O representiihgrésto meet a given function and 1
representing optimal performance of that functibtawever, it is difficult to define
what represents a significant difference in thestrios and resulting WSI scores.
For example, if two wetland designs return respediVSl| scores of 0.600 and 0.700,
does the second design perform significantly beitien the first? Answering this
guestion requires detailed knowledge of (1) thended functions for the proposed
wetland and (2) the sensitivity of these wetlamactions to the differences observed
in the WSI scores of the two wetlands. While ifeth wetland functions can be well

defined, it often difficult to define the sensitiyiof such functions due to lack of data.
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The current study explores this issue in the folt@isections as well as in Chapters
7, 8, and 9 by computing the PC values, metricg,camresponding WSI scores for a

number of different wetland designs and types.

Table 6-11Computed metrics, weights and final Wetland Sastaiity Indices
(WSI's) resulting from three different metric wetglg schemes.

Weights
Performance criterion Raw metrics Eq.ually- qVL\JlaELIIE?;- Hv)\//girgLotg?j/ Aii?r:tea:i/c- wlc?a)il\grie d
weighted . .
weighted weighted

Mean daily TSS Conc. (mg/L) 0.328 0.0625 0.25 0 0 0.1
Mean daily DO Conc. (mg/L) 1 0.0625 0.25 0 0 0.1
Mean daily NH4 Conc. (mg/L) 0.528 0.0625 0.25 0 0 0.1
Mean daily NO3 Conc. (mg/L) 1 0.0625 0.25 0 0 0.1
Vegetative cover PC 0.712 0.0625 0 0 0.2 0
Habitat Island PC 0 0.0625 0 0 0.2 0
High-marsh PC 0.999 0.0625 0 0.167 0 0.1
Low-marsh PC 1.000 0.0625 0 0.167 0 0.1
GW Recharge PC 0.000 0.0625 0 0 0 0
Wetland Perimeter PC (ft) 0.248 0.0625 0 0 0.2 0
Wetland Diversity PC 0.600 0.0625 0 0 0.2 0
Wetland Area PC (acres) 0.008 0.0625 0 0 0.2 0
High-marsh PC 0.533 0.0625 0 0.167 0 0.1
Low-Flow PC 0.396 0.0625 0 0.167 0 0.1
Flow Variation PC 0.000 0.0625 0 0.167 0 0.1
Flood Control PC 0.618 0.0625 0 0.167 0 0.1
Final WSlIscore 0.498 0.714 0.591 0.314 0.640

6.10 STORMWATER WETLAND DESIGN SENSITIVITY ANALYSIS

A sensitivity analysis was performed on the MDEdghstormwater wetland
designed in Section 6.4 with the final objectives:
1. To assess the importance of design criteria chafeygs decreasing high-
marsh area from 35% to 40%, removing the forebtzy) en resulting model

performance criteria.
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2. To assess the importance of model inputs (e.gnalye area, runoff
coefficient, leaf area index, etc.) on resultingd@lgperformance criteria.
Within the current study, the importance of a giugput parameter or design criteria
with respect to each wetland performance critewas quantified as the relative

sensitivity (S ):

_OPC/PC
XXX

(6-58)
whereX is the input parameter or design criteria foreegisimulation,PC is the
model performance criteria, arfsl is the model relative sensitivity (dimensionless)
with respect toPC. As a review, the final model sustainability netrare
normalized (range from 0 to 1) representationsef model performance criteria.
The current study performed a sensitivity analgsishe raw performance criteria as
the relationships linking the performance critenmal final, normalized metrics are
subject to changes made by the model user.

In addition to theS, values, deviation sensitivitlp, values were also

computed for each input parameter/design criterchautput PC pair:

D, = FCAx - pC (6-59)
X

where AX , with the same units a§ represents the error associated with Because
AX and oX were both equal to the introduced deviatioiXjithe final D, values
were equal to the resulting deviation observedgivan PC value. Therefore,

D, values had units equal to those of the correspgriel® value.
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6.11 STORMWATER WETLAND DESIGN CRITERIA

The example stormwater wetland design used inghsitivity analysis was
designed according to the specifications and praesddeveloped by the Maryland
Department of the Environment (MDE). Each stethaf design was recorded and
discussed in detail in Section 6.4. A requiredavet surface are@A, of 3,463 ff

(1.5% of the drainage area) and a water qualitymelWQ,, the MDE-specified

minimum wetland volume for stormwater quality impement, of 5,396 1(0.124
ac-ft) was computed according to MDE (2009) speatfons in Section 6.4. The
final stormwater wetland design met all MDE-spexdfdesign criteria (see Table
6-12).

The final wetland design included a total of fouDErequired wetland
zones, the forebay, micropool, high-marsh, and heavsh (see Table 6-13). The
forebay was designed with a depth of 4 ft, whictuhed in a forebay volume that
was 10.3% of the totalVQ, while a volume of greater or equal to 10% was ireqgu
by MDE (2009). The micropool had a depth of 5.75Together, the forebay and the
micropool composed all of the deepwater (i.e., wdépths> 4 ft) areas within the

wetland and accounted for 25.0% of #M§),, which met the MDE requirement that

deepwater areas must compose at least 25% &W@e High-marsh areas, which
had water depths less than or equal to 0.5 ft,.atted for a total of 36% of the
MDE-required surface are€d®, meeting the MDE-required proportion of 35%.
Low-marsh areas, which had water depths betweear@3..5 ft, accounted for a
total of 32% of theSA,. The total high and low-marsh area was 68% oShe
which met the MDE-required proportion of 65%. hder to meet th&VQ,required
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storage, the remaining wetland volume was alldibedater with a depth of 3 ft,
which did not match any of the MDE-defined depttegaries. MDE (2009) did not
specify any requirements for such areas with wadggths between 1.5 and 4 ft.
Therefore, it was assumed acceptable to includeetBet depth areas in order to

meet the requiretVQ while also matching the minimu®#A, proportions.

Table 6-12MDE (2009) wetland criterion and correspondingueal for stormwater
wetland designed in current study.

Wetland feature MDE (2009) criterion Cur:jent_ study

esign

Wetland surface area > 1.5% contributing 1.5% contributing

drainage area5A) drainage area

Storage volume at normal | WQ, (5,396 ff) 5,853 ft

pool level

High-marsh (water depths| > 35% of required wetland36% ofSA,

0.5 ft) surface are&A

High + Low-marsh (water | > 65% of required wetland68% ofSA,

depths< 1.5 ft) surface are&A,

Forebay volume > 10% of WQ, 10.3% ofwQ,

Deepwater zones (water | > 259% of WQ, 25.0% ofWQ,

depths> 4 ft)

Table 6-13Wetland zones and corresponding depths as dein&DE (2009).

Wetland Zone MDE (2009) depth definition
High-marsh <0.5ft
Low-marsh >0.5ftand 1.5 ft
Deepwater >4 ft
Micropool 3-6 ft
Forebay No depth specifications
Other >15ftand <4 ft

6.12 SIMULATION PERIOD DETERMINATION

It was important to find a simulation period thaffiently characterized the

hydrologic regime of the wetland and its contribgtdrainage area. However, there
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was a computational price to be paid for longerusation periods. While the 25-cell
stormwater wetland model structure discussed iti®e6.11 takes less than one
minute to simulate 1 year of flow, it requires abbib7 hours to simulate 100 years
(see Table 6-14). The current study performechaigeity analysis to determine a
model simulation period that fully characterized ttydrology of the wetland while

minimizing computational time.

Table 6-14Simulation periods and corresponding computaiimes for the 25-cell
shallow stormwater wetland designed in the curséudy using a 64-bit operating
system with a Intel® Core™ i5-4440 CPU at 3.10 GHz.

Simulation period (yrs) | Computation time (min)
1 0.951
5 4.66
10 9.50
25 23.4
50 46.3
100 94.2 (1.57 hr)

In order to evaluate the sensitivity of model perfance to simulation period
duration, flow was first simulated through the bedited shallow stormwater wetland
over a 100-yr period (see Figure 6-8). The anmaatimum flowrates (cfs) for
wetland inflow, wetland outflow, and the estimajped-developed drainage area
(including the wetland area) were output for eagaryf simulation. While both the
inflow and pre-development annual maxima seridsvia@d similar trends with
respective standard skews of -0.625 and -0.735yétkand outflow annual maxima
series had a positive skew of 0.609. The diffeeendhe shape of the wetland
outflow flood-frequency curve is due to the storagaracteristics of the wetland

cells and the characteristics of the outlet stmecof the wetland.
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The stormwater wetland outlet was designed accgradirMDE (2009)
standards, with an orifice to control the 1-yr,[#4storm; a weir to control the 10-yr,
24-hr storm; and a second and final weir to transfe 100-yr storm event through
the wetland (see Figure 6-7). As described iniGe@&.4, the outlet orifice had a
diameter of 3 in., was situated at normal pool lleaed was designed to control the
1-yr, 24-hr storm event. The 1-yr, 24-hr stormréwgas computed to equal 2.56 ft of
storage above the normal pool level, with a colwagdmg outflow rate of 0.379 cfs as

computed from the orifice equation:

g, = AC,+/2gh, = 0.0491ft - 0.6\/ 2(32.2ft/s*)(256ft) = 0.379cfs (6-60)
where h, represents the maximum storage depth (ft) assaotwith the 1-yr, 24-hr
storm (2.57 ft),A, ,is the orifice area @, C,is the orifice coefficient, and, is the

maximum orifice flowrate (cfs). A weir with a letigof 0.650 ft was situated 2.56 ft
above the normal pool level (see Figure 6-7), whiels designed to control the

influent 10-yr, 24-hr storm event with an outfloate of 6.42 cfs.
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Figure 6-7 Outlet orifice and double riser design throughMi2E (2009) method.
The datum represents the bottom of the micropobichvwas designed to have a
depth of 5.75 ft. The designat&@p, , Q. , Q, depths represent the water depths

corresponding to the 1-yr, 10-yr, and 100-yr, 24kbwds within the wetland.

The outflow annual maxima series experienced anplimcrease in flowrates
and slope after an exceedence probability of aBd&4, which corresponds to an
outflow rate of 0.352 cfs. This jump in flowrat@sd change in slope in the outflow
maxima series are due to the change from orifme,flvith a maximum computed
flowrate of 0.379 cfs, to two-stage orifice -wdov, with a maximum flowrate of 6
cfs. Therefore, as seen in Figure 6-8, wetlantiamtrates approach those of inflow
rates for storm events with flowrates and/or inflelumes exceeding those of the 1-
yr, 24-hr influent storm event. Figure 6-9 shdtws resulting Log-Pearson Il (LP3)
curves and corresponding data points for weir out#nd orifice outflow rates,
showing that the weir flow annual maxima seriesdasuch steeper slope than that
of the orifice flow annual series maxima. As wmlost BMP facilities, this
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stormwater wetland was designed with the purpos®wfrolling smaller storm

events (with inflow storm events with recurrenceeimals of 1 year or less).
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Figure 6-8 Resulting annual maxima for wetland inflow (bldadkngles), outflow
(blue diamonds), and estimated pre-developed dyaingea (grey squares) resulting
from 100 years of simulation. Corresponding LoguBen Il curves were computed
for inflow (black line), outflow (blue line), and@-developed (grey) annual maxima
flow series.

The annual maxima series were analyzed separaegel100-yr period, two
consecutive 50-yr periods, and four consecutivgrderiods. Log-Pearson llI
curves were then computed for each of the seveiitires simulation periods (one
100-yr, two 50-yr, and four 25-yr periods). Thangeated LP3 curves for all
simulation periods for inflow, outflow, and pre-adeped conditions are plotted in
Figures 6-10, 6-11, and 6-12. Curves from all $ation periods followed similar
trends for each three flow series (i.e., inflowtflowv, and pre-development). As

expected, the resulting 25-yr LP3 curves showedtgraleviation from the 100-yr

curve than the 50-yr curves. Therefore, as sasip&edecreases, variation increases.
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In order to evaluate the significance of the vasiabbserved between the 100, 50,
and 25-yr LP3 curves for each flow series, the 50025, and 2-yr flows were
computed from the corresponding LP3 for all simalaperiods and all flow series.
Computed flows for all 50 and 25-yr simulation pels were also compared with
corresponding computed flows generated from theyt@Gmulation period in the

form of relative errore/Y,,,:

Y, Y,
el Y, = 5100

(6-61)

100

whereY,,, represents the flowrate (cfs) for a given LP3nreperiod (i.e., 2, 25, 50,
or 100 yrs) computed from the 100-yr simulationgeandYyis the flowrate (cfs)

for a given LP3 return period computed from onéhefsix other simulation periods
(two 50-yr and four 25-yr simulation periods). &etperiod flows ana/Y,,for all
simulation periods are summarized in Table 6-15¢etland inflow, in Table 6-16
for wetland outflow, and Table 6-17 for pre-deveaddonditions. Resulting

elY,,,values had magnitudes of less than 25% for all sitimn and computed return

periods. More variation between simulation periads observed in wetland outflow

values (maximune/Y,,, of 0.239 for the 100-yr flow generated from they25

simulation period #1) versus the inflow and prealepment values with

corresponding/Y,,, values of 0.161 and 0.119 for the same 100-yr flavthe 25-

yr simulation period #1. This increased variationvetland outflow rates is likely
due to the increased flowpath complexity within Wetland. While inflow and pre-
developed flowrates depend directly on rainfakksatnd their respective runoff

coefficients of 0.36 and 0.137, outflow rates depen rainfall rates, initial wetland
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storage, and ET rates. Relative erret¥,,, for LP3 2-yr return period flowrates

were low for all flow series, with maximum respgetivalues of 0.059, 0.083, and
0.065 for inflow, outflow, and pre-development L&8ves.

Given these results, the 25-yr simulation perippgears to sufficiently
characterize the hydrology of the site based omelaively low (within the context
of hydrology) variation observed between the 10@d 25-yr generated LP3 curves
and return period flood events. However, it idiclifit to predict the magnitude of
these variations with respect to the variations with be produced by changing input
parameters and design criteria. Ideally, the hgdyio variation between simulations
would be zero, which would guarantee that paranfassign criteria changes were
responsible for all variations in simulation rurGiven this concern, a large number
of the performance criteria outputs were desigreetos of pre-development over
outflow hydrologic values. These PC values showldbe greatly affected by
variation between simulations, as both the pre-dgweent and the outflow
hydrology would experience the same conditionfi¢alyh extreme outflow and pre-
development values may not necessarily be prodog¢ide same storm event). The
comparative nature of these PC ratios should, meige, normalize hydrologic
variations between simulations. Additionally, thater quality PC values are the
daily effluent TSS, N, and NQ concentrations, which seemed to be fairly
resilient to hydrologic variation through calibati (see Table 6-8) with 5-yr
simulation periods. The only PC values of con@mthe wetland water balance PC
values, which measure the mean high and low-masasarwlepths. While the

wetland is dependable in maintaining the desigritdery periods and large storm
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events can temporarily decrease or increase wafghsl However, over a
simulation period of 25 years, it may be reasonabissume that these fluctuations

would equilibrate, even with extreme events.
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Figure 6-9 Annual maxima series for outflow (blue diamond#)patflow values
with weir flow (grey triangles), and outflow flowsith orifice flow (black squares).
Corresponding Log-Pearson Il curves were comptdethe total outflow series
(blue line), weir flow outflow (grey line), orificBow outflow (black line), and pre-
developed (green line).
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Figure 6-10Computed Log-Pearson Il curves for inflow annuabdimum series
based simulation periods of 100 yr (solid blacle)irb0 yr (dashed black lines), and
25 yr (grey lines). All simulation periods werdea from one 100-yr simulation.
Therefore, two 50-yr and four 25-yr periods arevaio

327



0.15

-0.05 1

-0.25 +

Log(Q)

-0.45 1

-0.65 A

-0.85

95 90 80 70 60 50 40 30 20 10 5 1 05
Exceedance Probability

Figure 6-11Computed Log-Pearson Il curves for outflow anmnmakimum series
based simulation periods of 100 yr (solid blacle)irb0 yr (dashed black lines), and
25 yr (grey lines). All simulation periods werdea from one 100-yr simulation.
Therefore, two 50-yr and four 25-yr periods arevato
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Figure 6-12Computed Log-Pearson Il curves for pre-developra@nual maximum
series based simulation periods of 100 yr (solatkline), 50 yr (dashed black lines),
and 25 yr (grey lines). All simulation periods wéaken from one 100-yr simulation.
Therefore, two 50-yr and four 25-yr periods arevano
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Table 6-15LP3 curve computed 100, 50, 25, and 2-yr flowr&esvetland inflow for all seven simulation pergodRelative errors

e/Y values were computed with flowrates computed fthen100-yr simulation period as the “observed” ealu

Inflow LP3 Simulation Time period (yrs)
Return 100 50 #1 50 #2 25 #1 25 #2 25 #3 25 #4
Period (yr) Flow | Flow | g/y | Flow | g/y | Flow| g/y | Flow | g/y | Flow | g/y | Flow | &/vy
(cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs)
100 1.77 1.66 | -0.064 1.85| 0.044| 1.49 -0.16] 1.8% 0.045 1.7y8 0.0p6 1.84 .03
50 1.69 159 | -0.05¢ 1.76 | 0.042| 1.44] -0.15( 1.76 0.042 1y3 0.0p6 1.72.020
25 1.60 152 | -0.050 1.66 | 0.041| 1.38 -0.134 1.6% 0.037 167 0.047 1.60 .00
2 1.05 1.02 | -0.024 1.08| 0.030| 1.01f -0.03F 102 -0.033 1.8 0.1B0 (Q.990.059

Table 6-16LP3 curve computed 100, 50, 25, and 2-yr flowr&besvetland outflow for all seven simulation petgo Relative errors

e/Y values were computed with flowrates computed fthen100-yr simulation period as the “observed” ealu

Outflow Simulation Time period (yrs)
LP3 Return [™100 50 #1 50 #2 25 #1 25 #2 25 #3 25 #4
Period (yr) Flow | Flow | g/y | Flow | g/y | Flow | g/y | Flow | g/y | Flow | g/y | Flow | @&/Yy
(cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs)
100 1.52 1.26 | -0.174 1.79 | 0.176| 1.16] -0.23 1.33 -0.136 1.88 0.286  1.740.142
50 1.27 1.08 | -0.149 1.46 | 0.149| 0.99] -0.22] 1.16 -0.047 152 015 1.430.126
25 1.06 0.93 | -0.124 1.19 | 0.124] 0.84) -0.201 1.0( -0.049 1.2 0.1p4 1.170.110
2 0.42 0.41 | -0.024 0.44 | 0.031] 0.39] -0.081 0.44 0.042 042 0.002 Q.45 .06
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Table 6-17LP3 curve computed 100, 50, 25, and 2-yr flowr&bdepre-developed conditions for all seven simalaperiods.
Relative error®/Y values were computed with flowrates computed ftben100-yr simulation period as the “observed” ealu

Pre- Simulation Time period (yrs)
development[™—109 50 #1 50 #2 25 #1 25 #2 25 #3 25 #4
LP3 Return — — — — — —
Period (yr) Flow | Flow | g/y | Flow | g/y | Flow | g/Yy Flow | g/y | Flow | g/y | Flow | @)y
(cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs)
100 0.67 0.62 | -0.084 0.72 | 0.075| 0.59 -0.119 0.69 0020 0.68 0.003 Q.72 .079
50 0.65 0.60 | -0.074 0.69 | 0.067| 0.57[ -0.121 0.66 0.023 0.67 0.081 (.68 .04
25 0.61 0.57 | -0.064 0.65| 0.059| 0.54| -0.121 0.63 0.0 0.64 0.060 Q.63 .0240
2 0.41 0.41 | -0.014 0.42 | 0.020| 0.40f -0.044 041 -0.011 046 0.1p1 (.390.065
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6.12.1 Evaluating flow variation through culvert diameter design

Culvert diameters were designed from LP3-compu@ %0, 25, 10, and 2-
yr flows for all seven simulation periods that werscussed in the previous section.
The resulting variation in design culvert diametees used to determine the
importance of the initial flow variation observeetWween simulation periods. The
culvert diameterd),. (ft) were designed for an unsubmerged inlet antébutith the
following Manning-derived equation (McCuen 2005):

D, =1333Q-n)**s"® (6-62)
whereQ is the flowrate (cfs) for a given return periodiaimulation periodn is the
pipe roughness coefficient, aBis pipe slope (ft/ft). Within this example, thepi
slope Swas set equal to the drainage area slope of Oti.3The pipes were
assumed to be corrugated metal with a pipe roughrefficientn of 0.023

(McCuen 2005). ComputeD.. values and corresponding ASTM standard corrugated

pipe diameters are summarized for inflow, outflawd pre-developed conditions in
Tables 6-18, 6-19, and 6-20. All pre-developmastigh flows yielded a design

culvert diameter of 8 in. Additionally, the rangashe computed, values across

simulation periods for each return period were leetw0.44 and 0.52 in. (0.0367 and

0.0433 ft). These smal. ranges suggest that pre-development flows did &gt v

significantly between different simulation periodBherefore, a 25-yr simulation

period would be sufficient in characterizing preselepment hydrology.
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Table 6-18Computed culvert diameters and corresponding dgsje diameters (based on ASTM A760 standard gated pipe
diameters) for wetland inflow for all LP3-computgurn period flowrates and all seven simulationquoks.

Inflow Simulation Time period (yrs)
R 100 50 #1 50 #2 25 #1 25 #2 25 #3 25 #4
Period (yr) Culvert diameter Culvert diameter Culvert diametqr Culvert diameter Culvert diameter Culvert diametef  Culvert diameter
Computed| Design | Computed| Design| Computed| Design] Computed| Design | Computed| Design ] Computed | Design | Computed | Design
(in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
100 10.8 12 10.6 12 11.0 12 10.2 12 11.0 1p 10.9 32 011} 12
S0 107 12 10.4 12 10.8 12 10.0 12 10.8 1p 10.8 2 710] 12
25 10.4 12 10.2 12 10.6 12 9.87 10 10.6 1p 10.6 J2 410] 12
10 10.1 12 9.90 10 10.2 12 9.62 10 10.2 1p 10.8 12 899 10
2 8.91 10 8.82 10 9.01 10 8.80 10 8.83 19 9.33 10 1874 10
Table 6-19Computed culvert diameters and corresponding dgsje diameters (based on ASTM A760 standard gated pipe
diameters) for wetland outflow for all LP3-compugturn period flowrates and all seven simulationquis.
Outflow Simulation Time period (yrs)
R 100 50 #1 50 #2 25 #1 25 #2 25 #3 25 #4
Period (yr) Culvert diameter Culvert diameter Culvert diametef  Culvert diameter Culvert diameter Culvert diametef  Culvert diameter
Computed| Design | Computed| Design | Computed| Design | Computed| Design | Computed| Design| Computed| Design | Computed | Design
(in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
100 10.2 12 9.54 10 10.9 12 9.25 10 9.74 1( 11.1 1p 8 10. 12
S0 959 10 9.03 10 10.1 12 8.73 10 9.27 1 10.3 1p 010 12
25 8.94 10 8.51 10 9.33 10 8.21 10 8.77 1( 9.43 10 99.2 10
10] .07 8 7.79 8 8.33 10 7.52 8 8.06 8 8.36 1¢ 8.3 1o
2 6.34 8 6.29 8 6.42 8 6.14 8 6.44 8 6.35 8 6.48 i
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Table 6-20Computed culvert diameters and corresponding dgsjge diameters (based on ASTM A760 standard gated pipe

diameters) for wetland outflow for all LP3-compugturn period flowrates and all seven simulationquis.

Pre- Simulation Time period (yrs)
developed 100 50 #1 50 #2 25 #1 25 #2 25 #3 25 #4
Return Culvert diameter Culvert diameter Culvert diametef  Culvert diameter Culvert diameter Culvert diametef  Culvert diameter
Period (yr) Computed| Design | Computed| Design | Computed| Design | Computed| Design | Computed| Design| Computed| Design | Computed | Design
(in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
100)] 75 8 7.30 8 7.8 8 7.20 8 7.60 8 7.58 8 7.8 g
S0 743 8 7.22 8 7.6 8 7.08 8 7.49 8 7.52 gl 7.6 g
25 7.29 8 7.11 8 7.45 8 6.95 8 7.36 8 7.43 8 7.36 $
1001 706 8 6.93 8 7.18 8 6.74 8 7.12 8 7.26 g 7.03 $
2 6.29 8 6.25 8 6.34 8 6.18 8 6.27 8 6.57 8 6.13 *
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More variation in computed and design diametersotserved for both
inflow and outflow flows. Design diameters for Vagtd inflow rates varied for the
25- and 10-yr return periods. The respective ramgeomputedD. values across
simulation periods for the 25- and 10-yr returnigpeflows were 0.73 and 0.68 in.,
which were larger than the ranges seen in pre-dpedtdesigned pipe diameters.
These ranges, however, were similar to the ranigesreed in theD. values
computed for the return period flows that resultedonstant design pipe diameters.
LP3 computed flows for 100-, 50-, and 2-yr retuemipds respectively required

design pipe diameters of 12, 12, and 10 in. Thgea in computed, values across

simulation periods for each of these return periwdse 0.80, 0.80, and 0.62 in.

Based on these ranges, larger variation in compbDtedhlues did not always

translate to variation in corresponding design @igars. The largest variations in

computedD,. values were observed in the 100- and 50-yr retariogs. However,

because these variations occurred within the iatex#/10 and 12 in., all resulting
pipes were assigned a design diameter of 12 iren Evis variation of 0.80 in.
(0.0667 ft) is relatively small compared to then2sange of each design culvert
category. In other words, a design pipe diametté2an. is used for all computed

D, values between 10 and 12 in. Therefore, if compiligvalues were within 2 in.

of each other, they were assumed to representapstareas that were

hydrologically the same. Based on this assump#dig-yr simulation period

characterized wetland inflow hydrology within aseaable range of variation.
Design diameters for wetland outflow rates varieddil but the 2-yr return

period, which reflected the large variation in ¢aif rates observed in Table 6-16 and
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Figure 6-11. Larger ranges in computegdvalues were also observed for outflow

flows than in pre-development and inflow valuesjchihwere expected as the
wetland increases the complexity of flow. As sgethe inflow-designed pipe
diameters, larger variation in computed diameteshdt necessarily translate
differences in resulting design diameters. Howgvariation did consistently
increase with increasing return period. The repernods of 25- and 2-yrs resulted in
constant design diameters across simulation peandsad respective computed

D.ranges of 0.34 and 1.22 in. The 100-yr returngaehiad the largest variation in
D. values with a range of 1.85 in. While these range® higher than those seen in
the pre-developed and inflob. values, they were still relatively small and witlain

2-in. range by which culvert pipes are designesabng to ASTM standards.
These results indicated that a 25-yr simulationogewas sufficient for the
current study given that the 25-yr simulation pesi@bove produced wetland inflow,
wetland outflow, and pre-developed with compardiy@rology to those of a 100-yr
simulation period. Additionally, stormwater wettlmare often designed for the
control of smaller<£ 1-yr, 24-hr) storm events. Variations in 2-yni®were much
lower than those observed for the larger returiodsr All simulation periods
produced equal-sized design culvert diameters#fprfibws, suggesting that a 25-yr
simulation period reliably characterizes flows watheturn period of 2 years or less.
Based on these results, a simulation period ofezBsywas chosen to perform all

sensitivity analyses.
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6.13 MDE DESIGN CRITERIA CHARACTERIZATION

The first portion of the sensitivity analysis assed the importance of MDE-
defined design guidelines summarized in Table 6-H2ample wetland designs were
developed to test the sensitivity of each MDE-sfegticriterion. At least two
designs, one representing an increase and theathearease in the parameter
associated with a given criterion, were developeelvaluate each criterion. The
sensitivity of model performance to the wetlandate area criterion (the wetland
surface are must kel.5 % of the drainage area), for example, wagsdesy
increasing the drainage area so that one desiga bartface area 2.5% of the
drainage area and a second with a surface of 1dt%P& contributing drainage area.

The current study observed a number of trends ttane performance with
respect to design criteria changes. Throughousehsitivity analyses of the design
criteria, the relative retention time allocatedetxh cell type (i.e., high-marsh, low-
marsh, deepwater, etc.) was the dominant factoaffected wetland water quality
performance. Cell retention time was, in turn,toolied by cell depth, velocity, and
vegetation type. The location of a deepwaterwal found to significantly affect
TSS removal. Wetland hydrologic performance, havewas generally less
sensitive than water quality performance and wastsensitive to the contributing
drainage area size. Each design and associatedasriis discussed in detail in the

following sections.

6.13.1 Wetland surface area

MDE (2009) requires that shallow stormwater wetkahd sized to have a

surface area of greater than or equal to 1.5%enf dontributing drainage area. The
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base design developed in the current study hadfacsuarea of exactly 1.5% of the
contributing drainage area. To test model sensitio wetland surface area, the
contributing drainage area was (1) decreased ®&:knd (2) increased to 6.36 ac in
order to simulate sites where the base wetlandydesespectively, represented 1.25
and 2.5% of the drainage area. Within the cursention, the design with a drainage
area of 3.18 ac was referred to as design DAL laadesign with a drainage area of
6.36 ac was called design DA2. While the cell @pnftion defined for the base
design (see Figure 6-4 and Table)8etmained constant for design DAL and DAZ2,
their outlet structures were adjusted so as togstggontrol and transfer inflow from
their respective drainage areas.

The MDE (2009) procedure used to design the basmeatater wetland
design, which is outlined in Sections 6.2 and %#&s used to design outlet structures
for the DA1 and DA2 designs according to MDE (208@)ndards. Resulting outlet
specifications for all three wetland designs amammarized in Table 6-21. The final
outlet structures used for the DA1 and DA2 desmyesalso illustrated in Figures 6-
13 and 6-14. All calculations leading to the DATd@A2 design outlet structure
dimensions are shown in the Appendix 11.2.

It was noted that while both the 1-yr, 24-hr outsfice diameterd, and the
100-yr, 24-hr weir lengthL,, increased with increasing drainage area, the 104yr
hr weir lengthL,,decreased with increasing drainage area. Thisrdifte in trends

was due to the MDE (2009) design criteria specif@ceach outlet structure. The 1-

yr, 24-hr outlet orifice diameted, was designed by MDE (2009) to drain in 24 hr.

Therefore as the drainage area increased andgngaiter water volumes into the
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wetland, the corresponding), had to be increased accordingly in order to difaén
increasing influent volume in the same 24-hr peridtie 100-yr, 24-hr welr,,, was
designed by MDE (2009) to safely transfer the 10@¥-hr storm event through the

wetland and was not used to control such largedlowhe influent 100-yr, 24-hr

storm increased with increased drainage area hegfore, required a largér,to
be safely transfer through the wetland. Finahg, 10-yr, 24-hr weil,, was

designed to reduce influent 10-yr, 24-hr dischaege to TR-55-estimated pre-

development discharge rate. Therefore,lthehad to be decreased as the influent

flowrates increased with increasing drainage area.

Table 6-21Computed outlet structure dimensions and coningytarameters for the base,
DAL, and DA2 designs. DA, is the drainage area time of concentration (tg)s the outlet

diameter (ft),Cp, is the influent volume (ac-ft) associated with fhgr, 24-hr storm,Qp is
the influent volume (ac-ft) associated with theyt024-hr storm,L,, is the length of the
weir controllingQ,, and L, is the weir length used to transfer the 100-yr 24tbrm

through the wetland. Orifice diametéy values in parenthesis represent actual computed
values while 3 is the minimum MDE-required orifidameter.

Drainage| DA t, . Cp, Q,

area (ac)  (hr) d,(in.) (ac-ft) (ac-ft) Lo () | Lioo (O)
DAl 3.18 0.16 3(1.45 0.125 0.221 0.831 9.211
Base 5.30 0.26 3(1.65) 0.204 0.370 0.650 17\5
DA2 6.36 0.29 3(1.72 0.244 0.443 0.595 20.b
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Figure 6-13DA1 design outlet orifice and double riser dedigrough the MDE (2009) method. The datum
represents the bottom of the micropool, which wesighed to have a depth of 5.75 ft. The designéipg ,

Qp . Q; depths represent the water depths correspondithg tb-yr, 10-yr, and 100-yr, 24-floods within the
wetland.
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Figure 6-14DA2 design outlet orifice and double riser dedigrough the MDE (2009) method. The datum
represents the bottom of the micropool, which wesighed to have a depth of 5.75 ft. The designéipg ,

Qr . Q; depths represent the water depths correspondithg tb-yr, 10-yr, and 100-yr, 24-floods within the
wetland.
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6.13.1.1 Sensitivity analysis results

Wetland performance was found to be sensitive titewe surface area
relative to drainage area within the context ohbeffluent hydrology and water

quality. Based on the resulting relativ®, () and deviation D, ) sensitivities, the

effluent TSS and high-flow PC values were most iseego the changes in the size
of the contributing drainage area (Jale 6-22. Effluent TSS concentrations
increased with increasing drainage area and demtesith decreasing drainage area.
This TSS trend indicated that the larger relatiksrthge area simulated in design
DA2 produced larger inflow volumes and dischargesawhich, in turn, produced
faster internal wetland velocities and reducedotverall wetland retention time,
allowing for less TSS settling as evidenced byrésailting mean daily TSS
concentration of 17.2 mg/L versus that of the lessgn of 15.4 mg/L. Conversely,
the smaller relative drainage area simulated imgdd3A1, produced lower effluent
TSS concentrations with a mean daily concentraifdl0.4 mg/L as a result of the
smaller inflow discharge rates and volumes entettiegvetland. Similar, but weaker
trends were also seen in the other water qualitgtitnents DO, Nif, and NQ',

which had respective me&) values of -0.046, 0.372, and 0.439. However, TSS
was the most sensitive water quality constituetih @imeanS, of 0.697. The large
relative TSSS, with respect to the other water quality constituSptalues may

have been due to the fact that TSS settling wadysahd directly related to cell
retention time, while DO, NH, and NQ' transformations depended on a number of
factors in addition to cell retention time includiwater depth, internal cell

constituent concentrations, and cell vegetatioe.typ
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The changes made to the contributing drainageiardse® DAL and DA2
designs were found to have a complex effect omtagnitude and frequency of
effluent wetland discharge rates. The high-flowWw4&3 very sensitive to changes in

drainage area size, with a me&pof 1.29. This PC value was a ratio of the

proportion of 1-min pre-development to 1-min outfliowrates that exceeded the
computed pre-development 2-yr (bankfull flow) flate for a given drainage area.
Therefore, a high-flow PC less than 1.0 indicaltes outflow rates exceed bankfull
flow more often than pre-developed flowrates. ghhflow PC greater than 1.0
indicates that pre-development flowrates exceedfoirilow more often than
outflow rates. This PC was used to evaluate thenéxo which receiving natural
streams would overflow if they were downstream frive wetland versus
downstream from the pre-developed drainage aresevilenced by the high-flow

PC S, of 1.29, increasing the drainage area significatéigreased the frequency

with which bankfull flow events occurred at the letibf the wetland.

Table 6-22Relevant PC values, relative sensitivities, andaden sensitive for the base, DAL,
and DA2 stormwater wetland designs which serveplaes/e drainage areas of 5.3, 3.81, and
6.63 ac. The relationship direction indicates wehée PC value increases (+) or decreases (-)
with a corresponding increase in drainage areascarrea.

Performance Criteria Base design DAl DA2 S [Dy] Rg[ationship
iIrection
Mean daily TSS Conc. (mg/L) 15.4 10.4 17.2 0.697  3.3§ +
Mean daily DO Conc. (mg/L) 10.3 10.5 10.2 | -0.046 0.15 -
Mean daily NH4 Conc. (mg/L) 0.08 0.06 0.08 0.372  0.01 +
Mean daily NO3 Conc. (mg/L) 0.258 0.203 0.276| 0.439 0.04 +
High-Marsh PC 0.962 0.990 0.947| -0.074 0.02 -
Low-Marsh PC 0.983 0.995 0.976| -0.038 0.01 -
High-Flow PC 0.316 0.170 0.406 1.29 0.12 +
Low-Flow PC 0.223 0.229 0.221| -0.059 0.00 -
Flow-Variation PC 2.90 3.03 2.85 | -0.095 0.09 -
Flood-Control PC 0.382 0.382 0.382 -0.004 0.00 -
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Because wetland outflow in all three designs wastroded by an outlet
structure consisting of an orifice and a doublgetaeir, a complex relationship
existed between effluent flowrates and their cqoesling high-flow PC values, and
drainage area size. It was observed that high-R@walue increased with increasing
drainage area, with respective DAL, base, and Dél2es of 0.170, 0.316, and 0.406.
This trend suggested that as the drainage areseis®ed the wetland produced fewer
outflow discharge rates exceeding the estimatedipvelopment bankfull flow over
the simulation period. Conversely, as the contiiigudrainage area decreased, the
wetland produced more outflow discharge rates ekngdhe pre-development
bankfull flowrate. The simulated outflow 2-yr floates for the DA1, base, and DA2
designs were 0.236, 0.338, and 0.390 cfs. Simjlére simulated pre-development
2-yr flows (i.e., bankfull flows) for the DAL, basand DA2 designs were 0.222,
0.366, and 0.438. It was noted that the DA1 de2ignoutflow rate was greater than
the corresponding pre-development bankfull flowrsakele the 2-yr outflow rates for
the base and DA2 designs were less than theirsmoneling pre-development
bankfull discharge rates. In order to determirtbéfse 2-yr outflow rates were due to
orifice or weir flow, the orifice flow resulting &m the storage depths of 1.54 and

3.07 ft associated wit€p, (DA BndCp, (DA 2were computed. The maximum
outflow orifice flow g, for the base design was already computed to BO@f3 in
Equation 6-26. The resulting, (DA dhd g, (DA 2) flows were also computed using

the orifice equation:
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q, (DAL = A.C,+/2gh, = 0.0491ft - 06, 2(32.2ft/s?)(154ft) = 0.293cfs  (6-63)

g, (DA2) = A.C,/2gh, = 0.0491ft - 06/ 2(32.2ft/s?)(3071t) = 0.414cfs (6-64)

Given these maximum orifice flowrates, it was coeld that the 2-yr outflow rates
for all three designs were due to orifice flow lasyt were all less than the
corresponding maximum design orifice flowrates! tAtee designs employed an
orifice diameter of 3 in., which was the minimurfoaiable diameter in MDE
stormwater wetland designs. The actual computaieheliers for the DAL, base, and
DA2 designs were respectively 1.34, 1.65, and lh7Z herefore, as the computed
orifice diameter approached 3 in., effluent disgeaiates became smaller relative to
corresponding pre-development discharge ratess tfémd suggests that stormwater
wetlands may perform better hydrologically whenigiesd for drainage areas
producing sufficient runoff to require an orificeacheter of 3 in. or greater if
clogging in smaller orifices is of concern. Additally, the results from the DAL and
DA2 designs suggest that wetland hydrologic pertoroe is sensitive to the outlet
diameter size. Therefore, much care should bentaken sizing wetland outlet
structures in order to ensure an optimal wetlafideit hydrologic regime.

Based on these results, it was concluded thaf Nind NQ' effluent
concentrations were moderately sensitive to chamgeisainage area to wetland area

ratio with respectiveS, values of 0.372 and 0.439. TSS effluent concentiatwere
the most sensitive water quality PC value, witB,eof 0.697, which was credited to

the direct dependence of TSS settling on cell esgid time (see Equations 4-74 and

4-75). It was also noted that the high-flow PQuealvas most sensitive to changes in
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the contributing drainage are size wittsaof 1.29. High-flow PC values improved

with decreasing drainage area due to the diminiséffect of the oversized outlet
orifice diameter. These high-flow PC results ssggieat stormwater wetlands may
be more effective hydrologically when designedddarger/more impervious
drainage area or, in the case of the DA1 and DARyds, when designed with
smaller outlet orifice diameters.

Final metrics were also computed for each wetlasigh (see Table 6-23).
These metrics were computed based on the PTM (feafece-to-Metric)
relationships defined in Section 3.4. For thismegke, all ten PC values weighted in
the BMP-weighting scheme defined in Section 6.9wle8& weighted equally and
summed to compute final Wetland Sustainability éedi (WSI's) for the DAL, base,
and DA2 designs, which had respective values 9).6.640, and 0.646. These
WSI scores indicate while increasing the drainaga alightly improved the overall
wetland WSI score, the effects were minimal in¢ase of the DA1 and DA2
designs. In this example, a larger wetland aréla ke@spect to its contributing
drainage area performed better with respect to &i8SNH," reduction based on the
respective TSS and NHmetrics reported for the DA1, base, and DA2 design
Table 6-23. The corresponding reduction in themuly effluent NQ
concentrations associated with a larger respeuotetand area was not significant as
reflected by its constant metric value of 1 forthlee designs. This wetland KO
performance implies that downstream health andagadtility is not sensitive to
changes in N@ concentrations below the threshold of 0.36 mgAdditionally, the

high-flow PC and metric values worsened with desirgadrainage area due to the
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increasing effect of the oversized orifice. Basadhese results, the current study

suggests that stormwater wetlands be designeddaoratje areas producing sufficient

runoff to require an outlet orifice with a diametérgreater than or equal to 3 in. or

with smaller orifices designed with anti-cloggingntrols. The following section

further evaluates the effect of drainage area@izeetland performance when the

initial computed orifice diameters of 1.45, 1.66dd.72 were employed in the DAL,

base, and DA2 designs. These analyses were pedamorder to better understand

the true effect of the relative drainage area sizevetland performance rather than

the effect of the relative over-sizing of the otidefice.

Table 6-23Resulting normalized metrics and final wetlandansbility indices
(WSI's) for the base, DAL, and DA2 stormwater weadl@esigns. All WSI scores
were computed assuming equal weights for all wagality and hydrologic metrics.

Performance Criteria Metric weights Barﬁgt?iizlgn DAL metrics DA2 metrics
Mean daily TSS Conc. (mg/L) 0.1 0.328 0.449 0.300
Mean daily DO Conc. (mg/L) 0.1 1 1 1
Mean daily NH4 Conc. (mg/L) 0.1 0.528 0.608 0.505
Mean daily NO3 Conc. (mg/L) 0.1 1 1 1
High-Marsh PC 0.1 0.712 0.712 0.712
Low-Marsh PC 0.1 0 0 0
High-Flow PC 0.1 0.999 1.000 0.997
Low-Flow PC 0.1 1.000 1.000 0.999
Flow-Variation PC 0.1 0.000 0.000 0.000
Flood-Control PC 0.1 0.248 0.248 0.248
Final WSlIscore 0.640 0.639 0.646

6.14 Outlet orifice diameter

Given that the MDE minimum allowable outlet orifideameter of 3 in.

complicated the effect of the respective contriligiirainage area, a second set of
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test designs were made to better evaluate modsitiséy to drainage area size.
Within this section, the DAL, base, and DA2 wetlaedigns were modified to
incorporate the initial computed outlet orifice mieters @ ) of 1.45, 1.65, and 1.72
in. rather than the MDE-required 3-in. diameteficei The resulting designs were
respectively defined as OD1, ODB, and OD2. ODYestthe same drainage area of
3.18 ac as the DAL design and had an outlet orifi@meter of 1.45 in. ODB
represented the base wetland design, serving magy@iarea of 5.3 acres with an
outlet orifice diameter of 1.65 in. Finally, théd@ design served a drainage area of
6.36 ac with an outlet orifice diameter of 1.72 ifhe smaller outlet orifice diameters

altered the 10- and 100-yr, 24-hr weir lengthg, and L,,,, that were used in the

OD1, ODB, and OD2 designs with respect to the biagd, and DA2 designs.

Equations 6-28 and 6-30 were used to compifeand L, for each design. All

design orifice and weir dimensions for the OD1, Q=RBd OD2 designs are

summarized in Table 6-24.

Table 6-24Computedd,, L,,, andL,,,values for the OD1, ODB, and OD2
stormwater wetland designs.

Design d, (in.) L,, (ft) Lo (1)
OoD1 1.45 0.919 8.79
OoDB 1.65 0.678 17.2
OoD2 1.72 0.617 20.1

6.14.1.1 ODB design results
The effect of the outlet orifice diameter was ewsdul first by comparing

wetland performance in the base stormwater desigritee ODB design. As shown
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in Table 6-25, decreasing the orifice diameter f®to 1.65 in. in the ODB design
had a significant impact on both hydrologic andexafuality wetland performance.
The smaller orifice in the ODB design reduced thieent orifice discharge rate,
which promoted a longer retention time as well ighdr water levels within the
wetland compared with those observed in the basigrle Slower effluent discharge
rates also increased the duration of effluent fiaWich resulted in more non-zero
effluent flows. The increased water height inwetland also increased the
frequency of flow events that over-topped the 102¢+hr weir as evidenced by the
decrease in the high-flow PC, which was the massisge PC value with &, value
of 0.691. Increased wetland retention times inQB design also reduced mean

daily effluent TSS, NEf, and NQ™ concentrations, which had respect8gvalues

of 0.064, 0.0248, and 0.257.

All hydrologic PC values except for the flood cantiPC were relatively
sensitive to the decreased outlet orifice diametédne ODB design. This model
sensitivity to orifice diameter was reflected i tfesulting effluent discharge rates.
As computed in Equation 6-26, the maximum orificcarge rate for the base
design was 0.379 cfs. The ODB design had a snailiece diameter and, therefore,

a smaller maximum discharge rate of 0.113 cfs:

0,(ODB) = A C,+/2gh, = 0.0147ft>. 0.6\/ 2(32.2ft/s*)( 256ft) = 0.113cfs (6-65)

As a result of the smaller discharge rates assatiaith the smaller orifice in the
ODB design, water flowed out of the wetland atan&r rate and, therefore,
promoted a longer wetland retention time, as weh alightly decreased internal

wetland velocity of 0.000607 ft/s in the ODB design0.000658 ft/s in the base
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design. Decreased effluent rates also causedndetlater depths to increase
slightly. Mean high and low-marsh depths incredsath 0.520 and 1.27 ft in the
base design to 0.578 and 1.33 ft in the ODB desagulting in worse respective high
and low-marsh PC values of 0.865 and 0.940 vsdlse design values of 0.962 and
0.983. Both high and low-marsh PC values weresaif the design to actual mean
depth for a wetland cell type. Therefore, as dehean depths approached design
depths, the corresponding marsh PC value approdchad as actual mean depths
exceeded design depths more and more, the cormiggamarsh PC value
approached 0. The reductions observed in higHamanarsh PC values were also
characterized by respectiv& values of 0.224 and 0.097, which indicated that the
decreased orifice diameter in the ODB design diightreased wetland water

depths. The larger high-marsh B¢ value of 0.224 also suggested that shallower

water depths were more sensitive to the changefineodiameter. Within the
context of the current study these small changegiter depth were not significant
under the assumption that they would not affecitbibty of the wetland to
sustainably promote vegetation growth, pollutanioeal, etc. However, the
significance of such changes may change basedearotiditions required in a given
wetland design to achieve stakeholder goals.

Higher water depths in the wetland also promotedenfrequent flow over the
10-yr weir, which resulted in a larger effluent l@et 2-yr discharge rate of 0.436 cfs
in the ODB design versus that of 0.366 in the lEségn. The maximum orifice
flow in ODB design was 0.113 cfs and that of theebdesign was 0.379 cfs.

Therefore, while the 2-yr flow in the base desigowred as orifice flow, the 2-yr
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flow in the ODB design occurred as weir flow oviee tLO-yr weir, which produced a
maximum effluent discharge rate of 6 cfs (see Téblg. As a result of the increased
frequency of larger weir flows produced in the OBé&sign, the high-flow PC

decreased from 0.316 in the base design to 0.2%8lIting in aS, of 0.691. This PC

value was a ratio of the proportion of 1-min pre<elepment to 1-min outflow
flowrates that exceeded the computed pre-developgign(bankfull flow) flowrate
for a given drainage area. Therefore, a high-fRvless than 1.0 indicates that
outflow rates exceed bankfull flow more often thma-developed flowrates. A high-
flow PC greater than 1.0 indicates that pre-develaqt flowrates exceed bankfull
flow more often than outflow rates. Therefore, tioth the base and ODB designs
produced a higher proportion of effluent flows teateeded the estimated
downstream bankfull flow, the ODB design proportwas greater. These results
suggest that the decreased orifice diameter iOMDB design would promote more
bankfull flows downstream than the base design¢lyhin turn, could cause greater
erosion of downstream banks (Dunne and Leopold 1978

For the ODB design the effluent flow duration irased due to the slower
discharge rates associated with the smaller orthameter. This trend was
evidenced by the increased number of non-zero flays of 267 days in the ODB
design vs. 262 days in the base design. The low-RC value, which was a ratio of
the proportion of pre-development to effluent 1-rfiaws greater than 0, decreased
slightly from 0.223 in the base design to 0.21éim ODB design. As low-flow PC
values approached 0, they indicated that a langgtarger proportion of effluent

flows were greater than O given that the pre-deyakent proportion for a given
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drainage area remained constant. Therefore, ttrealsed low-flow PC value in
ODB design further illustrated the increased doratf effluent flow caused by its
smaller orifice diameter. The observed increagbeariow-flow PC was small, with a

S, of 0.0728. Significance of changes in the low-flB@ values should be

dependent on their relative impact on wetland fliomst For example, the small
decrease in the low-flow PC value observed in tBB@esign could be significant to
sensitive stream species that require specificosedslry periods for reproduction.
Conversely, such a decrease in zero-flow periodsmoahave any effect on less
sensitive species.

Wetland effluent flow variation was also observediécrease in the ODB
design due to the increased effluent flow duratissociated with the smaller
diameter. The longer effluent orifice flow duratgoassociated with the higher water
depths in the ODB design promoted more constahtesft discharge rates as well as
more frequent zero-flow periods. Both of thesadrepromoted more uniform
effluent discharge rates and consequently lessviation. This decrease in
variation was captured by the corresponding ina@ashe flow variation PC value
from 2.90 to 3.16 in the base and ODB designs. flblwevariation PC value was,
again, a ratio that compared the pre-developmeeifiicent flow variation.

Therefore, flow variation PC values greater thandicated that flow variation in the
pre-developed drainage area was greater thamtliae wetland outflow. Flow
variation was fairly sensitive to the decreaseticaridiameter in the ODB design

with a S, of -0.206. Given these values, ODB design performerse than the base

design in mimicking pre-development flow variation.
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Overall wetland water quality performance was fotmthcrease slightly with
decreasing outlet orifice diameter. The increagetiland retention time associated
with the slower effluent discharge rates in the QiieBign allowed for a longer
duration over which TSS, NA and NQ" could be reduced via settling, nitrification,
and denitrification. Resulting mean daily TSS, Atnd NQ" relative

sensitivitiesS, were all positive, implying that they decreasechvdécreasing orifice

diameter, and had respective values of 0.064, 8,024d 0.257. While effluent TSS
and NH;" concentrations were not sensitive to the decreasice diameter in the
ODB design, effluent N® concentrations did decrease significantly with the
decreased orifice diameter. This sensitivity diueiht NO; concentrations was
hypothesized to be due to an increased retentioa i cells that contain emergent
vegetation, which were the only cells in which defication was simulated. The
slight increase in retention time experienced @sthcells did not affect TSS, NHas
significantly given that they were removed in alls. Additionally, the calibrated
denitrification rate constant was an order of magie larger than the nitrification
rate constant, which promoted faster denitrifiaatiathin the appropriate cells.
Based on the improved water quality and worsenelidhygic performance of
the ODB design with respect to the base designguhent study suggests that the
outlet orifice diameter be sized in order to batanetland water quality and
hydrologic performance. While the smaller orifinehe ODB design reduced orifice
discharge rates, it also increased internal wagptits, promoted more frequent
erosive flows via weir flow, and produced long@wldurations. Conversely, the

smaller orifice in the ODB design also slightly imped effluent water quality,
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producing lower mean daily effluent TSS, NHand NQ' concentrations. Overall,
however, the hydrologic PC values appeared to ke sensitive to the decrease in
orifice diameter than the water quality PC valu&kerefore, the negative hydrologic
effects observed in the ODB design may outweiglctreesponding positive water
quality effects.

The worsened hydrologic performance in the ODBglesuggested that
current stormwater wetland design does not promifiigent flows that mimic pre-
development hydrology. Currently, MDE sizes outiefices to drain the influent 1-
yr, 24-hr flow over a period of 24 or 12 hours, deging on the intended use of the
effluent water. While this sizing method has bseocessful in flood control and
peak flow reduction throughout the literature,oed not mimic the goal pre-
development hydrologic regime successfully. Howgtree underlying problem
associated with stormwater runoff is the excessiobdff volume produced by
drainage areas that do not promote sufficienttrafion. Therefore, altering the
outlet orifice dimensions can only control the ratevhich water exits the wetland.
With an excess of volume entering the wetland, allemorifice, as seen in the ODB
design, promotes slower effluent discharge rates avonger period of time.
Conversely, a larger orifice promotes faster effludischarge over a shorter period of
time. Both designs could have adverse effectsosvndtream health as neither
matches the flow duration and variation of the egpponding pre-developed
hydrologic regime. Therefore, in order to imprdwalrologic performance, greater
effluent volume reduction in addition to peak retitut should be emphasized in

wetland design.

352



Table 6-25Relevant PC values, relative sensitivities, andad®n sensitivities
observed between the base and ODB stormwater wedlesigns. The relationship
direction indicates where the PC value increasgsi(tlecreases (-) with a
corresponding decrease in orifice diameter.

Performance Criteria Base oDB S |Dy| Rﬁl_anonsmp
irection
Mean daily TSS Conc. (mg/L) 15.4 14.9 0.064 -4.86 +
Mean daily DO Conc. (mg/L) 10.3 10.4 -0.018 0.20 -
Mean daily NH4 Conc. (mg/L) | 0.0782 0.073 0.0248 -0.01 +
Mean daily NO3 Conc. (mg/L)| 0.258 0.228 0.257 -0.05 +
High-marsh PC 0.962 0.865 0.224 0.06 +
Low-marsh PC 0.983 0.940 0.097 0.03 +
High-Flow PC 0.316 0.218 0.691 0.02 +
Low-Flow PC 0.223 0.216 0.0728 0.01 +
Flow Variation PC 2.90 3.16 -0.206 0.04 +
Flood Control PC 0.382 0.382 0.000 0.00

6.14.1.2 Comparing ODB with the OD1 and OD2 designs

Increasing the contributing drainage area to thiéawd increased influent
volumes, which, in turn, increased internal wetlaebtbcities and water depths, and
reduced overall wetland retention time and worsemaigr quality performance.
Conversely, decreasing the contributing drainage decreased influent volumes,
internal wetland velocities, and water depths, &/mcreasing wetland retention time
and improving water quality performance. All rasg water quality PC values and
associated sensitivities are shown in Table 62éspite these clear trends in wetland
behavior, the effects of altering the drainage area on wetland hydrologic
performance, specifically on the high-flow PC, weoenplicated by the wetland
outlet structure. However, overall, it was fouhdttthe OD1 design, which served
the smallest drainage area of 3.18 ac, performethéist with a final WSI score of

0.651 (see Table 6-27).
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The high-marsh and low-marsh PC values were botrsely related to
drainage area with respective m&nvalues of -0.183 and- 0.0811. Therefore, the

increased drainage area and corresponding incréatgsht volume in the OD2
design produced deeper internal wetland depthsivé&sely, decreased influent
volumes associated with a smaller drainage are&aaseen in the OD1 design,
resulted in shallower water depths than those @bddan the ODB design. This trend
in wetland water depths indicated that an apprtgsissized drainage area is
necessary to ensure design wetland depths areaimadt

The low-flow PC was found to decrease with incnegsirainage area with a

meanS, value of -0.076. This trend indicated that a lag®portion of effluent

flows were greater than zero in the OD2 design thahe ODB design. Therefore,
the larger volume of water moving through the O[R2ign due to the increased
drainage area produced longer effluent flow duretiand shorter zero-flow periods.
Similarly, the OD1 design effluent experienced z#ow periods more frequently
than the ODB design as less inflow entered the @&xlgn, which produced less
effluent flow and more zero-flow periods.

Both the OD1 and OD2 high-flow PC values, which hegpective values of
0.238 and 0.231, were greater than that of the @&d8gn, which was 0.218. These
high-flow PC values suggest that both the OD1 ab& @esigns produced fewer 1-
min effluent flows exceeding the pre-developmemtkall flow than the ODB
design. Two different mechanisms were found tseauch a decrease in effluent
discharge rates exceeding pre-development barfldull Firstly, higher water

depths in OD2 design promoted more frequent wew fwhich was faster than
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orifice flow, resulting in high flows with short dations. Therefore, while the large
(greater than bankfull flow) effluent dischargeesaproduced by the OD2 design
were greater than those produced by the ODB desigyg,occurred over shorter time
periods. Secondly, the lower water depths in tBd Qesigns produced smaller
effluent discharge rates and, therefore, did notlpce flows exceeding the estimated
downstream bankfull flow as frequently as did tH@B>design. Overall, the high-

flow PC value was relatively sensitive to drainagea size with a mea8, value of

0.266, suggesting that the relative drainage areshad a significant impact on the
duration and frequency of erosive flows producedhaywetland.

Finally, wetland water performance improved asdbetributing drainage
area decreased due to the corresponding decreas®wmvolumes. The reduced
influent volume associated with the OD1 design atshuced the mean internal
wetland velocity to 0.000326 ft/s from 0.0006086 fti the ODB design. Conversely,
the increased influent volume in the OD2 desigmaased the mean internal wetland
velocity to 0.000754 ft/s. This trend in internalocity suggested that the wetland
retention time decreased with increasing drainaga. aTherefore, the OD1 design
had a longer retention time than the ODB desigranthie OD2 design had a shorter
retention time than that of the ODB design. Axdssed in Section 6.14.1.1, a
longer retention time promoted greater TSS,NEnd NQ reduction. Therefore
the OD1 design improved ODB water quality perforsewhile the OD2 design
worsened water quality performance. Resulting nuzaly effluent TSS, Nif, and

NOs; meanS, values were 0.715, 0.379, and 0.431, showingthieaeffect of

drainage area on water quality performance wasfgignt. It was hypothesized that
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rhe TSSS, value was greater than those of NFand NQ™ because it was solely and

directly related to cell retention time while Hand NQ" transformations were
dependent on a number of other wetland cell factors

Based on these results, decreasing the contribdtaigage area slightly
improved both water quality and hydrologic wetlg®tformance as evidenced by the
high WSI score of the OD1 design of 0.651. For parison, the final WSI scores
for the base, ODB, and OD2 designs were computed 640, 0.624, and 0.621
(see Table 6-28). The significance of changeherfinal wetland WSI scores is
dependent on (1) the stakeholder goals for a givettand design and (2) the wetland
conditions required to meet these goals. Unfotelypaa lack of data and knowledge
currently limit the quantification such significamcWithin the context of the current
study, the resulting WSI scores for the ODB, ODid ®D2 were assumed not to be
significantly different given that these changes bt appear to affect the ability of
the wetland design to promote sustainable watdrtg@ad hydrologic outputs.

The current study hypothesized that similar hyatya results could also be
obtained by requiring greater infiltration eitheitivin the contributing drainage area
or within the wetland in order to reduce effluerdtland volumes. As discussed in
Section 6.14.1.1, it may be necessary to size anijd wetland orifices differently
than is currently done by MDE. However, basedhanrelative performance of the
ODB, OD1, and OD2 designs, the wetland water quahid hydrologic performance
is sensitive to the contributing drainage area. sidge optimal wetland surface area

for a given drainage area, however, should departiehydrology and water quality
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characteristics of the drainage area runoff as agethe hydrologic and water quality

goals for the wetland outflow.

Table 6-26Relevant PC values, relative sensitivities, andad®n sensitive for the
ODB, OD1 and OD2 stormwater wetland designs. Ehaionship direction
indicates where the PC value increases (+) or dsese(-) with a corresponding
increase in drainage are&, values in parenthesis were computed using the atiesol
values of those from OD1 and OD2 because theyb#dpositive and negative
effects on the corresponding PC value.

Performance Criteria ODB OD1 oD2 S |Dy| R((ajl_atlonshlp
irection
Mean daily TSS Conc. (mg/L) | 14.9 10.07 16.8 0.715 3.35 +
Mean daily DO Conc. (mg/L) 104 10.6 10.3 -0.041 0.134 -
Mean daily NH4 Conc. (mg/L) | 0.0773 0.0630| 0.0819 0.379 0.0094 +
Mean daily NO3 Conc. (mg/L)| 0.228 0.180 0.244 0.431 0.0317 +
High-marsh PC 0.865 0.929 0.834 -0.183 0.0477 -
Low-marsh PC 0.940 0.970 0.924 -0.081 0.0228 -
High-Flow PC 0.218 0.238 0.231 (0.266) 0.0165 +/-
Low-Flow PC 0.216 0.224 0.213 -0.076 0.00527 -
Flow Variation PC 3.16 3.20 3.16 -0.020 0.0221 -
Flood Control PC 0.382 0.382 0.382 -0.004 0.0005 -

Table 6-27Resulting normalized metrics and final wetlandiainsbility indices

(WSI's) for the base, ODB, OD1, and OD2 stormwatetland designs. All WSI
scores were computed assuming equal weights faraadéir quality and hydrologic

metrics.
Performance Criteria Metric Base dgsign ODB OD.l OD.2
weights metrics metrics metrics metrics

Mean daily TSS Conc. (mg/L 0.1 0.328 0.336 0.460 0.306
Mean daily DO Conc. (mg/L) 0.1 1 1 1 1
Mean daily NH4 Conc. (mg/U 0.1 0.528 0.533 0.613 0.509
Mean daily NO3 Conc. (mg/l 0.1 1 1 1 1
High-marsh PC 0.1 0.999 0.982 0.995 0.972
Low-marsh PC 0.1 1.000 0.996 0.999 0.994
High-Flow PC 0.1 0.533 0.390 0.426 0.411
Low-Flow PC 0.1 0.396 0.385 0.399 0.381
Flow-Variation PC 0.1 0.000 0.000 0.000 0.000
Flood-Control PC 0.1 0.618 0.618 0.619 0.618
Final WSlIscore 0.640 0.624 0.651 0.619
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6.14.1 Forebay specifications
MDE (2009) requires that the forebay account fdeast 10% of th&vQ,and

that it be separated from the main wetland by enberhe forebay in the base

wetland design accounted for 10.3% of W€),. In order to evaluate the importance

of the forebay and its storage, a total of threggies were simulated, which included

designs that incorporated (1) a forebay sized é&s @theWQ,, (2) a forebay sized
as 1.8% of th&VQ,, and (3) no forebay by way of removing the berpasating

forebay and the main wetland. These three foreleaigns were referred
respectively as designs FB1, FB2, and FB3. Thdtreg upper and lower limits
were chosen based on the relative insensitivityetfand performance to smaller
changes to the forebay volumes. The volume®fdhrebay in designs FB1 and FB2
was adjusted by respectively increasing and deicigéise base design forebay depth
of 4 ftto 9.75 and 0.7 ft. While a forebay depfl®.75 ft may not be reasonable for
many real-world wetland designs, it was choseritfer-B1 design to illustrate the
insensitivity of wetland performance to such adachange in the forebay volume.

Additionally, the forebay in the FB2 design wasited to 1.8% of th&VQ, in order
to maintain a total wetland volume equal to W), .
6.14.1.1 Sensitivity analysis results

The base stormwater wetland was not significarftgcsed by any of the

changes made to the forebay in the FB1, FB2, argldeBigns. The maximum mean

S, values produced by designs FB1 and FB2 were -Ca6d@80.018 for daily

effluent NH;” and TSS concentrations (Sksble 6-23. Both of theseS, values were
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negative, which indicated that both effluent Nidnd TSS effluent concentrations
decreased with increasing forebay volume. Thesels are rational, as a larger
forebay promotes greater forebay storage and,ftrerea longer forebay retention
time, which, in turn, promotes greater TSS settiing nitrification of NH".
Conversely, a smaller forebay provides less stoaage therefore, promotes less TSS

settling and nitrification of Nif. The FB3 design produced a maxim@yvalue of
1.34x10" for the high-marsh PC. Given its low resultisgvalues, the removal of

the berm that separated the forebay from the mattand did not appear to affect
model performance. The insensitivity of wetlandf@enance to the removal of the
forebay berm in design FB3 suggests that watetdamehe wetland were generally
constant, and the forebay generally full. As altesf the low sensitivity of the

model to forebay volume in designs FB1 and FB2,tarttie exclusion of a forebay
berm in design FB3, the final metrics and WSI valteported in Table 6-23 did not
differ significantly from those of the base desdyre to the manner in which TSS was

simulated within the model.
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Table 6-28Relevant PC values, relative sensitivities, andad®n sensitive for the
base, FBland FB2 stormwater wetland designs (Dé®gsaw nds, greater
than1.5x1d). The relationship direction indicates where Bi@value increases (+)

or decreases (-) with a corresponding increasergbfy volume.

Performance Criteria dBa_se FB1 FB2 S [Dy| Rel_atlonshlp
esign direction
Mean daily TSS Conc. (mg/L) 15.4 15.3 15.7 -0.018 0.037 -
Mean daily DO Conc. (mg/L) 10.3 10.3 10.3 -0.001 0.004 -
Mean daily NH4 Conc. (mg/L)| 0.078 0.075 | 0.080 -0.038 0.010 -
Mean daily NO3 Conc. (mg/L)| 0.258 0.259 | 0.258 0.003 0.001 +
High-marsh PC 0.962 0962 | 0.962 -1.73x1d | 3.36 x1C° -
Low-marsh PC 0.983 0.983 | 0.983 -2.08x1H | 1.38 x1C° -
High-Flow PC 0.316 0.316 | 0.314 0.00 5.29 X10 -
Low-Flow PC 0.22 0.223 | 0.223 0.00 5.29 X10 -
Flow-Variation PC 2.90 2.897 | 2.897 1.13x1b | 2.16E x10 +
Flood-Control PC 0.382 0.382 | 0.382 1.60xtb | 1.13 x10 +

Table 6-29Resulting normalized metrics and final wetlandainsbility indices
(WSI's) for the base, FB1, FB2, and FB3 stormwatetland designs. All WSI

scores were computed assuming equal weights faraaéir quality and hydrologic

metrics.
Performance Criteria Mgtric Base o!esign FB.l FB.Z FB.3
weights metrics metrics metrics metrics

Mean daily TSS Conc. (mg/L 0.1 0.328 0.330 0.322 0.328
Mean daily DO Conc. (mg/L) 0.1 1 1 1 1
Mean daily NH4 Conc. (mg/L 0.1 0.528 0.546 0.517 0.528
Mean daily NO3 Conc. (mg/l 0.1 1 1 1 1
High-marsh PC 0.1 0.999 0.999 0.999 0.999
Low-marsh PC 0.1 1.000 1.000 1.000 1.000
High-Flow PC 0.1 0.533 0.533 0.533 0.533
Low-Flow PC 0.1 0.396 0.396 0.396 0.396
Flow-Variation PC 0.1 0.000 0.000 0.000 0.000
Flood-Control PC 0.1 0.618 0.618 0.618 0.618
Final WSlIscore 0.640 0.642 0.638 0.640

The insensitivity of wetland performance to chanigethe forebay volume

were hypothesized to be a function of the modelaisesingle mean input TSS

particle diameter. MDE (2009) requires a forebaytfie initial removal of larger
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particles in stormwater before it enters the magtland. The current model only
incorporated one mean TSS particle diameter inpuerefore, all influent TSS
particles were assigned a diameter of 1.Zxi0which was determined through
calibration (see Section 6.8). Due to the usdigfrhean TSS particle diameter, all
TSS particles behaved the same as they were rtutaegh the wetland. In reality, a
distribution of TSS particle sizes would enter Wegtland, the heaviest of which
would be settled out in the forebay. However, bheeahe model did not simulate
these different particle sizes, the resulting wetlperformance only reflected that of
the input mean TSS diameter of 1.2X0 Additionally, the purpose of the forebay
is to provide an area in which sediment build-ugrfrthe larger TSS particles can be
removed periodically. Because the forebay is sipyadesigned with a concrete
bottom, removal of sediment is much easier anddessaptive in the forebay than
within the main wetland area, which is vegetated @fiten sustains aquatic wildlife.
The overall wetland trap efficiency also does ristidiguish between TSS settled
within the forebay versus TSS settled in the mastiand area. Therefore, within the
current model, the importance of the forebay watspect to TSS settling could not be
reliably evaluated.

While the model did not fully capture all functeof the forebay, the
sensitivity analyses did show that neither thelfagevolume nor the forebay berm
had significant bearing on wetland hydrologic perfance. These analyses also
revealed that changes to the forebay and bermtgteudid not significantly affect
wetland water quality performance with respect HyNand NQ' reduction. Despite

these conclusions, the results from the forebalyaes cannot be used neither to
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negate nor confirm the current MDE (2009) requireta¢hat the forebay be 10% of
the WQ, and that it be separated from the main wetland bgrm.

Based on these results, a number of model impronesweere proposed in
order to better evaluate the importance and strectithe forebay. Influent TSS
particle diameters should enter the wetland astailolition rather than a single mean
value to simulate the initial settling of largerges in the forebay. If these TSS
distributions were defined and used as model inplésmodel could also compute
the estimated sediment build-up within the forehayvell as within the main
wetland. This computation would also the usenaweate how quickly sediments

build-up in the main wetland given different forglesigns.

6.14.2 Storage in deepwater areas

Deepwater areas in the original stormwater wetkswbunted for 25.0% of

the totalWQ,, which was the MDE requirement for deepwater ardago wetland
designs were employed to assess the sensitivityitleepwater design criterion.
The first design reduced the volume of deepwateaisato 20.5% of th&/Q, while
the second design increased the volume of deepaadas to 30.0% of th&/Q, .

These deepwater wetland designs were referredgpectvely as designs DW1 and

DW2. Deepwater zones accounting for 20.5% ofVi@ were achieved in design

DW1 by reducing the micropool (cell 1 in Figure Bbeépth from its base value of
5.75 to 4 ft, which was the minimum depth requit@ddeepwater areas. Similarly,

deepwater zones that account for 30.0% ofl{@ were achieved in design DW2 by

increasing the micropool depth to 7.72 ft.
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While changes to the micropool depth in designs CANd DW?2 did not
affect model hydrologic outputs, they did impactlaed water quality performance.
All resulting PCS, , and D, values for designs DW1 and DW2 are shown in Table
6-30. The lack of hydrologic change in the DW1 &W?2 designs was rational
given that flow out of the micropool was controllleglthe outlet orifice and weir
structure rather than micropool depth. The watality performance of the relative
water quality performance of designs DW1 and DW® However, demonstrate that
the micropool depth affected a number of wetlantewquality functions. Of the
water quality PC values, the mean daily effluengTe®d NQ concentrations were
most sensitive to changes in micropool depth wagpectiveS, values of 0.229 and
0.142. These positive, values also indicated that both TSS andsNfiean daily
effluent concentrations increased with increasimgropool depth and subsequent
increasing deepwater volume. The increasing teeeeh in TSS concentrations was
opposite of that observed in Section 6.14.1.1,hictvmean daily effluent TSS
concentrations decreased slightB ( of -0.018) with increasing forebay depth.
Water quality trends, however, for DO, MCand NH" in designs DW1 and DW?2

were consistent with those observed in the FB1RB®Idesigns in Section 6.14.1.1.
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Table 6-30Relevant PC values, relative sensitivities, andad®n sensitive for the
base, DW1, and DW2 stormwater wetland designs. rélagionship direction
indicates where the PC value increases (+) or dsese(-) with a corresponding
increase in deepwater storage in the wetland.

Performance Criteria Base design DWW DW2 S |Dy| Rﬁl_anonsmp
irection
Mean daily TSS Conc. (mg/L) 15.4 14.6 16.0 0.229 0.678 +
Mean daily DO Conc. (mg/L) 10.3 104 10.2 -0.0624 0.124 -
Mean daily NH4 Conc. (mg/L) 0.0782 0.0793| 0.077( -0.0743 0.00 -
Mean daily NO3 Conc. (mg/L) 0.258 0.250 0.264 0.142 0.007Q9 +
High-marsh PC 0.962 0.962 0.962 0.00 0.00 +
Low-marsh PC 0.983 0.983 0.983 0.00 0.00 +
High-Flow PC 0.316 0.316 0.316 0.00 0.00 -
Low-Flow PC 0.223 0.223 0.223 0.00 0.00 -
Flow Variation PC 2.90 2.90 2.90 0.00 0.00 -
Flood Control PC 0.382 0.382 0.382 0.00 0.00 +

6.14.2.1 TSS behavior

Daily effluent TSS concentrations in designs DWi 8W2 showed trends

opposite of effluent TSS loads in the FB1 and FB&ighs discussed in Section

6.14.1.1. The DW1 design, which had a shalloweropiool than the base design,

produced a lower mean daily effluent TSS concentnaif 14.6 mg/L versus that of

the base design of 15.4 mg/L. Conversely, the Ri&lgn, which had a deep

micropool, produced a larger mean daily efflueng§Tc®ncentration of 16.0 mg/L.

While these results suggested that the increassulgeer storage provided in the

DW?2 design did not allow for longer TSS retenti@was observed in designs FB1

and FB2, the total settled and effluent TSS loads the simulation indicated the

opposite. The DW1, base, and DW2 designs settied total of 4.47, 4.49, and 4.50

Mg over the 25-simulation period. AdditionallyetBDW1 design produced an

effluent TSS load of 4.90 Mg, the base design a &#&ent load of 4.88 Mg, and

the DW2 design a TSS effluent load of 4.87 Mg. Sehsettled and effluent TSS
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loads revealed that the total settled TSS loaccas®d with micropool depth. As a
result, over the 25-year simulation period, the Dié2ign produced less effluent
TSS and the DW1 design produced more effluent D&8 than the base design.

This trend in TSS is result of the model relatiopdietween effluent flow and
TSS concentrations. TSS settling, as computeddikeS Law, was constant for a
given TSS particle diameter as all other inputeéoe assumed constant (see Section

4.4.2.1);

(pp_pw) 2

v, = 328 -D 6-66
s T (6-66)

wherey; is the settling velocity (ft/s)p, is the particle density (kgfn P, is the
water density (kg/ff), u is the fluid dynamic viscosity (N-sfih g,, is gravity

(m/s), andD is the particle diameter (m). Because the ctistrly assumed that

Por Pur M, and g, were constant, the settling velocities within theee designs

were all equal as they incorporated the sBmvalue of 1.2x18 m. Corresponding
trap efficiencies were then calculated for eachfoela given time interval assuming
completely mixed conditions:

v, - At

SC

~

TE =60 (6-67)

where At represents the time interval (mi®S$is the cell surface water depth (ft),
andTE is the resulting cell trap efficiency of TSS. Bdon these TSS computations,
two factors controlled TSS settling in a wetland,¢&) the retention time and (2) the
cell water depth. As observed in the analysisesighs FB1 and FB2 in Section
6.14.1.1, increasing the cell depth also incredisedetention time within a cell. The

cell TE, however, represented a smaller and smaller ptiopasf the total TSS load
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in a cell as the cell water depth was increasdtkeréfore, when little or no flow
occurred in a cell the retention time factor dortedal SS settling while during high
flow periods, the magnitude of thée proportion dominated settling. These factors
implied that shallower cells would promote gredi8iS settling during high flow
periods while deeper cells with greater storagelavptomote greater TSS settling
during periods of low- and zero-flow. This trendswobserved in the DW1 and DW2
designs. As shown in the pollutographs in FigubGthe greater storage in design
DW?2 produced lower effluent TSS concentrationsryithe rising limb of the
pollutographs, which reflected the greater setttiagacity of the deeper DW2
micropool during zero-and low-flow periods preceggtorm events. However, after
the peak flow and into the falling limb of the pdgthgraphs, effluent concentrations
from the DW1 design decreased faster than thofgeddW?2 design due to the high
proportion of TSS being removed &E in the shallower micropool in the DW1

design.
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Figure 6-15 Base (grey line), DW1 (dotted blue line), DW2adh line) daily effluent TS

concentrations. Daily effluent volume also showmpurple solid line. Low effluent

volumes are all above zero.
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Based on the trends in TSS behavior in the DW1AM2 designs, the
current study observed that while the mean daflyeit TSS concentration
increased slightly with increasing micropool defikig overall effluent TSS load
decreased with increasing micropool depth. Theegfohile the trap efficiency
TE proportion was the dominating factor controllingSI Settling over a shorter time
scale of a day, the cell retention time and stocagerolled TSS settling over the
longer time scale of 25 years.

While both the retention time and the trap efficig proportionality factors
were evident in designs DW1 and DW2, the reteniime factor appeared to
dominate in the FB1 and FB2 designs in which thetdef the forebay was varied
(see Section 6.14.1.1). The likely causes ofdtiference in wetland performance
were (1) the relative locations of the forebay #m&micropool and (2) the velocities
of flows leaving the forebay and micropool celBecause the forebay was located at
the inlet of the wetland, the short-term effect$rap efficiency proportionalitgould
be dampened by the flowpath through the wetlanonv€rsely, the micropool was
located at the wetland outlet and all short and limm TSS factors were observed
directly in the wetland outflow. Additionally, thespective mean forebay and
micropool effluent discharge rates of the 25-yridation period were 0.0140 and
0.0143 cfs in the base design, indicating thagwrage, water flowed out of the
forebay at a slightly slower rate than out of theropool, which was likely due to
the respective outflow devices controls used. &loee, the corresponding short term
effects of trap efficiency proportionality shouldvwe been slightly lower in the

forebay.
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In reality, TSS as well as the other water qualdapstituents would most
likely not be completely mixed within each wetlazell, which would diminish the
effect of the trap efficiency proportionality oflcdepth. Influent TSS would most
likely stay at or near the surface during high flevents, which would result in
similarly high TSS effluent concentrations. Consaafly, most TSS settling would
occur during low- and zero-flow periods, which vea®wn by the model to be
enhanced by a deeper micropool, which increasethib@pool retention time.
Based on the model results and their interpretatfembenefits of the increased
deepwater storage in DW2 outweigh the apparentfibteioé the decreased deepwater

storage in DW1.

6.14.2.2 General water quality trends

The remaining water quality constituents DO, flkand NQ™ followed
similar but stronger trends to those observederRB1 and FB2 designs. The
increased retention time associated with the despaopool in design DW2 allowed
for more nitrification, producing a slightly lowdaily mean effluent Nif
concentration of 0.0770 mg/L versus the base desigcentration of 0.0782 mg/L.
The shallower micropool in design DW?2, in turn, gwoed slightly higher effluent
NH," concentrations with a mean daily value of 0.07@8Lm These slight changes

in NH,4" effluent concentrations resulted in a megn of -0.0743 and were not found

to be significant in the current study under th&euasption that they had the same
effect on downstream ecosystem health. Howevesgticthanges could be significant
for a wetland design in which downstream speciesatremely sensitive to NH

concentrations. Because the Nifeduction in the model was controlled by a simple
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first-order nitrification equation (see Equatio#), NH;" levels in the wetland were
a direct function of cell DO and NHconcentrations, and wetland water
temperature. As a result, the nitrification raselif was not directly affected by cell
depth as was TSS settling. While Nidoncentrations decreased , NO
concentrations increased due to the increasedication in design DW2.
Additionally, NG;” was not removed from the micropool because dé&oétion was
not simulated within it as denitrification was orslynulated in cells with emergent
vegetation. This increase in mean daily efflue@Noncentrations was evidenced

by a meanS, of 0.142.
Daily mean dissolved oxygen concentrations of fllaent were slightly less

sensitive than daily effluent Nficoncentrations , producing a megnof -0.0624.
The resulting negativ&, value for DO indicated that DO levels marginally

decreased with increasing micropool depth. Becthesenicropool did not contain
submerged vegetation, it did not receive oxygemfphotosynthesis. Therefore, DO
levels within the micropool were controlled by s.0¢ aeration. As discussed in
Section 4.4.2.3.2, surface aeration within the rhzda function of cell water depth,
velocity, and the difference between the maximutaraion and current DO
concentrations within a cell. While water temperatand velocity in the micropool
were fairly unchanged in designs DW1 and DW2, theropool depth was
significantly altered. Surface aeration within thedel was inversely related to cell
depth (see Equation 4-93), which causes surfacgiaeito increase with decreasing
cell depth. This trend was observed in the DW1R@WR designs as the shallower

micropool in design DW1 resulted in slightly higleffluent DO concentrations
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while the deeper micropool in design DW2 produdeghsy lower effluent DO
concentrations than the base design. Because & leever reached levels near 2
mg/L, which was the minimum DO concentration foriethnitrification was
simulated, NH" concentrations were not affected by the trendsmies in DO levels

in the DW1 and DW2 wetland designs, but rather daylynicropool retention time.

6.14.2.3 Deepwater storage volume conclusions

While changing the micropool depth did not sigrafidy affect neither
wetland hydrology not wetland water quality, a n@mbf water quality trends were
observed. The increased micropool storage providedesign DW2 promoted
increasing trends in TSS settling and nitrificafiasnich resulted in lower effluent
TSS loads and NH concentrations, and higher effluent NGoncentrations.
Additionally, effluent DO concentrations decreaskghtly with increasing
micropool depth as a result of the inverse relstgm between surface aeration and
cell depth. Due to the model structure, TSS settivas affected by both relative
micropool retention time and of the trap efficienppportion of micropool depth,
which resulted in a higher effluent mean dailyw#fit TSS concentration in the
shallower DW1 design. Despite these results, tineent study assumed that in
reality the retention time factor would most likelgminate in all wetland designs
given that complete mixing of TSS would not oceuthe micropool.

Based on these results, the model appeared to &ldyaensitive to changes
in deepwater storage. While increased deepwaisag generally improved wetland
TSS and NH' performance, it produced larger effluent ;NEncentrations and

slightly lower effluent DO concentrations. As shoim Table 6-31, the final
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resulting wetland WSI scores were not significaxifyerent with respective values
of 0.641, 0.640, and 0.640 for the DW1, base, awRlesigns. The current study
hypothesized based on the model results that wkfarformance was fairly

insensitive to the MDE (2009) requirement thateaist 25% of th&VQ, .

Furthermore, the these results suggest that grieeties should be put on determining
the appropriate storage volumes and depths witch eell type (i.e., deepwater,
high-marsh, and low-marsh) in order to achieventata times within each cell that,

combined, would achieve desired water quality aydtdlogic performance.

Table 6-31Resulting normalized metrics and final wetlandainsbility indices
(WSI's) for the base, DW1 and DW2 stormwater wedldesigns. All WSI scores
were computed assuming equal weights for all waietity and hydrologic metrics.

Performance Criteria Mgtric Base d_esign DWl DW.2
weights metrics metrics metrics

Mean daily TSS Conc. (mg/L 0.1 0.328 0.342 0.318
Mean daily DO Conc. (mg/L) 0.1 1 1 1

Mean daily NH4 Conc. (mg/L 0.1 0.528 0.522 0.534
Mean daily NO3 Conc. (mg/| 0.1 1 1 1

High-marsh PC 0.1 0.999 0.999 0.999
Low-marsh PC 0.1 1.000 1.000 1.000
High-Flow PC 0.1 0.533 0.533 0.533
Low-Flow PC 0.1 0.396 0.396 0.396
Flow-Variation PC 0.1 0.000 0.000 0.000
Flood-Control PC 0.1 0.618 0.618 0.618
Final WSlIscore 0.640 0.641 0.640

6.14.3 Location of deepwater areas

Based on the performance of the wetland designs FB2, DW1, and DW2,
it was hypothesized that the location of deepwateas within the wetland played a

role in effluent water quality, especially with pest to TSS concentrations. In order
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to evaluate the sensitivity of wetland performatwthe location of deepwater areas,
three additional wetland designs were developedsandlated, which were referred
to as MPB, MP1, and MP2. The MPB design switctedmicropool cell (cell 1)
with cell 15, which had a water depth of 3 ft. Téfere, in the MPB design, cell 15
had a depth of 5.75 ft and a smooth bottom withegetation while cell 1, the outlet
cell, had a water depth of 3 ft with submerged ta&tin. By moving the micropool
to the middle of the wetland, the current studyeirto analyze the effect of
deepwater locations within the wetland. Both thelvind MP2 designs followed the
same cell structure as that of the MPB design, thighmicropool located in cell 15.
The MP1 design incorporated a relocated micropothl avdepth of 4 ft and the MP2
design incorporated a relocated micropool with gtlllef 7.72 ft. Therefore the MP1
and MP2 designs are analogous to the DW1 and DW/igmig the only difference

being the location of the micropool within the veeitl.

6.14.3.1 MPB design results

The MPB design performance revealed that deepwatation within the
wetland had a significant impact on wetland wataldy performance, but minimal
effect on hydrologic performance. MPB design hyolyac PC values were changed
by the relocation of the micropool in the MPB desas illustrated through the
computed relative errorg, comparing the base and MPB hydrologic PC values in
Table 6-33. E, values rathelS, values were used to quantify changes associated
with the MPB design as the relocation of the mio@plid not translate to a
quantifiable input changéX that was necessary for the computatiorSpfvia

Equation 6-58. Despite the hydrologic PC insevisigis, the internal wetland
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velocity did increase from 0.000658 ft/s in theddssign to 0.000722 ft/s in the
MPB. This increased internal velocity was duehi® teplacement of the initial cell
15, which had submerged vegetation, with the mwobpmhich was deeper and did
not include vegetation. Within the model, cellshout vegetation were assigned a
roughness coefficient of 0.017 while the roughrezsfficients for cells with
submerged vegetation could range from 0.135 to, 2te&easing with depth.

Increased TSS settling was also observed in the MH#3R)n as evidenced by
the MPB mean daily effluent TSS concentration aBI8g/L versus the base value
of 15.4 mg/L. This decrease in effluent TSS inMHeB design was due to the effect
of the increased cell 15 depth coinciding with watntaining higher TSS
concentrations. Deepwater cells appeared to be eftective in the middle of the
wetland because there was a greater amount of T8® water. The increased cell
storage appeared to outweigh the effect of théatjigncreased velocity that resulted
from the exclusion of vegetation in the interndl.c&hese results suggest that the
incorporation of deepwater areas throughout théawef not solely at the inlet and
outlet, could significantly improve wetland TSS feemance. The current model,
however, did not support the removal of deepwateasat the outlet despite model
results due to possible TSS resuspension assogvitedhallower areas (MDE
20009).

The effluent NH™ concentrations did not change in the MPB desifinis
NH," insensitivity to micropool location was likely di@the low reaction rate of
nitrification relative to TSS settling and denitc#tion rates. As a result, the

relocation of the micropool did not have the saffieceon NH;” concentrations as it
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did on TSS concentrations. Effluent N©Goncentrations in the MPB design were,
however, marginally lower than those in the basagie While denitrification was
not simulated in the micropool cell, the increaselbcity in cell 15 in the MPB
design may have pushed more water into high anentawnsh cells, in which
denitrification was simulated, allowing for a lomgeet retention time in denitrifying
cells.

Effluent DO concentrations increased marginallyrfrb0.3 mg/L in the base
design to 10.5 mg/L in the MPB design. This sligiatease in effluent DO
concentrations was due to the addition of submevgegedtation in the outlet cell,
which promoted photosynthesis in addition to swefaeration. Because less NH
was present in the outlet cell, this photosynthgsiserated DO was not used up at
the same rate as when it was generated in cefl ftteibase design. This effect was
not significant, as it did not affect the abilititbe wetland to perform nitrification
nor did it affect downstream ecosystem health. el@w, it should be noted for
future wetland design that water aeration is méfieient when NH" are lower and
do not demand as much DO for nitrification. Theref submerged vegetation could
be placed near the outlet of wetlands, after mbgteoNH," has been nitrified, in
which low effluent DO levels are of concern in artieincrease effluent DO
concentrations.

Based on the water quality performance of the MRBamd design, it was
concluded that location of deepwater areas coule hssignificant impact of effluent
TSS concentrations. DO, NH and NQ' concentrations, however, appeared to be

fairly insensitive to deepwater location. Therefdhe current study strongly
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suggests the incorporation of deepwater areasghou a wetland design when
effluent TSS concentrations are of concern. Aedcity MDE (2009), deepwater
areas at the inlet and outlet are crucial for thigal pre-treatment of larger TSS
particles at the inlet and for the reduction of TT8Suspension at the outlet.
However, deepwater areas within the main wetlardyloould improve TSS
performance. The addition of submerged vegetationternal wetland deepwater
areas could also promote even better water quagitiormance due to (1) the slower
velocities associated with submerged vegetatedrns/agetated area, and (2) the

increased DO production associated with the photbggis of submerged vegetation.

Table 6-32Relevant PC values and relative ergrebserved between the base and
MPB stormwater wetland designs.

Performance Criteria Base MPB E,
Mean daily TSS Conc. (mg/L) 15.4 13.9 -0.099
Mean daily DO Conc. (mg/L) 10.3 10.5 0.023
Mean daily NH4 Conc. (mg/L) | 0.0782 | 0.0782 0.001
Mean daily NO3 Conc. (mg/L)| 0.258 0.245 -0.049
High-marsh PC 0.962 0.962 0.00
Low-marsh PC 0.983 0.983 0.00
High-Flow PC 0.316 0.316 0.00
Low-Flow PC 0.223 0.223 0.00
Flow Variation PC 2.90 2.90 0.00
Flood Control PC 0.382 0.382 0.00

6.14.3.2 Comparing MPB with the MP1 and MP2 designs
In order to evaluate the effect of deepwater s®E@nge on the relocated

micropool in the MPB design, the resulting PC valta the MP1 and the MP2

designs were compared with those of the MPB dassgmg bothS, and D,

sensitivity measures (see Table 6-33). The sanreasing trends in both hydrologic
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and water quality performance with increasing gjeraere seen in designs MP1 and
MP2 as were seen in the FB1 and FB2 designs.

While changes were observed in all water qualityvBlDes, only the mean
daily effluent NH" concentrations were found to change significawitih a mean

S, of -0.072. This decreasing trend in effluent Neoncentrations indicated that the

increased retention time associated with the irsg@anicropool depth in design MP3
allowed for slightly more nitrification of Nii. The resulting effluent N©
concentrations increased marginally with increasimgropool depth, with a mean

S, of -0.022 due to the corresponding increased mawbpitrification and lack of

denitrification within the micropool, which was grdimulated in cells with emergent
vegetation. Effluent TSS concentrations decreasadjinally with increasing

micropool depth with &, of -0.014. Therefore, similar to the trend seeth&
forebay, the factor of retention time appearedamihate slightly over the trap
efficiency proportionality factor.

While all resultingS, values indicated model performance was fairly

insensitive to the changes made to the MPB desigimel MP1 and MP2 designs,
these designs did exhibit the same water quabtyds as those observed in the
designs FB1 and FB2. Final WSI values for the pdeB, MP1, and MP2 designs
were computed and summarized in Table 6-36, whidihér showed the model
insensitivity to the changes associated with tliesegns with respective WSI scores
of 0.640, 0.643, 0.642, and 0.644. The slightaase in TSS performance from the
base to the MPB design, did suggest that deepwetas should be incorporated

throughout the wetland. The water quality trerensin the MP1 and MP2 designs
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also reinforced that cell storage/depth was theidatmg factor in increasing cell

retention time. Therefore, a definitive total stge volume devoted to deepwater may

not be the most useful method of wetland desigergihat its usefulness depends on

a number of factors including location within thetland and nitrogen species

present in inflow.

Table 6-33Relevant PC values, relative sensitivities, andadion sensitive for the
MPB, MP1, and MP2 stormwater wetland designs. retaionship direction
indicates where the PC value increases (+) or dsese(-) with a corresponding
e in the wetland.

increase in deepwater storag

Performance Criteria MPB MP1 MP2 S |Dy| Rﬁl.at'onSh'p
irection
Mean daily TSS Conc. (mg/L) 13.9 13.9 13.8 -0.014 0.037 -
Mean daily DO Conc. (mg/L) 10.5 10.5 10.5 0.008 0.016 +
Mean daily NH4 Conc. (mg/L) | 0.0782 | 0.0793 0.0771 -0.072 0.001 -
Mean daily NO3 Conc. (mg/L)| 0.245 0.244 0.246 0.022 0.001 +
High-marsh PC 0.962 0.962 0.962 0.00 0.00 -
Low-marsh PC 0.983 0.983 0.983 0.00 0.00 +
High-Flow PC 0.316 0.316 0.316 0.00 0.00 -
Low-Flow PC 0.223 0.223 0.223 0.00 0.00 -
Flow-Variation PC 2.90 2.90 2.90 0.00 0.00 +
Flood-Control PC 0.382 0.382 0.382 0.00 0.00 +
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Table 6-34Resulting normalized metrics and final wetlandansbility indices
(WSI's) for the base, DW1 and DW2 stormwater wedldesigns. All WSI scores
were computed assuming equal weights for all wagiality and hydrologic metrics.

Performance Criteria Metric diiisgen MPB MP1 MP.Z
weights metrics metrics | metrics | metrics
Mean daily TSS Conc. (mg/L 0.1 0.328 0.357 0.356 0.35Y
Mean daily DO Conc. (mg/L) 0.1 1 1 1 1
Mean daily NH4 Conc. (mg/U 0.1 0.528 0.528 0.522 0.53¢
Mean daily NO3 Conc. (mg/| 0.1 1 1 1 1
High-marsh PC 0.1 0.999 0.999 0.999 0.999
Low-marsh PC 0.1 1.000 1.000 1.000[ 1.009
High-Flow PC 0.1 0.533 0.533 0.533 0.5313
Low-Flow PC 0.1 0.396 0.396 0.396 O.39l5
Flow-Variation PC 0.1 0.000 0.000 0.000] o0.00f
Flood-Control PC 0.1 0.618 0.618 0.618| o0.61%
Final WSlIscore 0.640 0.643 0.642 0.644

6.14.4 High-marsh areas

The current section developed two designs to besiniportance of high-
marsh areas, which were defined by MDE (2009) teetvith water depths of 0.5 ft
or less. MDE (2009) also required 35% or morenhefrequired wetland surface area
SA allotted to these high-marsh areas. The inigsigh accounted for 36% of the
SA with water depths of 0.5 ft. One test wetland designed with 32% of theA,
allocated to high-marsh areas and was referred tbeaHM1 design. A second test
design, HM2, was made with 40% of t88, allocated to high-marsh areas. The
HM1 design was made by increasing the water deptha high-marsh cell 14 of the
base design (see Figure 6-4 and Table 6-4) frono01R25 ft while maintaining
emergent vegetation in the cell. Conversely, tM2Hlesign was developed by
decreasing the water depth in low-marsh cell 1inflo25 to 0.5 ft while, again,

maintaining emergent vegetation in the cell. There the resulting HM1 and HM2
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designs had respective water volumes of 5,957 amtb3t (0.137 and 0.132 ac-ft)
as recorded in Table 6-39.

The conversion of high-marsh areas to deeper, lansmareas in the design
HM1 increased cell storage as well as cell velp@gch of which had opposing
effects on cell retention time. While greater sttirage was shown to increase cell
retention time in Sections 6.14.1.1, 6.14.2.2, @uid.3, corresponding increased
velocity was found to decrease cell retention tiedl®wing water to flow more
quickly through the cell. The respective meanrmmaéwetland velocities for the
HM1, base, and HM2 designs were 0.000688, 0.000&%80.000498 ft/s.
Therefore, a larger proportion of high-marsh araadlated to less storage and slower
internal wetland velocities. Within the model, a@ty in cells with emergent

vegetation was computed according to Equation 4¢Bi;h is reproduced here:

338 for SS< 0.328ft
n, =410.673-(S9328 " for 0.328< SS< 328ft (6-68)
0.673 for SS> 328ft

where n, represents the roughness coefficient value"@for densely vegetated

wetland areas, arféiSrepresents the surface storage depth (ft). Thexgethe
increase in depth in cell 14 in the HM1 design lteslin a faster cell velocity.
Conversely, the reduction of cell 11 depth in thdZHdesign resulted in a slower cell
velocity.

Wetland hydrologic performance was weakly affedigdhe changes in high-
marsh areas associated with the HM1 and HM2 desighe high-flow and flow
variation PC values increased slightly with incregsigh-marsh area with
respectiveS, values of 0.0561 and 0.0944. While the high-flo@/fépresented the
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ratio of the proportion of pre-development to effhti flow exceeding pre-
development bankfull flow, the flow variation PClwva was the ratio of pre-
development to effluent mean daily flow variatiohherefore, increases in both of
these PC values implied a decrease in effluenegalelative to the corresponding
pre-development values. As a result, it was catediuthat the lower internal
velocities associated with more high-marsh arealsarHM2 design also produced
slightly slower and less variable effluent discleargtes. Similarly, the low-flow PC
value, which was the ratio of the proportion of-gevelopment to effluent non-zero
flows, decreased with increasing high-marsh aré¢harwetland. This trend in the
low-flow PC values indicated that while the HM2 gspromoted lower internal
velocities and effluent flowrates, these lower ftates occurred over a slightly longer
duration than those in the base design. This tveaxlalso evidenced by the increase
in the total number of days producing effluent flbam 262 in the base design to
263 days in the MP2 design. While this change smaall, it could prove significant
depending on the sensitivity of downstream ecogyst® the duration a frequency of
zero-flow periods. For example, the loss of seakpre-development dry periods
could prevent sensitive downstream species fromooeing. Therefore, the
significance of changes in the low-flow and higbwilis dependent on the
corresponding effects on the ability of the wetléamgiromote healthy downstream
ecosystems.

Because increasing high-marsh areas resulted imdemtreased cell storage
and increased cell velocity, such changes hadicting effects on wetland water

quality performance. As a result, TSS and;Neéffluent concentrations increased in
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both the HM1 and HM2 designs. TS, values for HM1 and HM2 were -0.014 and
0.368 and Nif" S, values for HM1 and HM2 were -0.0593 and 0.215. eBasn

these results, the storage factor appeared to be important as larger increases in
TSS and N effluent concentrations were observed in the HMach had less
storage relative to the base design. The TSS &hd behavior exhibited in the HM1
and HM2 designs suggests that within the modeteasing cell storage is more
effective in increasing cell retention time thamlécreasing cell depth in order to
increase the vegetated roughness coefficient. Meryéhis trend assumes complete
mixing of pollutants in each user-define wetlant, ghich may not represent reality.
More data are necessary to better understand hostitents such as TSS and NH
move through constructed wetlands.

The mean effluent NOconcentrations also reflected the dominating etbéc
cell storage over cell velocity. While effluent Bi@oncentrations increased with

increasing high-marsh area, the respecByealues for each the HM1 and HM2

designs were 0.137 and 0.419, showing thag d@ncentrations were more sensitive
to the loss of cell storage in the HM2 design ttwathe increase in cell velocity in
design HM1. In addition to cell storage and valgdNOs concentrations were also
influenced by NH" concentrations. Due to these compounding factdfisient NQ

concentrations were the most sensitive output petennwith a mears, value of

0.278. Based on these results, within the modeteasing cell storage appeared to
be the most effective design change in reducing N@hcentrations.
Given these results, changing the high-marsh seiidaea within the wetland

did not significantly change overall wetland penfiance as the final WSI values for
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the HM1, base, and HM2 designs were almost equblwailues of 0.640, 0.640, and
0.639 (see Table 6-38). Therefore, based on tla\WifS1 scores, high and low-marsh
areas did not have significantly different impamtswetland performance within the
model. In reality, high and low-marsh areas mayduggiired for the survival of
different vegetation types, making both importdetreents within a healthy
stormwater wetland design. The current model, veweadoes not simulate
vegetation death and assumes all vegetation typesbée to grow in all water depths.
Given these model assumptions, user knowledgeg#tagon needs would be crucial
in order to correctly place vegetation within aeziwvetland design based on water
depths and pollutant concentrations. Despiterikerisitivity of model output to
changes in the high-marsh area, the results frenHti1 and HM2 designs
reinforced that cell volume was a dominating fa@towetland performance. As a
result, it was further emphasized that wetlandsikhbe designed based on the
relative cell type storage volumes and the cornedpy retention times rather than

on the relative surface areas.
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Table 6-35Relevant PC values, relative sensitivities, andad®n sensitive for the
base , HM1, and HM2 stormwater wetland designse rEhationship direction
indicates where the PC value increases (+) or dsese(-) with a corresponding

increase in high-marsh area in the wetlari®).values in parenthesis were computed
using the absolute values of those from HM1 and?Hidcause they had both
positive and negative effects on the corresponBi@g/alue.

Performance Criteria Base HM1 HM2 S |Dy| Rzl_atlonshlp
iIrection

Mean daily TSS Conc. (mg/L) | 15.4 15.4 16.0 (0.19) 0.33 +/-
Mean daily DO Conc. (mg/L) | 10.3 10.3 10.3 (0.01) 0.01 +/-
Mean daily NH4 Conc. (mg/L) | 0.0782 | 0.0787 0.0800 (0.14) 0.00 +/-
Mean daily NO3 Conc. (mg/L)| 0.258 | 0.254 0.270 0.278 0.01 +
High-marsh PC 0.962 | 0.963 0.955 -0.0376 0.00402 -
Low-marsh PC 0.983 | 0.983 0.981 -0.00912 0.000996 -
High-Flow PC 0.316 | 0.315 0.314 0.0561 0.00197 +
Low-Flow PC 0.223 | 0.224 0.220 -0.0904 0.00224 -
Flow-Variation PC 2.90 2.88 2.95 0.0944 0.03039
Flood-Control PC 0.382 0.382 0.382 0.00001 0.00

Table 6-36Resulting normalized metrics and final wetlandainsbility indices
(WSI’s) for the base, HM1 and HM2 stormwater wedlalesigns. All WSI scores
were computed assuming equal weights for all waietity and hydrologic metrics.

Performance Criteria Metric dBezngen HM1 HM2
weights metrics metrics | metrics

Mean daily TSS Conc. (mg/L 0.1 0.328 0.327 0.328
Mean daily DO Conc. (mg/L) 0.1 1 1 1
Mean daily NH4 Conc. (mg/L 0.1 0.528 0.525 0.522
Mean daily NO3 Conc. (mg/| 0.1 1 1 1
High-marsh PC 0.1 0.999 0.999 0.998
Low-marsh PC 0.1 1.000 1.000 1.000
High-Flow PC 0.1 0.533 0.530 0.529
Low-Flow PC 0.1 0.396 0.398 0.395
Flow-Variation PC 0.1 0.000 0.000 0.000
Flood-Control PC 0.1 0.618 0.618 0.618
Final WSlIscore 0.640 0.640 0.639
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6.14.5 Low-marsh areas

MDE (2009) required that 65% or more of 4, allotted to high and low-
marsh areas combined, which had water depth$ ft. Therefore, low-marsh areas
were required to compose 29% of B in the base design given that high-marsh
areas composed 36% of t8&,. The current study evaluated the importance ®f th
proportion of theSA, allotted low-marsh areas through the use of twbwetlands
that incorporated (1) low-marsh areas composing @B#teSA,, and (2) low-marsh
areas composing 36% of tB&,. These designs were respectively referred thas t
LM1 and LM2 designs. The LM1 design was developgdhcreasing the depth in
the low-marsh cell 16 of the base design (see Eiget and Table 6-4) from 1.25 to
3 ft and by replacing the emergent vegetation sithmerged vegetation.
Conversely, the LM2 design was made by decreabmgvater depth in cell 15 from
3 to 1.25 ft and by replacing the submerged veigetatith emergent vegetation.

Wetland performance in the LM1 and LM2 designs w@srolled by the
following three factors, which included (1) celldle, (2) internal cell velocity, and
(3) cell vegetation type. Each of these threeofacatlirectly affected cell retention
time. Additionally, internal cell velocity was arfction of both cell depth and cell
vegetation type. Replacing low-marsh cells witbpkr cells with submerged
vegetation, as was done in the LM1 design, resutiggleater wetland storage. This
design alteration, however, also incorporated éessrgent vegetation and therefore,
fewer cells in which denitrification was simulateds a result, in addition to the

influencing factors of cell storage and velocitgttdominated in the HM1 and HM2
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designs, the LM1 and LM2 design performance was @snplicated by the factor of
vegetation type.

Due to the effect of the proportion of low-marskas on wetland velocity,
wetland hydrologic performance was weakly sensitivéhe design changes made in
the LM1 and LM2 designs. Respective mean intenmdland velocities for the base,
LM1, and LM2 designs were 0.000658, 0.000660, afd@b52 ft/s, showing that
velocity increased slightly with increasing celptle as well with the replacement of
emergent vegetation with submerged vegetationobsgrved in the HM1 and HM2
designs, the high-flow and flow variation PC valuegeased marginally with

decreasing low-marsh area with respect8evalues of 0.055 and 0.049 (see Table

6-35). These values indicated that deeper catisipted higher wetland velocities
and discharge rates with greater variability. Aiddially, the replacement of
submerged for emergent vegetation further increttsedell velocity as submerged
vegetation was assumed to be less dense and walstgichwith lower roughness

coefficients according to the following equatiopgsSection 4.4.1.2.1):

219 for SS< 0.164ft
ng =40.673 02-(S9328 " for 0.164< SS< 328ft (6-69)
0.135 for SS> 328ft

where ng represents the roughness coefficient valuel’é;/for wetland areas with

submerged vegetation.

Wetland water quality performance, especially tifaffluent NQ’
concentrations, was found to be sensitive to chamgthe proportion of low-marsh
areas within the wetland. Mean daily effluent T®®&centrations in the LM1 and

LM2 designs showed similar but weaker trends te¢hseen in the HM1 and HM2
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designs with respectiv8, values for LM1 and LM2 of -0.014 and 0.019, whicéres

essential zero. Both decreasing and increasiniptirenarsh area in the wetland had
the same effect on TSS concentrations, which stggéisat the increased cell
storage in the LM1 design and the decreased ceitig in the LM2 design had
similar effects on cell TSS settling. The cellragge factor did, however, dominate
with respect to mean daily effluent iWHoncentrations, which increased with
increasing low-marsh area and subsequent increagtignd storage with a mean

S, value of 0.119. Effluent Nk concentrations did also show some sensitivity to
the velocity factor as designs LM1 and LM2 producespective NI S, values of

0.041 and 0.196, which suggested that, while tethge was the dominating factor,
the decreased cell velocity associated with thdashker low-marsh cell in the LM1
design dampened its effect. Mean daily effluent &@@centrations were marginally
greater in the LM1 design with a value of 10.3 mgérsus the LM2 design, which
produced a value of 10.2 mg/L. In this case, D@lewere affected by the
following three factors: (1) photosynthesis viasi#oged vegetation, (2) cell water
velocity, and (3) cell water depth. Mean effludl@; concentrations were the
wetland outputs most sensitive to changes in lowsmarea with a mea8§, value of
-1.05. The negative sign of the BIC5, indicated that N@ concentrations decreased
with increasing low-marsh area. B@oncentrations were very sensitive to the loss
and addition of cells with emergent vegetation beeahe model only simulated
denitrification in these cells. Therefore, the wersion of low-marsh areas to deeper
areas with submerged vegetation resulted in a ptiopal reduction in the retention

time within the wetland devoted to denitrificatiohNOs".
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While final wetland WSI scores for the LM1, based &M2 designs were not
significantly different (see Table 6-38), it wadeub that effluent N@ concentrations
were very sensitive to the loss of low-marsh avei#ls emergent vegetation. All
other water quality and hydrologic PC values weneimmally sensitive to the LM1
and LM2 designs. The current study did, howevieseove a number of trends in
wetland performance in the LM1 and LM2 designs theher reinforced the
importance of design wetlands with cell retentiomets in mind. Low and high-
marsh retention times were found to be crucial @ Meduction due to their
inclusion of emergent vegetation. Retention timdeepwater areas was also found
to effect TSS and NH concentrations. Based on these results, therdustady
concluded that marsh (high + low-marsh) and deegwalls were important for
water quality performance success in stormwatelawetdesigns. It was also found
that cells with submerged vegetation also servdeelp improve wetland water

quality performance.

Table 6-37Relevant PC values, relative sensitivities, andad®n sensitive for the base ,
LM1, and LM2 stormwater wetland designs. The retethip direction indicates where the
PC value increases (+) or decreases (-) with &sponding increase in low-marsh area in the

wetland.

Performance Criteria Base LM1 LM2 S [Dyl Rzli?é'g?s:'p
Mean daily TSS Conc. (mg/L) 15.4 15.4 15.5 (0.02) 0.07 +/-
Mean daily DO Conc. (mg/L) 10.3 10.32 10.19 -0.074 0.06 -
Mean daily NH4 Conc. (mg/L) 0.0782 | 0.0778 0.0793 0.119 0.00 +
Mean daily NO3 Conc. (mg/L) 0.258 0.277 0.242 -1.053 0.02 -
High-marsh PC 0.962 0.963 0.961 -0.023 0.00 -
Low-marsh PC 0.983 0.983 0.983 -0.007 0.00 -
High-Flow PC 0.316 0.315 0.317 0.055 0.00 +
Low-Flow PC 0.223 0.224 0.222 -0.070 0.00 -
Flow-Variation PC 2.90 2.89 2.903 0.049 0.01 +
Flood-Control PC 0.382 0.382 0.382 0.000 0.00 +
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Table 6-38Resulting normalized metrics and final wetlandansbility indices
(WSI's) for the base, LM1 and LM2 stormwater wetatesigns. All WSI scores
were computed assuming equal weights for all wgiatity and hydrologic metrics.

Performance Criteria Metric diiisgen LM1 LM2
weights metrics metrics metrics

Mean daily TSS Conc. (mg/L 0.1 0.328 0.328 0.326
Mean daily DO Conc. (mg/L) 0.1 1 1 1
Mean daily NH4 Conc. (mg/L 0.1 0.528 0.522 0.522
Mean daily NO3 Conc. (mg/| 0.1 1 1 1
High-marsh PC 0.1 0.999 0.998 0.998
Low-marsh PC 0.1 1.000 1.000 1.000
High-Flow PC 0.1 0.533 0.529 0.534
Low-Flow PC 0.1 0.396 0.395 0.395
Flow-Variation PC 0.1 0.000 0.000 0.000
Flood-Control PC 0.1 0.618 0.618 0.618
Final WSlIscore 0.640 0.639 0.639
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Table 6-39All tested shallow wetland designs and their comding cell lengths (ft), number of cells, wetlaurface area (i, storage volume (i, the areal
proportion of shallow high-marsh (HM1) areas (degfttess than or equal to 0.5 ft), the areal prtporof total high-marsh (HM) areas (depths lesstar
equal to 1.5 ft), the volumetric proportion of degger zones (greater than or equal to 4 ft), aedsthlumetric proportion of storage in the foreb@ccording
to MDE (2009) procedure, areal proportions wereeiam the required wetland surface s®égof 3,463 ff and volumetric proportions were based on the

WQ, of 5,396 ff. Lightly shaded cells represent a significantngfeain wetland design while darkly shaded cellscaie that a given criterion was not met.

SA, % of Wetland Wetland HML area | HMT area Deepwater Foreb?y
Design Design change drainage surface storage % of SA % of SA zone volume | volume % of
area (%) area (f®) | volume (ft) 0 o 0 0 % of WQ, WQ,
MDE specified >1.5 >3463 | > 5396 > 35 > 65 > 25 >10
requirements
Base design 15 3463 5853 36 68 25 10.3
0,
DA1 \éV:tIand surface area 1.25% 1.25 3463 5853 36 68 o5 10.3
0,
DA2 \éV:tIand surface area 2.5% o 25 3463 5853 36 68 o5 10.3
DwW1 Deepwater zones 20.5% of
WQ, 15 3463 5611 36 68 20.5 10.3
DW2 Deepwater zones 30.3% of
WQ, 15 3463 6126 36 68 30.3 10.3
FB1 Forebay 25% oV Q, 15 3463 6650 36 68 39.8 25.0
FB2 Forebay 1.8% oV Q, 15 3463 5396 36 68 16.6 1.8
MP1 Micropool moved to center of] 15 3463 5853 36 68 o5 10.3
wetland
MP2 Deepwater areas 20.5% of
WQ, with relocated micropoo 15 3463 5611 36 68 20.5 10.3
MP3 Deepwater area 30.3% of
WQ, with relocated micropoo 15 3463 6126 36 68 30.3 10.3
HM1 High-marsh areas 32% 8#, 15 3463 5957 32 68 30.3 10.3
HM2 High-marsh areas 40% 8%, 15 3463 5749 40 68 30.3 10.3
LM1 Low-marsh areas 28% &A, 15 3463 5957 36 64 30.3 10.3
LM2 Low-marsh areas 36% &A, 15 3463 5610 36 72 30.3 10.3
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6.14.6 Stormwater design criteria suggestions

Based on the trends observed in model sensitiwityyDE (2009) design
criteria, the current study suggested that thentiete time within each cell type (i.e.,
high-marsh, low-marsh, deepwater, etc.) be thefefwvetland design. It was also
found that the two main factors affecting cell reten time within the model were (1)
cell storage/depth and (2) cell velocity. Cell thepnd velocity were directly related
in vegetated cells due to the equations used imttdel to define vegetation
roughness coefficients (see Equations 4-50 and) 4-Bierefore, while increasing
cell depth increased cell storage, which promotesiger cell retention time, it also
increased cell velocity, which promotes a shorédrretention time. Despite this
relationship, the increased storage produced bgasing cell depth appeared to
dominate over the corresponding increase in cédicity with respect cell retention
time and to water quality performance. Hydrologgeformance was not strongly
influenced by these factors, but was rather depgratewetland surface area and
outlet structure. These hydrologic results suggettat additional wetland design
structural changes would be required to produdaesit flows that better mimicked

corresponding pre-development hydrology.

6.14.6.1 Retention time determination via TSS pulse experiment

In an effort to quantify the relationship betweet pollutant concentrations
and cell depth, the current study performed a srpplse experiment within one
wetland cell. This simulated tracer experimeningsted cell retention time by

measuring the time required for internal and effluzell TSS concentrations to return
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to zero after a 1-min influent pulse with a voluof®.84 ff and a TSS concentration
of 43.2 mg/L was introduced into the cell. BotHuent volume and TSS
concentrations were based on values used/obsertkd base design. While TSS
was only introduced into the cell during the firshute of simulation, the influent
discharge rate was set to a constant rate of 0.6f4@ver duration of the simulation.
This rate was equal to the mean discharge rat@igdve forebay in the base
stormwater wetland design. Settling was not sitedlan this experiment so as to
measure solely the effects of cell vegetation aattuon cell retention of pollutants.
This pulse experiment was performed separatelg fll with emergent vegetation
cell and for a cell with submerged vegetation. iiddally, the TSS pulse was
simulated over a cell water depth range of 0.15dtlwithin the emergent vegetation
cell, matching the MDE-defined water depth rangehigh + low-marsh< 1.5 ft).
Similarly, the TSS pulse was simulated over awelier depth range of 1.5 to 4 ft
was in order to analyze the effect of cell depthretention time in cells with
submerged vegetation; this water depth range wiadaimed by MDE (2009).
Deepwater areas, with water depths greater thanvefe not included in this
analysis given that they did not incorporate vetgmteand, therefore, were simulated
to have a constant roughness coefficient of 0.efjandless of cell water depth.
Obtained retention times for these two pulse sitiarlauns are shown in Figure
6-16.

In the case of both emergent and submerged vegetatiinear relationship
between the estimated cell retention time and depthobserved (see Figure 6-16).

These linear trends illustrate that the increagdidstorage rather than increasing cell

391



velocity associated with increasing cell depth Wesdominating factor that controls
retention time. In addition to increasing cellergion time, greater cell depths also
allowed for greater dilution of influent concentaas as is shown in Figure 6-17.
While this dilution effect may be negligible if sigy-state conditions are reached
within the wetland as they are within the stormwatedel, influent TSS
concentrations are often variable in reality. Bfiere, in reality, the dilution factor
may play a larger role in TSS and general pollutamicentration reduction than is

simulated in the model.
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Figure 6-16 Estimated cell retention times resulting from plgse experiments for a
wetland cell with (a) emergent vegetation and \{iihsubmerged vegetation.

392



=y
B
E
8‘ * +  Emergent Vegetation
3 2 i
8
= 1 *
e 1 i
3 * * * * "
= +
E o ‘ * + * + * +
X 0 0.5 1 15
= Cell Depth
o (@
>
E 025 \
8 *  Submerged Vegetation
0.2+ |
s L
¢ 015} * oy i
[ * oy .
& o1l S |
2 R T
E S
U 0.05 L ! ! |
% 1.5 2 2.5 3 3.5 4
= Cell Depth

(b)
Figure 6-17 Maximum effluent TSS concentrations (mg/L) asseclavith varying

cell water depths for (a) emergent and (b) subnukvggetation.

It was also noted that because each cell wasl®d@s a completely mixed
flow reactor (CMFR), the 1-min influent TSS pulseguced effluent TSS
concentrations that exponentially decayed over {see Figure 6-18) rather than all
at once as would a cell modeled as a plug-flowtoed®FR). Given this cell
behavior, cell retention time is difficult to dediras all TSS introduced into the cell
does not leave at the same time. Despite the expialy distributed nature of
effluent TSS concentrations, increasing cell dgptduced more gradual effluent

TSS decay, indicating that deep cells promoted estaelease of TSS from the

wetland cell.
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Figure 6-18 Example plot of effluent TSS concentrations (mg/&) time (days) for a
cell with a water depth of 4 ft with submerged vatjen.

6.14.6.2 Final water quality design suggestions

Wetland water quality performance design critereaevfound to be most
sensitive to (1) cell type retention time and (&l) type location within the wetland.
As quantified in Section 6.14.6.1, vegetated agimtion times were found to
increase with increasing cell depth. High and loarsh retention times were
especially important for NQas the model only simulated denitrification wittirese
cells. Additionally, Section 6.14.3.1 revealedtttiee location of deepwater areas
within the wetland could greatly affect effluentI oncentrations. Based on these
results, the current study suggests that the wiaigths for each cell type (i.e., high-
marsh, low-marsh, deepwater areas) should be nsadeep as possible while still
supporting their intended vegetation and habitattheso as to maximize wetland

storage and retention time. Deepwater areas skatstddoe incorporated throughout a
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wetland and not just located at the inlet and éouflde distribution of retention times

should also be optimized over all wetland cell g/pe

6.14.6.3 Final hydrologic design suggestions

While wetland hydrologic performance was weaklyssire, with S, values

ranging from 0.049 to 0.944, to vegetation type eeltldepth, it was most sensitive
to wetland surface area and the orifice diametéh@butlet. Current stormwater
wetland designs focus only on inflow volume andikpg@iacharge reduction. The
current study suggests that emphasis be placedritking estimated pre-
development hydrology.

The wetland did not perform well hydrologically bdson the PC and metric

comparing the pre-development and wetland efflbgdtologic regimes. Therefore,
while the stormwater wetland succeeded in redueffigent peak flows as MDE
(2009) intended, it did not successfully mimic pietelopment hydrology as it was
defined in the current study. Because naturahstrBealth is tied to stream
hydrology (Poff et al. 1997; Walsh et al. 2005; b#lip and Moberg 2010), BMP
facilities should be designed to reproduce dowastraatural hydrology.

Effluent volume was targeted to be the most impuriactor affecting
wetland hydrologic performance. The base wetlaagigh produced, on average,
about 2.61 times more effluent volume per year tharestimated pre-developed
drainage area. Therefore, the current study stegdéisat future wetland designs
promote more infiltration, perhaps by adding a amdl section with sandy soil near

the outlet that is separated by a berm from thenwaitland area so as to avoid
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drying out of the wetland. Additional infiltratiomould then reduce effluent volumes
and reduce durations over which outflow dischasgese maintained.

The current study also suggests the reevaluatitimeainethod used to size
wetland outlet orifices. Currently, MDE (2009) esszorifices to drain the 1-yr, 24-hr
storm event 24 or in 12 hours depending on thetimtaf a wetland site. While this
orifice sizing method reduces peak flows, it alsonpotes longer flow durations,
which could prove detrimental to downstream ec@systealth. While the root of
this problem lies in the fact that stormwater wadls generally produce much more
effluent volume than would an analogous pre-dewsdogrea, perhaps rethinking the
orifice design could help promote a more naturalamel effluent flow regime.

Overall, the MDE (2009) design criteria evaluatedhie current study guided
the design of a stormwater wetland that performetl with respect to effluent water
quality but poorly hydrologically. While specifiaumerical design criteria such as
those defined by MDE (2009) make wetland desigregaswas found that they do
not necessarily result in optimal wetland desighke current study suggests that
stormwater wetlands be designed according to theackeristics and specific goals of
each individual site. For a given wetland desrgtention time within all relevant
cell types (i.e., high-marsh, low-marsh, etc.) dtddne maximized in order to
optimize water quality performance. Additionalyetland surface area should also
be maximized relative to the contributing drainagea in order to reduce the relative
inflow volume. However, as water quality and hydgic characteristics and
requirements may change from site to site, onar@twetland configuration cannot

be defined.
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6.15 INPUT PARAMETER UNCERTAINTY AND SENSITIVITY

The second portion of the sensitivity analysis eatdd the sensitivity of
model performance criteria to input parameterd. nddel inputs were assumed to be
uncorrelated for the purposes of the sensitiviglgsis. In order to assess input
parameter importance, upper and lower bounds fdr eglevant input parameter
were identified based their estimated variatiothatstormwater wetland site in
Charles County, MD. The overall goal of this prsgvas to evaluate the relative
importance of each input parameter based on timgiact on model outputs. This
definition of sensitivity bounds was chosen to t&&iw the impact of input
parameter variation on model outputs within theternof a given wetland site.
While a number of sensitivity bounds were basedmadogous parameter variation at
other wetland sites, others were based on inpainpeter behavior in calibration.
Sensitivity bounds for wetland albedo, for examplere defined based on albedo
variation trends observed at different wetlandssit€onversely, TSS particle
diameter sensitivity bounds were defined basederparameter’s observed behavior
in the calibration of the base stormwater wetlaesigh. The following subsections
define and explain the selection of the lower appen bounds used in the sensitivity

analysis of each input parameter.

6.15.1 Wetland albedo (a)

The wetland albeda represents the composite reflectivity of a wetlaneh.
This collective wetland albedo may vary greatlydzhen season, water depth, snow
cover, vegetation height, vegetation cover, arntulde (Goodin et al. 1996; Dingman

2002). Dingman (2002) reported that water albeddependent on the solar angle,
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following an annual cycle resulting in a range afues between 0.05 and 0.60. Snow
also has aravalue much higher than that of water (Rouse antbB&I83; LaFleur et

al. 1987; Dingman 2002). Despite this annual cythater albedo, a number of
studies found wetland albedos to stay fairly camstiairing non-snowy months

(Rouse and Bello 1983; Federer et al. 1996). Baseskven study sites spanning in
latitudes from Fairbanks, AK, to San Juan, PuertmR-ederer et al. (1996)

observed that the albedo for different ecosystems-forest/tundra, conifer forest,
broadleaf forest, savannah, cultivation, and desemtained fairly constant for
temperatures above 0°C, suggesting that snow pliigeldrgest role in changes in

albedo.

6.15.1.1 Estimated albedo range for stormwater wetland design

A mean annuah of 0.158 was computed from a total of 30 data oint
collected over the study period of May 15, 1985Atgyust 15, 1985, reported by
LaFleur et al. (1987). These data were colleatechfa sedge marsh with a mean
water depth of about 0.820 ft located near the 3aBag in Canada. The albedo was
found to increase from 0.11 to 0.19 over the grogvgeason as a result of increased
vegetation cover. Over the course of the 1-yrystugspective minimum and
maximum values of 0.10 and 0.215 were reportecseB@&n the computed mean of

0.158, and the minimum and maximum values of OrDG215, variation at this site

was defined in positived/ Y ") and negatived/Y ") relative error terms:

~ 010-0.158

elY” =-0.369 (6-70)
0.15€
ery: = 92170158 _ 4 07 (6-71)
0.15¢
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Based on these relative errors, the variation ®fibedo values about the mean was
fairly even.

A study in the Sandhills region of Nebraska foualtet vegetation
contributed to lower albedo values by trapping nligiet than shorter vegetation
(Goodin et al. 1996). The same study reportedecse albedo values for high
standing vegetation (i.e., vegetation height of@@3ft) and low standing vegetation
(i.e., vegetation height of 2.5-3.3 ft) wetlanda®f 0.152 and 0.178, respectively
(Goodin et al. 1996). Goodin et al. (1996) algworéed lake water albedo values of
0.073 at the same study site. The variation oleskat this site was due more to land
cover type. This variation in cover type was asdssue in the stormwater wetland
design developed in the current study, which inetldigh-marsh, low-marsh, and
deepwater areas. In the stormwater wetland dekigh;marsh areas included
emergent vegetation rising above water level wéights of 4.9 to 13 ft, low-marsh
areas only included submerged vegetation belowngatéace, and deepwater areas
had no vegetation. Therefore, the surface arédaecstormwater wetland design
consisted of 68% high-marsh area (albedo of 0.468)32% low-marsh and
deepwater areas (albedo of 0.073) combined. Baisdidese surface area
proportions, a weighted wetland albedo mean of Dui&s estimated based on the

corresponding albedo values reported by Goodih é1296). From this weighted

mean positive ¢/ Y") and negatived/Y ") relative error terms were computed:

ery- = 0073-0127_ o5 (6-72)
0.127

ery+ = 01780127 100 (6-73)
0.127
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Based on these results, the wetland albedo mayargnyhere from 42.5% below the
mean to 40.2% above the mean. These relativesesharacterize the possible
albedo variation due to different land covers witthie wetland. Additional variation,
as seen above in the values reported by LaFlalr €t987), exits in the albedo input
parameter due to seasonal changes.

Given both the seasonal and land cover albedati@mireported in the

literature, the current study used error propogetiioestimate both negativ&() and

positive (E") relative errors for albedo in the stormwater aed design:

E~ = —(-425%)? + (-36.9%) = -56.3% (6-74)

E* =+ (402%)? + (35.7%)> =53.8% (6-75)
Based on these final wetland errors about the l®elo value of 0.159, respective
lower and upper albedo values of 0.069 and 0.248hin the current study the
wetland designs incorporating the low (0.069) aiggh (§0.245) albedo input values

were referred to as the ALB1 and ALB2 designs.

6.15.1.2 Albedo sensitivity

While wetland albedo did affect wetland ET ratésvas not found to
significantly impact any of the PC values relevianthe stormwater wetland design
(see Table 6-40). Respective mean annual ET dépmthise ALB1 @ of 0.069), base
(aof 0.159), and ALB24 of 0.245) designs were 34.1, 31.0, and 30.0 isyltiag in

a mean ETS, value of -0.118. Therefore, as mean wetland allvecreases, wetland

ET depths decrease. The effect of these ET chandgg$iad a minute<0.30%)

impact on corresponding wetland outflow depths tduie reallocation of water
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storage to or from ET in the wetland. This sm#ba suggested that the wetland

inflow and rainfall fluxes were large enough tofeufthe effects of the variation in

ET caused by changes in the input wetland albedo.

Given these results, it was concluded that modgdudwand corresponding

design performance were not significantly impadiga¢hanges in wetland albedo.

Therefore, unless ET is of great concern to the, adeedo was not found to be a

sensitive input parameter within the estimated eashgfined for the stormwater

wetland. Due to the insensitivity of model PC s uo changes in albedo, the final

WSI score of 0.640 for the base design remaineddhee for both the ALB1 and

ALB2 designs. These results indicated that theagba made to the wetland albedo

in the ALB1 and ALB2 designs did not have an impatthe overall wetland design

sustainability as a BMP facility. This insensitivbdf design performance was

rational despite the effect that albedo had on Eftlts because wetland inflow was

the dominate water flux controlling outflow volumasd discharge rates.

Table 6-40Relevant PC values, relative sensitivities, andad®n sensitivities based
on input albedo values of 0.159 (base design),0(BE&B1), and 0.245 (ALB2). The
relationship direction indicates where the PC vathweeases (+) or decreases (-) with
a corresponding increase in albedo.

Performance Criteria Base ALB1 ALB2 S |Dy Rﬁl'anonshlp
irection
Mean daily TSS Conc. (mg/L) | 15.4 15.4 15.4 0.00 0.02 -
Mean daily DO Conc. (mg/L) 10.3 10.3 10.3 0.00180 0.01 -
Mean daily NH4 Conc. (mg/L) | 0.0782 | 0.0784 0.0780 0.0053 0.00 -
Mean daily NO3 Conc. (mg/L)| 0.258 0.259 0.258 -0.00478 0.00 -
High-marsh PC 0.962 0.967 0.960 -0.00609 0.00328 -
Low-marsh PC 0.983 0.985 0.982 -0.00248 0.0013y -
High-Flow PC 0.316 0.314 0.317 0.00917 0.00162 +
Low-Flow PC 0.223 0.225 0.222 -0.0100 0.00125% -
Flow-Variation PC 2.90 2.89 2.89 -0.000245 0.00458 +
Flood-Control PC 0.382 0.383 0.381 -0.00352 7.51E-04 -
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6.15.2 Leaf area index (LAI)

A base LAl input value of 6.5 was used in the desigtland as determined
by literature values (Boyd 1987; Koch and Rawlil039Federer et al. 1996; Xu et al.
2011). A number of factors can play a role in@ghaual trend of LAI. However, in
Charles County, MD (the location of the designrmsteater wetland), leaf senescence
is the dominant factor. Therefore, the structdrihis seasonal LAI trend defined in
Equation 4-1 was assumed to sufficiently model avetlvegetation behavior. The
LAl quantity during the spring and summer monttsjyéver, did contain
uncertainty. Therefore, the variation in LAl iretdesigned stormwater wetland over
these months was estimated based on literaturevald its importance was

evaluated in the sensitivity analysis.

6.15.2.1 Estimated LAI range for stormwater wetland design

Federer et al. (1996) assigned a LAI value ofrdfmn-forest wetland/tundra
areas in Fairbanks, AK. Another study reported kalues from 14.1 to 17 (mean of
14.9 and sample size of 12) for the common rdsingus effus@¢sa common
emergent wetland plant, in Auburn, Alabama (Boy87)9 This study collected LAI
values for common rush from constructed tanks tweigrowing season (i.e., May

through October) of the calendar year 1985 (Boygi719 The resulting mean

e/Y ™, ande/Y"values were computed over all three cells accgtdin

14-149

elY" = -0.054 (6-76)

17-149

elY* =0.141 (6-77)
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In this case, variation was greater in the postiivection (+ 14.1% of the mean),
while the variation in the negative direction waktively small with a value of 5.4%
below the mean.

Xu et al. (2011) also monitored three study bedhiwia reed-dominated
(species includediypha latifoliaor cattails) wetland located in North China, which
had respective mean LAl values of 2.7, 3.6, ancdbaged on monthly measurements
taken during the growing season (May through Sep&shfor the years 2008 and
2009. All monthly LAI values and corresponding mea/Y ~, ande/Y " values for
each of the three study beds are compiled in Téddlé. From these data, mean
e/Y ,ande/Y" of -0.711 and +0.538 were computed:

—0.743-0.662-0.730 _

elY™ = . =-0.711 (6-78)
oy _ 0581t O.4365+ 0568 _ g (6.79)

Table 6-41Monthly reported LAI values for three reed-domathstudy beds and
corresponding mearg/ Y, ande/Y " values (Xu et al. 2011)

Bed | Bed Il | Bed Il
May-08 0.9 14 1.7
Jun-08 2.8 3.8 5.2
Jul-08 4.3 4.9 8.2
Aug-08 3.5 4.5 7.3
Sep-08 2.3 3.5 55
May-09 0.7 1.2 1.5
Jun-09 2 2.9 4.3
Jul-09 4.1 5.2 8.7
Aug-09 3.7 4.6 7.5
Sep-09 2.9 3.5 5.6
Mean 2.7 3.6 5.6
elY” -0.743 -0.662 -0.730
elY” 0.581 0.465 0.568
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Koch and Rawlik (1993) also reported LAI respeetalues of 3.94 + 0.78
and 5.78 + 0.46 for two 0.25%plot of Typha domingenisis the Everglades
wetland system in Florida. Assuming normal disttibns, corresponding minimum
and maximum values were estimated for both tess$ flp subtracting and adding 2
to each of the plot means in order to estimateekteeme values + 95.5% about the
assumed normal distribution means of 3.94 and 5TIs range of +2 was assumed
to represent reasonable maximum and minimum essriat a given sample. Two
standard deviations are commonly used in developamfidence intervals. Resulting
minimum and maximum LAI values were 2.38 and 5d&lfie first plot (&1 = 1.56),
and 4.86 and 6.70 for the second plat,(2 0.92). Because the minimum and
maximums value were symmetrical about the meamethdting relative errors

(elY, ande/Y,) were also symmetrical for both plots:

+
ery, = £190_ 10306 (6-80)
3.94
+
ery, =992 _ 10159 (6-81)
5.78

These computee/Y, ande/Y, values were averaged to achieve final mean

e/ Y value of £0.278 for both plots.

These reported values represent a wide rangematds and vegetation
species; however, all studies consider emergenamespecies, which are used in
the model. It was estimated that the design statewwetland, which was designed
for Charles County, MD, would experience growingsm conditions closest to

those seen in the study done by Koch and RawliRZ),9vhich took place in the
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Everglades in Florida. Therefore, a fir@lY value of +0.416 was chosen to
represent variation at the design stormwater wettaie. Resulting low and high
LAl input bounds of 3.8 and 9.2 about the baseealu6.5 were computed from this
e/Y and used in the sensitivity analysis of the inpatameter LAL In the following
section, the names LAI1 and LAI2 were assignedhéoetland designs with LAI

inputs of 3.8 and 9.2.

6.15.2.2 LAl Sensitivity

While changes in input LAI values did significanilgpact wetland ET rates,
the resulting stormwater wetland performance wasigmificantly changed as
evidenced by the resulting PC values and theiresponding sensitivities (see Table
6-42). As a result of the insensitivity of the nebtb changes in LAI, the base, LAIL,
and LAI2 designs produced the same final WSI sob®640. Respective mean
annual ET depths resulting from the LAI1, base, bAt? designs were 26.1, 31.0,
and 40.1 in. These resulting ET depths suggebtdietland ET was sensitive to

LAl with a S value of -0.221 and increased with increasing Ww#ijch is expected

given that larger LAl values imply larger leaf sagé areas available for ET. Very
slight changes of 0.073 to 0.13 in. were obsermadean annual wetland outflow
depths but were not significant as the base desigitow depth was 15.5 in.
Because wetland inflow dominated the wetland wiaédance, the changes in ET due
to different LAl inputs did not have a large impact wetland outflow.

While the changes made to input LAI values in tiélLand LAI2 designs
did not significantly affect the wetland performanthey did have a slight impact on

the hydrology of the wetland. Decreased ET rasss@ated with the LAI1 design
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also resulted in larger wetland water depths adeemied by the respective high and

low-marsh S values of 0.0279 and 0.0114. Increased water depttine LAI1

design also resulted in increased internal wetlaidcities and effluent flowrates,
and less frequent periods of zero-flows. Convgrdke increased ET in the LAI2
design promoted decreased internal wetland vedscitlecreased effluent flowrates,
and more frequent zero-flow periods. The respediase, LAI1, and LAI2 low-flow
PC values of 0.219, 0.223, and 0.228 reflecteditizi®asing trend in zero-flow
periods with increasing LAl values. Interestinglye high-flow PC values showed
an opposite trend with LAI1, base, and LAI2 valoé$.321, 0.316, and 0.310. This
trend in high-flow PC values suggested that as\alies and corresponding ET
rates increased, the total duration over whichlowttlischarge rates exceeded pre-
development bankfull flow also increased. Whiles results seem counterintuitive,
they reflect the reduced head over the outletaariiin the LAI2 design due to
decreased storage in the wetland. This reducedl preanoted slightly longer
outflow durations. Therefore, the decreased heakd LAI2 design resulted in
longer durations of flows exceeding the estimateddevelopment bankfull
discharge rate of 0.366 cfs.

The small changes in wetland outflow did also glighS, values< 0.0205)

change wetland water quality performance. High&kibput values produced
slightly poorer effluent wetland water quality. W the model, pollutant loads were
not removed with evapotranspired water. Therefilehad a concentrating effect on
pollutant levels in the wetland. This concentrgtibehavior was assumed to be

indicative of real world conditions, suggestingttttd much wetland ET may
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increase pollutant concentrations even though loaaisin constant. Therefore,
while changes in LAI did not significantly affet¢te stormwater wetland
performance, it is worth noting that the changeBTnobserved in the LAI1 and LAI2

design have direct effects on both wetland hydrpkrgd water quality.

Table 6-42Relevant PC values, relative sensitivities, andadi®n sensitivities of
the base, LAI1 and LAI2 designs. The relationshigection indicates where the PC
value increases (+) or decreases (-) with a cooredipg increase in LAL.

Performance Criteria Base LAIL LAI2 S |Dy Rzl_atlonshlp
irection
Mean daily TSS Conc. (mg/L) 15.4 15.3 15.4 0.0109 0.0699 +
Mean daily DO Conc. (mg/L) | 10.3 10.3 10.3 0.00591 0.0252 +
Mean daily NH4 Conc. (mg/L) 0.0782| 0.0776| 0.0789 0.0202 0.000657 +
Mean daily NO3 Conc. (mg/L) 0.258 0.256 0.260 0.0204 0.00220 +
High-marsh PC 0.962 0.954 0.977 0.0279 0.01115 +
Low-marsh PC 0.983 0.980 0.989 0.0114 0.00464 +
High-Flow PC 0.316 0.321 0.310 0.04241 0.00556
Low-Flow PC 0.223 0.219 0.228 0.0464 0.00430 +
Flow Variation PC 2.90 2.90 2.88 -0.0108 0.0130 -
Flood Control PC 0.382 0.380 0.385 0.0162 0.00257 +

6.15.3 Shelter factor (fs)

6.15.3.1 Estimated shelter factor range for stormwater wetland design

Shelter factor is a fractional measure with valoesveen 0.5 and 1 of the
degree to which vegetation shades itself, withlaevaf 0.5 indicating that 50% of
the vegetation is unshaded while a value of 1 e that 100% of the vegetation is
unshaded. Wetland vegetatidgvalues were not found in the literature. However,

the f_was assumed to vary based on emergent vegetatisitydand was defined to

have a required range of 0.5 to 1 (Dingman 2002)re dense vegetation should

have a lowerf, (closer to 0.5) as the shading effect of more eemgetation is
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greater than more sparsely populated vegetatiamvé&sely, &, value of 1 implies
that shading effects do not occur. The b&seénput value for the design stormwater
wetland was 0.75 as a mean value. Given the lbdhkta onf, the current study

estimated a sensitivity bound of 0.525 to 0.975¢ctviwas based on an estimated
symmetric relative error of £30%. This range iQfwvas assumed to be reasonable as
vegetation density may vary between years or evdnnaa season due to vegetation
growth and death, wetland maintenance, and chandks distributions of

vegetation species within the wetland. The wetld@signs incorporating the low

(0.525) and high (0.975j, were referred to as designs FS1 and FS2.

6.15.3.2 Shelter factor sensitivity
The FS1 and FS2 designs produced similar resuttsoae observed in the
LAI1 and LAI2 designs. Input FS1, base, and FSsgies resulted in respective

simulated mean annual ET depths of 26.7, 31.03&®lin. These ET values also

produced &S, value of -0.361, suggesting that ET was inverselgted tof, .
Therefore, asf,decreased and a greater proportion of vegetatidninuhe wetland

was shaded, resulting wetland ET depths also deeteaWhile ET depths were

affected by changes iy values, overall wetland performance was not semsio

these changes as evidenced by the resulting FSES2&C values and sensitivities
shown in Table 6-43. Additionally, the resultingShscore for the base, FS1, and

FS2 designs was 0.640, revealing that the assdata@nges inf_had not impact on

the overall sustainability of the wetland desigrma@&MP facility.
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Despite the relative insensitivity to PC valueshanges irf,, similar

hydrologic and water quality trends as those olesemr the LAI1 and LAI2 designs

were observed in the FS1 and FS2 designs. Theased ET rates associated with

the larger f value in the FS2 design promoted shallower watpthde slower

internal velocities, and lower discharge rates exténded duration of low flows.

Conversely, the decreased ET rates in the FS1rdpsignoted larger water depths,

faster internal velocities, and higher dischardesand shorter duration of low flows.

Additionally, as observed in the LAI1 and LAI2 dgiss, effluent water quality

improved slightly §, values< 0.0242) with decreasing ET rates associated with

smaller f values due to the concentrating effect of incre&SEdn wetland pollutant

levels.

Table 6-43Relevant PC values, relative sensitivities, andad®n sensitivities based
on input f, values of 0.75 (base design), 0.525 (FS1), antbQ(BS2). The
relationship direction indicates where the PC vaheeeases (+) or decreases (-) with
a corresponding increase .

Performance Criteria Base FS1 FS2 S |Dy| Rﬁli?ggt?;?'p
Mean daily TSS Conc. (mg/L) | 15.4 15.3 15.4 0.0135 0.0625 +
Mean daily DO Conc. (mg/L) | 10.3 10.3 10.3 | 0.00715  0.022( +
Mean daily NH4 Conc. (mg/L) | 0.0782 0.0776 0.0788§ 0.0242 0.000567 +
Mean daily NO3 Conc. (mg/L)| 0.258 0.256 0.260 0.0233 0.00180 +
High-marsh PC 0.962 0.955 0.974 0.0323 0.00932 +
Low-marsh PC 0.983 0.980 0.988 0.0132 0.00388 +
High-Flow PC 0.316 | 0.320 0.311| 0.0473  0.00449 -
Low-Flow PC 0.223 0.220 0.227 0.0520 0.00348 +
Flow Variation PC 2.90 2.90 2.88 -0.0127 0.011¢ -
Flood Control PC 0.382 0.380 0.384 0.0188 0.00215 +
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6.15.4 Maximum leaf conductance (Ciea)

6.15.4.1 Estimated C' e range in the stormwater wetland

The maximum leaf conductan€,, , which is also referred to as maximum

stomatal conductance, represents the maximummateq) at which the leaves of a
given plant will transfer water into the surrounglsmosphere. This maximum rate

occurs with the leaf pores or stomata are compleieéned. Different vegetation

species can have differe@{ , values due to different leaf areas, stomatal diessi

within each leaf, and stomatal opening size. Waiteimber of studies in the

literature report leaf conductance values, not neaglies report maximum leaf
conductancealues. Federer et al. (1996) reporte@ g, of 6.6 mm/s for

tundra/non-forest wetland ecosystems in FairbafKs, This value was the only

*

explicitly defined value ofC; found in the literature. All other literature vaki

used represent the maximum leaf conductance vedpested from studies done on
seasonal leaf conductances.

Koch and Rawlik (1993) reported stomatal conduaariorTypha
domingensiplant species of 10.5 + 0.9 mm/s (n = 10) in agfplot the Everglades.
In a separate studgarex aquatilisdominated wetlands in Fairbanks, AK, produced
leaf conductance values that ranged from 1.7 to/shand corresponding mean
values between 3 to 5 mm/s during summer months auttemperatures ranging
from 14 to 18.9°C (Morrissey et al. 1993). Tankdses withTypha latifoliaspecies

in Phoenix, Arizona, reported leaf conductanced taf 12 mm/s.
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A C.

leaf

of 12.3 mm/s was estimated from the data provimedoch and
Rawlik (1993) assuming conductance values were albyrdistributed and that the
maximum value was three standard deviations gréaaerthe reported mean, where

+2¢ of the mean represents 95.5% of the assumed ndigtabution. Therefore, the

maximum values estimated from the literature w& 817, 12, and 6.6 mm/s. The

lower reportedC,,; values of 6.6 and 7 mm/s were observed in the caliteate of

Alaska tundra/sedge marshes, while higher valud2 & and 12 mm/s were reported

in the hotter climates of Arizona and Florida. ohdler to estimate€€, . at a given

site, the cold climate values of 6.6 and 7 mm/seveessumed to represent a collective
cold site with a mean of 6.8 mm/s while the warimalte values were assumed to
represent a collective warm site with a mean o 1@mn/s. These estimates resulted

in symmetrical cold and warm climate relative esrof = 1.2% and * 4.7%.

The actualC,

leaf

for the Charles County, MD, which was site of dasig)

stormwater wetland area was thought to be in betwee hot and cold extremes

*

represented in the literature with an input valti8.@ mm/s for the bas€,; value.

leaf

The associated variation for this wetland was estidh to equal the mean of the cold

*

and warm relative errors, resulting in a value &% and low and higk,._; bounds

leaf

of 9.41 and 10.0 mm/s. Wetland designs CM1 and @M used to simulate

wetland designs with respecti,, values of 9.41 and 10.0 mm/s.
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6.15.4.2 Maximum leaf conductance sensitivity

ET rates were sensitive to the changes madg_tpinput values in the CM1

and CM2 designs as evidenced by the resulting Efive sensitivityS, of 0.654.

*

However, due to the small,.; range of 9.41 to 10.0 mm/s used for the stormwater

lea
design in Section 6.15.4.1, this sensitivity wasneflected in model output values.

The resulting mean annual ET depths that correspmtite CM1, base, and CM2

designs were 30.5, 31.0 and 31.7 in. This incngasend is rational as high@g,

values imply a greater capacity of the wetland ésao promote ET. Despite, the

strong sensitivity of ET rates &, the small changes i@, in the CM1 and CM2

designs did not have significant impacts on wetlpedormance. Resulting CM1

and CM2 PC values and WSI scores were not notatigr klom those of the base

*

design (see Table 6-44). Therefore, due to thdl samge of C_,; estimated for the

stormwater wetland, changes madeXg;, in the CM1 and CM2 did not have a

significant impact on wetland hydrology nor wateatty.
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Table 6-44Relevant PC values, relative sensitivities, andad®n sensitivities based
on inputC, values of 9.7 (base design), 9.41(CM1), and 1010s{CM2). The
relationship direction indicates where the PC vaheeeases (+) or decreases (-) with
a corresponding increase @y, .

Performance Criteria Base CM1 CM2 S, |Dy| Rﬁli?ggt?;?'p
Mean daily TSS Conc. (mg/L)| 15.4 15.4 15.4 0.0189 0.00883 -
Mean daily DO Conc. (mg/L) | 10.3 10.3 10.3 0.0171 0.00535 +

Mean daily NH4 Conc. (mg/L)| 0.0782| 0.0781 | 0.0782 0.0185 0.0000441 +

Mean daily NO3 Conc. (mg/L)| 0.258 0.258 0.258 0.0166¢ 0.000131 +
High-marsh PC 0.962 0.961 0.963 0.0337 0.000972 +
Low-marsh PC 0.983 0.983 0.983 0.0135 0.000406 +
High-Flow PC 0.316 0.317 0.316 0.0634 0.000609 -
Low-Flow PC 0.223 0.222 0.223 0.0634 0.000429 +
Flow Variation PC 2.90 2.90 2.90 -0.00264 0.000230 -
Flood Control PC 0.382 0.381 0.382 0.0194 2.26E-04 +

6.15.5 Emergent vegetation height above water (Z

6.15.5.1 Estimated emergent vegetation range in stormwater wetland

In order to estimate the variation in emergent ety height above the
water, the emergent speciBgohaspp. (common name, cattails) was chosen to
represent the emergent vegetation in the desigiamet Cattail species are
successful in and commonly used in constructedandtl (Kadlec and Knight 1996;
EPA 2000) and require water depths of 0.1 to 0.149.80 to 2.5 ft) and can stand
from 1.5 to 4 m (4.9 to 13 ft) tall (Kadlec and ight 1996; Peron 2002; USDA
2006). Given that water depths with emergent \a&gst in the example wetland

design range from 0.5 to 1 ft,z3 range of 3.9 to 12.5 ft (1.18 to 3.81 m) was
estimated. However, because the model limitedtipualues to be less than or

equal to the corresponding inpgfin order to avoid irrational outputs, the upper
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limit was restricted to 2 m rather than 3.18 m.efHfore, the sensitivity range used to

evaluate the importance @ was 1.18 to 2 m about the base value of 1.65he T
wetland designs incorporating inpggvalues of 1.18 and 2 m were respectively
referred to at designs ZV1 and ZV2.
6.15.5.2 Emergent vegetation height sensitivity

The changes made &) in the ZV1 and ZV2 slightly impacted mean annual
ET depths with a meaB, of 0.00124. This insignificant increase in ET with
increasingz, reflects the larger leaf area available for ET wherergent vegetation
is taller. Increasing, also decreased effluent DO concentrations slighgly
evidenced by the corresponding m&aaf -0.0414. This decreasing trend in DO was

due to the increased water temperatures producédybgr conductive-convective
heat fluxQ, values (see Equation 4-39) that resulted from lfagyealues. In order
to better illustrate this trend, the resulting medarnal water temperatures were
computed for the ZV1, base, and ZV2 designs ane Wemd to respectively equal
12.4,12.7, and 13.0°C. Despite these effectgjfgignt changes in model outputs
were not observed in the ZV1 and ZV2 designs, windicated that model

performance was not sensitive to changesg, in

414



Table 6-45Relevant PC values, relative sensitivities, andad®n sensitivities based
on input z, values of 1.65 m (base design), 1.18 m (ZV1),&8d m (ZV2). The
relationship direction indicates where the PC vaheeeases (+) or decreases (-) with

a corresponding increase ).

Performance Criteria Base ZV1 N2 S |Dy| Rﬁl_anonsmp
irection
Mean daily TSS Conc. (mg/L) | 15.4 15.4 15.4 0.000244 0.00114 +
Mean daily DO Conc. (mg/L) 10.3 10.5 10.1 -0.0414 0.204 -
Mean daily NH4 Conc. (mg/L) | 0.0782 0.0789 0.0774 -0.0195 0.000722 -
Mean daily NO3 Conc. (mg/L)| 0.258 0.259 0.257 -0.00658 0.000816 -
High-marsh PC 0.962 0.962 0.962 7.69xt0 | 3.56x10° +
Low-marsh PC 0.983 0.983 0.983 3.13x%0 | 1.48x10° +
High-Flow PC 0.316 0.316 0.316 0.000629 6.96X10 -
Low-Flow PC 0.223 0.223 0.223 0.000629 4.90%x10 +
Flow Variation PC 2.90 2.90 2.90 -0.0013 0.0014q -
Flood Control PC 0.382 0.382 0.382 5.98x10 | 1.05x10° +

6.15.6 Influent TSS particle diameter (D)

Influent TSS patrticle diameteD] variation within any given site depends on

a number of factors including wetland influent watge (municipal wastewater,

agricultural wastewater, urban stormwater, et@¥tieam soil types and land use,

season, pretreatment processes, rainfall intedsitgfion, droughts and floods, and

construction within the drainage area (Pathak.€2@4; Rinker Materials 2004;

DeGroot 2008). Influent TSS patrticle diameter dacssociated variation are,

therefore, very difficult to characterize as a tethe large number of factors

influencing their values. The initial estimatedga ofD values used in calibration of

the base stormwater wetland was 1.0%106.5x10°m as estimated by urban runoff

values reported by USEPA (1983). A basealue of 1.2 x18 m was estimated via

calibration in Section 6.8.
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6.15.6.1 Estimated TSS Particle diameter range in stormwater wetland

Because reports of stormwater runoff TSS partice data were lacking in
the literature, the sensitivity &f in the initial stormwater wetland calibration pess
was used to estimate high and low bounds for theiaty analyses. An inpud
value of 9.5x18 m resulted in a mean daily effluent concentraBang/L, which
was the irreducible TSS background concentratidhenwetland, suggesting that
nearly all influent TSS particles settled out. iAputD value of 1.0x18 m resulted
in a daily effluent TSS concentration of 19.1 mgAlhich was slightly more than the
target effluent concentration of 15.2 mg/L. Gitbase model responses to changes
in D, it was apparent th&l was a very important input parameter and that evesll
changes in it could affect wetland effluent valgesatly. Given this model
sensitivity toD, high and low bounds of 5.5xf@Gnd 7.5x10m were defined with
the goal of showing output sensitivityoas it was estimated to vary at the design
stormwater wetland site. Wetland designs incotjregahe low (7.5x10m) and

high (5.5x10°) D values were respectively defined as designs D1Dghd

6.15.6.2 TSS particle diameter sensitivity

As shown in Table 6-46, the changes made to th& ih§S particle diameter

significantly impacted mean daily effluent TSS cemications with &S, value of

0.894, but did not change any other wetland oytpuameters. Increasing the
particle diameter of influent TSS in the D2 dessgmulated faster TSS settling
velocities within the model, which resulted in gter wetland trap efficiency and a
lower mean daily effluent TSS concentration of @d/L as compared with the base

value of 15.4 mg/L. Similarly, the reduced TSStigle diameter in the D1 design
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decreased TSS settling velocities and decreaseadédth@nd trap efficiency as
evidenced by the high D1 mean daily effluent TSG&ceatration of 24.5 mg/L.
Because the TSS particle diameter was only relat@@®S settling velocities, its
alteration did not affect any other wetland outpulse changes in effluent TSS
concentrations resulted in respective D1 and D2 §¢8ies of 0.630 and 0.707.
Therefore, despite the fact tHatonly affected TSS concentrations, it did impact the
overall wetland sustainability (see Table 6-47)jchhndicates that within the BMP-
weighting scheme defined in Section 6.9.1.8, efftuESS concentrations are very
important to wetland performance. This sensitiatyVSI to effluent TSS
concentrations is, however, subject to change abpgron the goals of the model
user.

Based on these results, effluent TSS concentratiens found to be very
sensitive to the inpud value, which suggests that the user should taleetoa
estimate it as accurately as possible. Unfortiyaieis also very difficult to define
given that TSS particle size depends on a numbkctdrs and can change from
storm to storm depending on rainfall intensity ,emedent dry time, drainage area
activity, etc. While more data are necessary teebeharacteriz®, the current
study suggested that expected wetland TSS trapesflly and calibration be used to
best estimat® in a base design before evaluating the effectiftgrent design

changes.
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Table 6-46Relevant PC values, relative sensitivities, andad®n sensitivities based
on input D values of 1.2x18 m (base design), 7.5x10n (D1), and 5.5x18& m
(D2). The relationship direction indicates whdre PC value increases (+) or
decreases (-) with a corresponding incread®. in

Performance Criteria Base D1 D2 S |Dy| Rzl_atlonshlp
irection
Mean daily TSS Conc. (mg/L) | 15.4 24.5 3.4 0.894  10.5( -
Mean daily DO Conc. (mg/L) 10.3 10.3 10.3 0.00 0.00 -
Mean daily NH4 Conc. (mg/L) | 0.0782 0.0782 0.0782 0.00 0.00 -
Mean daily NO3 Conc. (mg/L)| 0.258 0.258 0.258 0.00 0.0d -
High-marsh PC 0.962 0.962 0.962 0.00 0.00 -
Low-marsh PC 0.983 0.983 0.983 0.00 0.00 -
High-Flow PC 0.316 0.316 0.316 0.00 0.0d +
Low-Flow PC 0.223 0.223 0.223 0.00 0.00 -
Flow-Variation PC 2.90 2.90 2.90 0.00 0.00 +
Flood-Control PC 0.382 0.382 0.382 0.00 0.00 -

Table 6-47Resulting normalized metrics and final wetlandiansbility indices
(WSI's) for the base, D1 and D2 stormwater wetldadigns. All WSI scores were
computed assuming equal weights for all water ¢pahd hydrologic metrics.

Performance Criteria Metric dBezngen D1 D2
weights metrics metrics | metrics
Mean daily TSS Conc. (mg/L 0.1 0.328 0.225 1.00
Mean daily DO Conc. (mg/L) 0.1 1.00 1.00 1.00
Mean daily NH4 Conc. (mg/U 0.1 0.528 0.528 0.528
Mean daily NO3 Conc. (mg/| 0.1 1.00 1.00 1.00
High-marsh PC 0.1 0.999 0.999 0.999
Low-marsh PC 0.1 1.00 1.00 1.00
High-Flow PC 0.1 0.533 0.533 0.533
Low-Flow PC 0.1 0.396 0.396 0.396
Flow Variation-PC 0.1 0.00 0.00 0.00
Flood Control-PC 0.1 0.618 0.618 0.618
Final WSlIscore 0.640 0.630 0.707
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6.15.7 Maximum photosynthesis rate (PMAX)

6.15.7.1 Estimated PMAX range in stormwater wetland

As estimated in Section 4.4.2.3RMAXn the base stormwater wetland
design was set to equal 910 mé&/Mm, which was the estimated mean literature value
for annual wetland oxygen production of 1710 gr®-yr. Values of the annual
photosynthesis varied greatly within the literat(lvetsch and Gosselink 1993;
USEPA 2000; Tian et al. 2010PMAX variation at the design site within the current
study was estimated based on values reported lscMand Gosselink (1993) from a
study done by Bernard and Solsky (1977) for a sedgadow with_arex lacrustris
in New York. The reported range of net primaryductivity for this site was 1,078
to 1,741 g total biomassfayr. As stated in Section 4.4.2.3.1, USEPA (2000)
estimated that about 1 g o @ produced for each gram of biomass produced.
Therefore, the corresponding photosynthesis ratgeravould also be 1,078 to 1,741
g O,/m?-yr with a mean of 1,410 gn’-yr and symmetric relative error of +23.5%.
Based on this estimated relative error, the regyhigh and lowPMAX bounds
were set equal to 1124 and 696 grd-yr. Resulting wetland designs with
respectivePMAX inputs of 696 and 1124 g.@n*yr were referred to as designs

PMX1 and PMX2.

6.15.7.2 PMAX sensitivity

IncreasingPMAX slightly increased mean daily effluent DO concelitres as

shown by the small mean D§,value of 0.0162. All other wetland outputs were

negligibly affected by the PMX1 and PMX2 desigide DO levels were not

significantly impacted by changes PMAX because even the DO levels produced by
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the low PMAXin the PMX1 design promoted DO levels near satomati

Additionally, surface aeration accounted for a gigant amount of wetland DO in

the shallower wetland cells. The model restrid€allevels to be less than or equal

to saturated levels. Therefore, because the statenwlesign promoted these

maximum saturated levels, DO levels remained cotigtat the water saturation

point. Despite this insensitivitPMAX may play a larger role in wetland designs in

which surface aeration is not a large contribubdD© as well as those that

incorporate fewer areas with photosynthesizing srged vegetation.

Table 6-48Relevant PC values, relative sensitivities, andadi®n sensitivities of
the base, PMX1, and PMX2 designs. The relationdigztion indicates where the
PC value increases (+) or decreases (-) with @spanding increase IRMAX .

Performance Criteria Base PMX1 PMX2 S |Dy Rzli?ggt?;? 'P
Mean daily TSS Conc. (mg/L]) 15.4 15.4 15.4 0.00 0.00 -
Mean daily DO Conc. (mg/L)| 10.3 10.2 10.3 | 0.0162 0.0391 +
Mean daily NH4 Conc. (mg/L) 0.0782 | 0.0782| 0.0782  0.0C 0.00 -
Mean daily NO3 Conc. (mg/L) 0.258 0.258 0.258 0.00 0.0( -
High-marsh PC 0.962 0.962 0.962 0.00 0.0( -
Low-marsh PC 0.983 0.983 0.983 0.00 0.0( -
High-Flow PC 0.316 0.316 0.316 0.00 0.0( +
Low-Flow PC 0.223 0.223 0.223 0.00 0.0( -
Flow-Variation PC 2.90 2.90 2.90 0.00 0.00 +
Flood-Control PC 0.382 0.382 0.382 0.00 0.0( -

6.15.8 Influent TSS concentration (TSS,)

6.15.8.1 Influent TSS concentration range in stormwater wetland

The base desighS$, value was 43.2 mg/L and was based on the average

influent TSS event mean concentration (EMC) footaltof 10 stormwater wetlands

in the mid-Atlantic region reported by Leisenriegal.(2012). In order to estimate
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the variation in this influent concentration at ttesign wetland site, the variation in
influent TSS concentrations was characterizedHioee BMP sites treating

stormwater from residential drainage areas\.bompdatabase.oyg All three site,

their median, associated number of sample @@Bcentile, 78 percentile, and their
computede/Y ™, ande/Y " values are shown in Table 6-49. Compu&d ~, and

e/ Y* values were determined for each site by usin@8lepercentile EMC as the

minimum and the 7%percentile EMC as the maximum influent EMC. Tasuiting
e/Y ™, ande/Y " values for each site were averaged to determiraé ffiositive and
negative relative errors of +327% and -45.1%. &foee, the correspondinfSS,
bounds were estimated to equal 23.7 and 184 m@dnsitivity analysis designs
TSS1 and TSS2 were defined as those incorporatthgent TSS, concentrations of
23.7 and 184 mg/L.

Thewww.bmpdatabase.ompata represent EMC’'S,S§, values are input to

the model on a 1-min increment. While significanr is associated with this
application of EMC values on a 1-min incrementfisignt data was not available to
estimate variation at a 1-min time step. Thereftire EMC values reported by

www.bmpdatabase.ongere assumed to be the best estimate of wateityg(IEGS,

NH., and NQ") influent concentration variation. This same asgtion was made

with respect to the base influent water qualitycanirations in Section 6.8.
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Table 6-49Residential stormwater runoff TSS statistics foee different BMP sites
as reported by the BMP databagev(v.ompdatabase.oyg EMC is event mean
concentration.

Influent TSS characteristics
Median Pe%fgrltile Pergr:tile
# Samples (qu\él/f) EMC EMC elY elY
(mg/L) (mg/L)
May's Chapel
Wetland Basin 27 50.5 33.3 89.5 -0.342 0.77p
(Baltimore, MD)
Queen Anne's Pondl PYTE d
(Centerville, MD) 39 25.1 14.7 52.5 0.413 1.04
Club Run
Bioretention Cell 10 16.8 6.74 151 -0.600 7.94
(Chantilly, VA)
Mean 30.8 18.2 97.5 -0.451 3.2Y

6.15.8.2 Influent TSS concentration sensitivity

Mean daily effluent TSS concentrations were obskteancrease with
increasingTS$, as demonstrated by the resulting mean $3@lue of 0.970. These
changes did not, however, affect any other modigluis (see Table 6-50) because
the TSS portion of the model did not affect the patation of other portions of the
model. The daily mean effluent TSS concentrationshe TSS1, base, and TSS2
designs were respectively 8.7, 15.4, and 64.5 m@hese large discrepancies in
effluent TSS concentrations suggested that wefl&8l performance was directly
related to influent TSS concentrations within thedel. Final WSI scores for the
TSS1, base, and TSS2 designs were respectivel9,006%10, and 0.618 (see Table

6-52), which indicated thakS§, was an important input parameter with respect¢o th

overall wetland performance as a BMP facility.
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Table 6-50Relevant PC values, relative sensitivities, andad®n sensitivities based on
input TSS, values of 43.2 mg/L (base design), 23.7 mg/L (TS849l 184 mg/L (TSS2).
The relationship direction indicates where the Ri@ increases (+) or decreases (-) with a
corresponding increase S, .

Performance Criteria Base | TSS1 | TSS2 S |Dy| Rzli?ggt?;: P
Mean daily TSS Conc. (mg/L) 15.4 8.7 64.5| 0.970 27.9 +

Mean daily DO Conc. (mg/L)| 10.3 10.3 10.3| 0.00 0.00 -

Mean daily NH4 Conc. (mg/L) 0.0782| 0.0782| 0.0782 0.00 | 0.00 -

Mean daily NO3 Conc. (mg/L) 0.258 | 0.258| 0.258 0.00 0.00 -
High-marsh PC 0.962 | 0.962| 0.962 0.00 0.00 -
Low-marsh PC 0.983| 0.983| 0.983 0.00 0.00 -
High-Flow PC 0.316 0.316 0.316 0.0( 0.00

Low-Flow PC 0.223 | 0.223| 0.223 0.00 0.00 -
Flow-Variation PC 2.90 2.90 2.90 0.00 0.00 +
Flood-Control PC 0.382 | 0.382| 0.382 0.00 0.00 -

Table 6-51Resulting normalized metrics and final wetlandainability indices (WSI's) for
the base, TSS1 and TSS2 stormwater wetland desfigh8VSI scores were computed
assuming equal weights for all water quality andrbjogic metrics

Performance Critefia Metric Base design]  TSS1 TSS2
WelghtS metrics metrics metrics
Mean daily TSS Conc. (mg/L) 0.1 0.328 0.519 0.103
Mean daily DO Conc. (mg/L) 0.1 1.00 1.00 1.00
Mean daily NH4 Conc. (mg/L) 0.1 0.528 0.528 0.528
Mean daily NO3 Conc. (mg/L) 0.1 1.00 1.00 1.00
High-marsh PC 0.1 0.999 0.999 0.999
Low-marsh PC 0.1 1.00 1.00 1.00
High-Flow PC 0.1 0.533 0.533 0.533
Low-Flow PC 0.1 0.396 0.396 0.396
Flow-Variation PC 0.1 0.00 0.00 0.00
Flood-Control PC 0.1 0.618 0.618 0.618
Final WSlIscore 0.640 0.659 0.618
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6.15.9 Influent NH ,* concentration (NH4,)
6.15.9.1 Influent NH4" concentration range in stormwater wetland

Mean daily effluent N concentrations increased with increasig 4, .
The base desighNH4,, value was 0.13 mg/L and was based on the avaréigent
NH," EMC for a total of 10 stormwater wetlands in thiel#Atlantic region reported
by Leisenringet al.(2012). In order to estimate a reasonable rang&fd4, in the
sensitivity analysis, data for influent NHevent mean concentrations was used from
three residential BMP sites (see Table 6-52). rElsalting meare/Y ™ and
e/ Y " applied to the example wetland design were -Or2B+l.11 with
correspondingNH4,, concentrations of 0.0908 and 0.274 mg/L. Theset and
upper NH4, values were incorporated into the designs AM1ANKR for sensitivity

analysis.

Table 6-52Residential stormwater runoff NFstatistics for three different BMP
sites as reported by the BMP databasew.bmpdatabase.oyg EMC is event mean
concentration.

Influent NH," characteristics
Median Pef?é?’ltile Pe:?éztile
# Samples (EM/%) EMC EMC elY elY
I (mgl)  (mgL)

May's Chapel

Wetland Basin 23 0.14 0.12 0.28 -0.14 1.0(
(Baltimore, MD)

Queen Anne's Pondl ) d

(Centerville, MD) 39 0.11 0.08 0.27 0.27 1.45

Club Run

Bioretention Cell 10 0.43 0.23 0.8 -0.47 0.84
(Chantilly, VA)

Mean 0.23 0.14 0.45 -0.29 1.11
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6.15.9.2 Influent NH," concentration sensitivity

While the mean daily effluent NfAiconcentration was most affected by the

changes made tdblIH4,, in the AM1 and AM2 designs (me&p of 1.10), mean daily

effluent DO and N@ concentrations were also affected with respectieanS,
values of 0.00348 and 0.117 (see Table 6-53). Medy effluent NH*
concentrations for the AM1, base, and AM2 were tbtmequal 0.0552, 0.0782, and
0.1647. This increasing trend indicated that effluNH," concentrations were
directly related to corresponding influent NHtoncentrations. Increased

NH4, values promoted larger internal NHoncentrations, which increased the
nitrification driving force or the difference betathe NH" concentration for a
given cell and the user-defined background;Nébncentration. As a result of this
increase in the nitrification driving force, greabdrification occurred within the
AM2 design than in the base design. This incredsethg force, however, was not

sufficient to counteract the increaded 4,, in the AM2 design as evidenced by the

elevated effluent NI concentrations in the AM2 design.

Because nitrification rates increased slightly viitreasingNH 4, values,
both DO demand and NQproduction also increased withH4, . DO levels
decreased minutely, producing a megnof 0.00348, with the increaseddH 4, in

the AM2 design due to the corresponding increasstiification oxygen demand.
However, because the wetland efficiently gener®®d achieving near saturation
DO levels, this increased oxygen demand did no¢ lzalarge effect on the wetland

DO concentrations. Mean daily effluent jl©oncentrations were also observed to
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increase significantly (mea8, of 0.117) with increasindNH4,, values due to the

corresponding increased nitrification within thethaed.
Based on the results from the AM1 and AM2 wetlaadigns, the current

study concluded that thH 4, input parameter was very important with respect to

effluent NH;" concentrations and also had minor impacts onaiflDO and N@
concentrations. As shown in Table 6-53, final AMase, and AM2 design WSI
scores were computed to be 0.654, 0.640, and 0.6&68.variation in the final WSI
scores was due solely to the changes in mean efélignt NH,” concentrations as

the changes in effluent DO and Rl©@oncentrations were not sufficient to change the
corresponding metric values. Therefore, withindbetext of the stormwater design

developed in the current studfH 4, primarily affected effluent Nii

concentrations. However, in a wetland design vater DO levels and/or less

denitrification, NH4, could have a greater impact on effluent DO and' NO

concentrations. The significance of the differencbserved in the WSI scores for
the base, AM1, and AM2 designs would depend orsémsitivity of downstream
ecosystems to such changes. While many speciesiotde sensitive to such
changes in N concentrations, others may require a very naravge of NH"

concentrations.
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Table 6-53Relevant PC values, relative sensitivities, andad®n sensitivities based
on input NH4,, values of 0.13 mg/L (base design), 0.0908 mg/L (AMihd 0.274
mg/L (AM2). The relationship direction indicatefi@re the PC value increases (+)
or decreases (-) with a corresponding increadgHi¥, .

Performance Criteria Base AM1 AM2 S |Dy| Rzl_atlonshlp
irection
Mean daily TSS Conc. (mg/L) | 15.4 15.4 15.4 0.00 0.00 -
Mean daily DO Conc. (mg/L) 10.3 10.3 10.2 0.00348  0.0234 -
Mean daily NH4 Conc. (mg/L) | 0.0782 0.0552 0.1647 1.10 0.0548 +
Mean daily NO3 Conc. (mg/L)| 0.258 0.250 0.289 0.117 0.0198 +
High-marsh PC 0.962 0.962 0.962 0.00 0.00 -
Low-marsh PC 0.983 0.983 0.983 0.00 0.00 -
High-Flow PC 0.316 0.316 0.316 0.00 0.00 +
Low-Flow PC 0.223 0.223 0.223 0.00 0.00 -
Flow-Variation PC 2.90 2.90 2.90 0.00 0.00 +
Flood-Control PC 0.382 0.382 0.382 0.00 0.00 -

Table 6-54Resulting normalized metrics and final wetlandiainsbility indices
(WSI’s) for the base, AM1 and AM2 stormwater wetlatesigns. All WSI scores
were computed assuming equal weights for all waietity and hydrologic metrics.

Performance Criteria Metric dBegisgen AM1 AM2
weights metrics metrics | metrics
Mean daily TSS Conc. (mg/L 0.1 0.328 0.328 0.328
Mean daily DO Conc. (mg/L) 0.1 1.00 1.00 1.00
Mean daily NH4 Conc. (mg/L 0.1 0.528 0.664 0.223
Mean daily NO3 Conc. (mg/| 0.1 1.00 1.00 1.00
High-marsh PC 0.1 0.999 0.999 0.999
Low-marsh PC 0.1 1.00 1.00 1.00
High-Flow PC 0.1 0.533 0.533 0.533
Low-Flow PC 0.1 0.396 0.396 0.396
Flow-Variation PC 0.1 0.00 0.00 0.00
Flood-Control PC 0.1 0.618 0.618 0.618
Final WSlIscore 0.640 0.654 0.610
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6.15.10 Influent NO 3~ concentration (NO3,)

6.15.10.1 Influent NO3™ concentration rangein stormwater wetland
The base influent N©concentration NO3, ) was equal to 0.50 mg/L based
on Leisenringet al.(2012) reported values. Variation MO3,, was estimated from

the reported influent NOevent mean concentration median, and tHes2fl 75’
percentile concentrations of three BMP sites innti@-Atlantic region (see Table
6-55). Meane/Y ande/Y " values of -0.382 and 0.652 were computed fromethes
sites, resulting in &NO3,, range of 0.316 and 0.705 mg/L for the examplevsi@mter
wetland designed in the current study. Stormwatgtand designs developed with

respectiveNO3,  inputs of 0.316 and 0.705 mg/L were referred tBlAsL and NIT2

in the following section.

Table 6-55Residential stormwater runoff NGtatistics for three different BMP sites
as reported by the BMP databagev(v.ompdatabase.oyg EMC is event mean
concentration.

Influent NO3 characteristics
Median Pef?é?’ltile Pe:?éztile
# Samples (EM/%) EMC EMC elY elY
99 (mg)  (mgm)

May's Chapel

Wetland Basin 22 1.12 0.65 1.35 -0.42 0.21
(Baltimore, MD)

Queen Anne's Pondl i
(Centerville, MD) 39 0.32 0.22 0.53 0.31 0.64
Club Run

Bioretention Cell 39 25.1 14.7 52.5 -0.41 1.09
(Chantilly, VA)

Mean 8.85 5.20 18.1 -0.38 0.6%
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6.15.10.2 Influent NO3™ concentration sensitivity

Mean daily effluent N@ concentrations were observed to increase with
increasedN O3, input values as evidence by a corresponding n&aalue of 0.835.
Because N@ concentrations did not affect any other pollutancentration within
the model, changes in TSS, DO, and Niere not observed in the NIT1 and NIT2
designs. Additionally, while effluent NOconcentrations were very sensitive to

changes inNQO3, , the base, NIT1, and NIT2 designs resulted irsdrae WSI score

In?

of 0.640 because each design produced a meaneflgnt NQ™ concentration less
than 0.36 mg/L, which represented the upper limNO3; concentrations estimated
to support healthy downstream ecosystems (seec8e&#.7.1). Therefore, the
overall sustainability of the stormwater wetlansl jtavas defined in the current

study, was not affected by the changedN@3,, in the NIT1 and NIT2 designs.
Despite the WSI score insensitivity to changei@3,, , it should be noted that the

WSI scores of wetland designs producing effluengNOncentrations greater than

0.36 mg/L would be sensitive tdO3,, values.
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Table 6-56Relevant PC values, relative sensitivities, andadin sensitivities based
on input NO3,, values of 0.50 mg/L (base), 0.316 mg/L (NIT1), &d04 mg/L

(NIT2). The relationship direction indicates whéne PC value increases (+) or
decreases (-) with a corresponding increase@8,, .

Performance Criteria Base NIT1 NIT2 S [Dy Rﬁl_anonsmp
Irection
Mean daily TSS Conc. (mg/L) | 15.4 15.4 15.4 1.13 x10 | 6.96 x10’ -
Mean daily DO Conc. (mg/L) 10.3 10.3 10.3 0.00348 0.0234 -
Mean daily NH4 Conc. (mg/L) | 0.0782 0.0782 0.0782 1.10 0.0548 -
Mean daily NO3 Conc. (mg/L)| 0.258 0.173 0.353 0.117 0.0193 +
High-marsh PC 0.962 0.962 0.962 -3.62 x10| 2.19 x10 -
Low-marsh PC 0.983 0.983 0.983 -1.48 x10| 9.17 x10’ -
High-Flow PC 0.316 0.316 0.316 1.32 xf0| 1.67 x10 +
Low-Flow PC 0.223 0.223 0.223 -8.39 x10| 1.18 x10’ -
Flow-Variation PC 2.90 2.90 2.90 1.04 xf0 | 1.89 x10/ +
Flood-Control PC 0.382 0.382 0.382 -2.16 x10| 5.21 x10 -

6.15.11

6.15.11.1

Influent DO concentration (DO;,)

Influent DO concentration range in stormwater wetland

A baseDO,, concentration of 7.5 mg/L was used in the exarsfgemwater

wetland designed in the current study. Influent @@centrations can vary based on

temperature (colder water can sustain more oxygendent (NH" and NQ" in the

current study) concentrations, as well as othetasnimant concentrations. Very few

studies reported DO runoff levels, as it is oftéfiailt and time-consuming to

analyze for. However, the USEPA (1998) reported thiban stormwater runoff

throughout the US was found to have DO concentratad greater than or equal to 5

mg/L and cited that urban runoff generally did catise downstream DO sags.

Therefore, a sensitivity analysis range of 5 torigiL was estimated for the example

design wetland. This range accounted for the mininconcentration of 5 mg/L cited

by the USEPA (1998) up to the maximum DO saturatimmcentration of about 15




mg/L during colder months. The current study neféito stormwater designs with

DO, input values of 5 and 15 mg/L as the DOX1 and D@Xigns.

6.15.11.2 I nfluent DO concentration sensitivity

The changes made @O, in the designs DOX1 and DOX2 did not
significantly affect the stormwater wetland perfamae (see Table 6-60). Mean
effluent DO concentrations were the only outputssg&e to changes iDO, with a
mean S, value of 0.0961, which indicated that internal w&etl and effluent DO
concentrations were directly related@®,, values. However, because the base

stormwater design already produced near-saturat@teizels via surface aeration and
photosynthesis within the wetland, changes to arftiwater DO levels did not
strongly impact wetland DO concentrations. Assulteof the insensitivity of the
stormwater wetland to changes©O,, values the final WSI scores for the base,
DOX1, and DOX2 designs were all equal to 0.640.ilghe stormwater wetland
design was resilient to changesD®©,, due to strong DO production mechanisms
within the wetland, designs with weaker surfaceti@n and photosynthesis would

be more sensitive to such change®@,, .
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Table 6-57Relevant PC values, relative sensitivities, andad®n sensitivities based
on input DO, values of 7.5 mg/L (base), 5 mg/L (DOX1), and 15Im@0OX2).
The relationship direction indicates where the Ri& increases (+) or decreases (-)
with a corresponding increase PO, .

Performance Criteria Base DOX1 DOX2 S IDy| Rzli?g(c:)t?(fr:“p
Mean daily TSS Conc. (mg/L) | 15.4 15.4 15.4 9.05x10 | 6.96 x10/ -
Mean daily DO Conc. (mg/L) 10.3 9.8 10.7 0.0961 0.482 +
Mean daily NH4 Conc. (mg/L) | 0.0782 0.0782 0.0782 2.23x10| 8.72 x1@ -
Mean daily NO3 Conc. (mg/L)| 0.258 0.258 0.258 -1.34x10| 3.46 x10° -
High-marsh PC 0.962 0.962 0.962 -2.28x10| 2.19 x10/ -
Low-marsh PC 0.983 0.983 0.983 -9.33xt0| 9.17 xad -
High-Flow PC 0.316 0.316 0.316 1.06xP0| 1.67 x10 +
Low-Flow PC 0.223 0.223 0.223 -5.29x10| 1.18 x10/ -
Flow-Variation PC 2.90 2.90 2.90 6.53x10 | 1.89 x1C° +
Flood-Control PC 0.382 0.382 0.382 -1.36x10| 5.21 x10° -

6.15.12

6.15.12.1

Nitrification rate constant (K nit)

Nitrification rate constant range in stormwater wetland

Because values of nitrification ratel (; ) at the 1-hr scale were not

available in the literature, variation about theéaalue of 0.004 Hrwas estimated

based on its behavior in calibration. ReduciKg,; from 0.01 to 0.008 Hrresulted

in the same daily mean effluent WHoncentration of 0.05 mg/L suggesting that

K required larger changes in order to have a gredfiect on model output.

Therefore, because effluent N@oncentrations were not sensitive to small changes

(¥20%) inK ;7 , the sensitivity bounds abo#t,,; were made large enough to

observe output N©sensitivity. Based on thiK; behavior, a sensitivity range of

0.0004 to 0.04 hirwas chosen to evaluat€,,; importance in the model. The
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corresponding designs used to test the sensit¥itye model toK ; values of

0.0004 and 0.04 Hrwere referred to the KN1 and KN2 designs.

6.15.12.2 Nitrification rate constant sensitivity

The changes made %, in the KN1 and KN2 designs significantly
impacted effluent N concentrations and slightly affected DO and:N&¥luent
concentrations. These trends in mean daily effldéy’, NOs', and DO
concentrations in the KN1 and KN2 designs werelamio those observed in the
AM1 and AM2 designs. Therefore, &S, increased, wetland nitrification rates also
increased, which decreased internal wetland ahaeeff NH," concentrations. These
increased nitrification rates observed in the KN28ign also required more oxygen
and produced more NOwithin the wetland. As a result of these modethamisms,

increasing theK ; value increased mean daily effluent Nidoncentrations (mean
S, of -0.345), decreased mean daily effluent DO cotraéons (mearsS, value of -
0.00169), and increased mean daily effluengMOncentrations (mea8§, values of

0.0564).

The sensitivity of effluent Ni{ concentrations to changes kg, input
values were reflected in the final respective W®Ires of the KN1, base, and KN2
designs of 0.622, 0.640, and 0.687 (see Table 6-b8¢se resulting WSI scores
suggested that the stormwater wetland design saklitity was fairly sensitive to
theK ;. More knowledge about the sensitivity of downatnespecies to NH is
necessary to determine whether these differencésShscores are significant.

Again, because the stormwater wetland design prednoternal DO levels near
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saturation, DO levels were not significantly imgatby changes i, . However,

if wetland DO levels were closer to 2 mg/L, change&,; would be restricted as

DO could also act as a limiting factor in nitriftaan NH;" removal and N@

production.

Table 6-58Relevant PC values, relative sensitivities, andali®n sensitivities based on input

K values of 0.004 fir (base), 0.0004 H(KN1), and 0.04 kit (KN2). The relationship

direction indicates where the PC value increasgsi(tlecreases (-) with a corresponding

increase inK ;.

Performance Criteria Base KN1 KN2 S, |Dy Rﬁl_atlonshlp
irection
Mean daily TSS Conc. (mg/L) 15.4 15.4 15.4 2.77x10 | 6.96x10’ -
Mean daily DO Conc. (mg/L) 10.3 10.3 10.2 -0.00169 0.0404 -
Mean daily NH4 Conc. (mg/L) | 0.0782 0.121 0.0161 -0.345 0.0522 -
Mean daily NO3 Conc. (mg/L) | 0.258 0.235 0.289 0.0564 0.027( +
High-marsh PC 0.962 0.962 0.962 -1.14x10 | 2.19x10’ -
Low-marsh PC 0.983 0.983 0.983 -4.66x10 | 9.17x10° -
High-Flow PC 0.316 0.316 0.316 3.23x10 | 1.67x10 +
Low-Flow PC 0.223 0.223 0.223 -2.65x10 | 1.18x10’ -
Flow-Variation PC 2.90 2.90 2.90 3.27x10 | 1.89x1¢° +
Flood-Control PC 0.382 0.382 0.382 -6.82xf0 | 5.21x10° -

Table 6-59Resulting normalized metrics and final wetlandansbility indices (WSI's) for the
base, KN1 and KN2 stormwater wetland designs.WdlI scores were computed assuming equal

weights for all water quality and hydrologic mesric

Performance Criteria Me_tric d?a??gen KN1 KN2
weights metrics metrics metrics
Mean daily TSS Conc. (mg/L) 0.1 0.328 0.328 0.328
Mean daily DO Conc. (mg/L) 0.1 1.00 1.00 1.00
Mean daily NH4 Conc. (mg/L) 0.1 0.528 0.346 1.000
Mean daily NO3 Conc. (mg/L) 0.1 1.00 1.00 1.00
High-marsh PC 0.1 0.999 0.999 0.999
Low-marsh PC 0.1 1.00 1.00 1.00
High-Flow PC 0.1 0.533 0.533 0.533
Low-Flow PC 0.1 0.396 0.396 0.396
Flow-Variation PC 0.1 0.00 0.00 0.00
Flood-Control PC 0.1 0.618 0.618 0.618
Final WSlIscore 0.640 0.622 0.687
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6.15.13 Denitrification rate constant (Kpnt)

6.15.13.1 Denitrification rate constant range in stormwater wetland

Literature values for hourl¥ ,,; were also not available in the literature,
requiring sensitivity analysis bounds basedkas,; calibration behavior.K ,; was
more sensitive thaiK ., with effluent NQ" mean daily concentrations of 0.35 and
0.26 mg/L resulting from respectiu€,,; inputs of 0.0208 and 0.05hr Based on

this sensitivity, an estimated range of 0.0275@0825 ht* (+50% of the mean) was
chosen for the sensitivity analysis. The stormwatetland designs incorporating

K oy input values of 0.0275 and 0.0825'were referred to as KD1 and KD2.
6.15.13.2 Denitrification rate constant sensitivity

The changes made t0,,; in the KD1 and KD2 designs significantly affected
the mean daily effluent NOconcentration with a corresponding megof -0.384.
As evidenced by the negative result8)g NOs;™ concentrations decreased with
increasingK ,; values. Therefore, the increased denitrificatates promoted by
higher K,y values resulted in greater removal of Nfdom the wetland via
denitrification. Additionally, other wetland outisuwere not affected by changes in
K onr @s denitrification only controlled NOlevels within the model. While effluent
NOs" concentrations were fairly sensitive to ingUt,; concentrations, the resulting

WSI score did not change for the KD1 and KD2 desi@s all resulting mean daily
NOj concentrations were below 0.36 mg/L, which wasesteanated upper limit

indicative of a healthy downstream ecosystem. &foee, while the sustainability of
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the stormwater design was not affected by chang&s,j,, designs with greater

NOj concentrations may exhibit greater sensitivity.

Table 6-60Relevant PC values, relative sensitivities, andad®n sensitivities based
on inputK ., values of 0.055 Hr(base), 0.0275 H(KD1), and 0.0825 ht (KD2).

The relationship direction indicates where the R{i@ increases (+) or decreases (-)
with a corresponding increase Ky, .

Performance Criteria Base KD1 KD2 S |Dy| Rgl_atlonsmp
irection
Mean daily TSS Conc. (mg/L)| 15.4 15.4 15.4 | 9.05x10 | 6.96x10° .
Mean daily DO Conc. (mg/L) | 10.3 10.3 10.3 | 4.88x10| 2.50x10 -
Mean daily NH4 Conc. (mg/L)| 0.0782| 0.0782| 0.0782 2.23x10 8.72x10° -
Mean daily NO3 Conc. (mg/L)| 0.258 0.320 0.221 -0.384 0.495 -
High-marsh PC 0.962 0.962 0.962 0.00 2.19%1( -
Low-marsh PC 0.983 0.983 0.983 0.00 9.17x4( -
High-Flow PC 0.316 0.316 0.316| 1.06xf0| 1.67x10 +
Low-Flow PC 0.223 0.223 0.223 0.00 1.18x4( -
Flow-Variation PC 2.90 2.90 2.90 0.00 1.89x10 +
Flood-Control PC 0.382 0.382 0.382 0.00 5.21 X -

6.15.14

Model input sensitivity

Pollutant influent concentrations, TSS particlentiéer, and the nitrification

rate constant were found to be the most importardrpeters with respect to the

stormwater wetland design used in the current stMilfile the TSS particle diameter

and influent concentrations are potentially medseraput parameters, the

nitrification rate constant is a calibration inputable 6-61 summarizes the base,

high, and low values assigned to all user inputcaiibration parameters assumed to

have significant variation within the stormwatertlaad design. As shown in Table

6-62, the TSS particle diameterand the nitrification rate constait,,; inputs had

the largest impact on final wetland WSI scoressdgbon the sensitivities and WSI
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scores associated with the changes made to eaghpammeter, the water quality
input parameters, excluding those directly relateBO and N@ concentrations,
appeared to be most sensitive to variation andagdgaration.

Wetland DO levels were not sensitive to changeslgvant input parameters
due to the near-saturation DO concentrations maedan the stormwater wetland
design. Because the design wetland efficientlylpced oxygen via photosynthesis

and surface aeration, changed€i®@, , PMAX, NH4,_ , andK,, did not

in » in s
significantly impact wetland effluent DO concenibas. However, as previously
mentioned, DO levels in a wetland design with feasgras with submerged
vegetation and less surface aeration could belgregpacted by these parameters.
Therefore, while DO concentrations were not seresiti the stormwater design, the

effects ofDO,,, PMAX, NH4, , andK; on DO levels should not be ignored as

n? In?
they should become more relevant in wetland desigtislower DO concentrations.
It was also noted that despite effluentN&rong sensitivity to changes in the

input parameter¥ ,,;, and NO3, , the final WSI scores associated with changes to

these parameters did not differ from that of theebdesign. The reason for this
insensitivity of the final WSI score was due to thet that mean daily effluent NO
concentrations resulting from &, ; and NO3,, designs were below 0.39 mg/L,
which was the estimated upper limit for pl©@oncentrations associated with healthy
downstream ecosystems. Therefore, while the statenvdesign developed in the
current study did not reach this threshold, if aigie promoted N effluent

concentrations greater than 0.39 mgkL,,; and NO3,, would have a greater impact

on the final wetland WSI score.
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While model outputs and overall performance wasiser to water quality-
related input parameters, ET-related input pararaelid not have the same impact.
This discrepancy is likely due to the fact thatwefht pollutant concentrations, which
were directly related to the corresponding inputervguality parameters, were used
to quantify wetland performance in the form of b8 values and metrics.
Conversely, ET depths, which were a function ofEfieinput parameters, were not
used in the direct computation of wetland PC valuBserefore, while changes in the
ET parameters did affect change in ET depths, shahges did not significantly
impact wetland performance. Additionally, whileaciges in ET rates did have a
slight impact on wetland hydrology, runoff infloméa rainfall proved to be the
dominating factors in both the wetland water bagaaed hydrology. The
concentrating effects of ET on pollutant conceitreg also appear to be minimal
within the context of the stormwater wetland desi@espite these results, the ET
input parameters may be used to increase or deckgladepths within a given design
in order to obtain the appropriate wetland watéaree.

Based on the input sensitivity results, the curstadly suggested that the
model user collect as much relevant data as pessildrder to best calibrate a given
wetland design. Wetland performance was founcetedpecially sensitivity to
changes to water quality inputs. Unfortunateiyiied data are available with respect
to wetland water quality parameters, especiallynikrfication and denitrification
rate constants at an hourly time interval. Givenlack of data within the literature,
the current model should be used to assess thestiechanges in both design and

input parameters on a given wetland design ratteer &s a predictive tool.
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Table 6-61All resulting base, low and high values for eagbut parameters

evaluated in the sensitivity analysis.

Input parameter Base value Low High
Wetland Albedo 0.159 0.069 0.245
LAI 6.5 3.8 9.2
Shelter factor 0.75 0.525 0.974
Max leaf conductance 9.7 9.41 10.G
Emergent vegetation
height above water (m) 1.65 1.18 2.00
TSS Particle diameter (m) 1.2x10 | 7.5x10" | 5.5x10°
PMAX (mg-0O2/m2-hr) 910 696.15 1124
Influent TSS (mg/L) 43.2 23.7 184
Influent NH4 (mg/L) 0.13 0.0918 0.274
Influent NO3 (mg/L) 0.5 0.316 0.705
Influent DO (mg/L) 10 5 15
Nitrification rate constant (Hj 0.004 0.0004 0.04
Denitrification rate constant (fy 0.055 0.0275 0.0825

Table 6-62Final wetland WSI scores for base, low and highesfor each input
parameter evaluated in the sensitivity analysis.

WSI score
Input Categor Input parameter .
p gory putp Base Low | High
value
Wetland Albedo 0.640 0.640| 0.640
LAI 0.640 0.640 0.640
ET calibration Shelter factor 0.640 0.640| 0.640
parameters Max leaf conductance 0.640 0.640| 0.640Q
Emergent vegetation
height above water (m) 0.640 0.640f 0.649
TSS Particle diameter (m) 0.640 0.630| 0.707
L Influent TSS (mg/L) 0.640 | 0.659| 0.618
Wate;glrjnae"tté’rg'p“t Influent NH4 (mg/L) 0.640 | 0654 0614
P Influent NO3 (mg/L) 0.640 | 0.640| 0.640
Influent DO (mg/L) 0.640 | 0.640| 0.640
PMAX (mg-O2/m2-hr) 0.640 0.640| 0.640Q
Water Quality N't”f'cat'o(?]rff;te constant 640 | 0.622| 0.687
calibration parameterg Denitrification rate
3 0.640 0.640 0.640
constant (Hf)
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Chapter 7: USEPA Municipal Wastewater Wetland

7.1 DESIGN EXAMPLE AND PROCEDURE

The current section discusses in detail the praesdand methods followed to
design a constructed wetland for the treatmentiafary effluent in a municipal
wastewater treatment plant (WWTP). Therefore disgned treatment wetland
would serve as secondary treatment within a givéd ™. In order to design this
treatment wetland, a design example for a free vgatdace treatment wetland
outlined in the EPA manual &@onstructed Wetlands Treatment of Municipal
WastewaterUSEPA 2000) was followed. This design example wadified in the
current study to fit scaled down primary effluerdter quantity and quality data
obtained from a local WWTP. According to USEPAGfeations, the wetland was
required to be designed to meet BOD and TSS 30vamn effluent requirements of
30 mg/L.

In order to design a rationally sized treatmentiavet, the seasonal WWTP
hourly primary effluent flow curves derived in Sect4.4.1.5.3 from flow data from
a local WWTP had to be scaled down. The meaneohttual WWTP flow was 25.1
MGD, which, according to USEPA (2000), would reguértreatment wetland area
between 100 and 625 ac depending on the primadneetfpollutant content. USEPA
(2000) reported that 90% of all wastewater treatmaggilands are less than 250 acres,
while the majority of wastewater treatment wetlahdse an area of 25 acres or less
(USEPA 2000). Therefore, the WWTP hourly curvesweel in Equations 4-60, 4-

61, and 4-62 were scaled down to have an overdyl aeean flow Qyqof 5.16 MGD
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(19,608 ni/d), which was close to the,(@of 5 MGD used in the actual USEPA
(2000) example. The example shown in USEPA (2a(%Y) estimated the
corresponding maximum monthly flowg for a given facility to be two times £
for design purposes. Based on this assumptiorddgbign Qaxwas computed to
equal 10.32 MGD (39,216 ).

Corresponding primary effluent TSS, BOD, and fUHaily grab samples for
the calendar year of 2012 were also obtained fltséme local WWTP from which
flow data was obtained and are summarized in Taldle While water quality can
vary greatly within any given day within WWTP, gramples were assumed to
serve as reasonable estimates of daily averagbmlite context of the current
study. Additionally, influent N@ levels were assumed to equal zero and DO levels
were assumed to equal 2 mg/L as indicative of aaewater leaving primary
treatment. The local WWTP data did not exhibit tneyds relating flowrate and
water quality levels. Therefore, water quality centrations were assumed to be

constant and independent of flowrate.

Table 7-1Shows WWTP primary effluent estimated daily wateality
concentrations as based on daily grab samplesnalokdiom a local WWTP. TKN
was estimated by the current study based on tleaiNH,* to TKN influent
concentrations reported by USEPA (2000) and sunz@éin Table 2-11.

Mean Standard

Constituent Concentration Deviation

(mg/L) (mg/L)
TSS 59.5 18.0
BOD 93.9 22.2
NH,4" 22.3 3.0
NOs 0
TKN* 47.1 ---
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Given all of the required inputs, the associategkbloading rates required for
wetland effluent concentrations of 30 mg/L for B@Bd TSS were input to Equation
2-5 to determine total wetland area based on BADT&6 treatment, as well ag/Q

and Quax (USEPA 2000):

Mo = 00012 ¢ (7-1)
A,

whereQ represents the influent flowrate i) to the wetlandC is the influent
concentration of the constituent of concern (BOD or TSS),A, is the wetland area
(ha), andr, is the areal loading rate (kg/ha-d) for constituént The term 0.001
serves as a conversion factor. The largest ragudtiead, was chosen as an initial

wetland area estimate. Wetland areas based onB@Irements were calculated

first by rearranging Equation 2-5 (USEPA 2000):

3
Avarg = (19,608m°/d)(93.9mg/L) y 1002)L y I;g _31ha (7-2)
60kg/ha-d m 10°mg

(39,216m*/d)(93.9mg/L) 1000L kg

— 3 ——=61ha (7-3)
60kg/ha—d m 10°mg

AN(max) =

where A, .., represents the required wetland area (ha) to pedBOD effluent
concentration of 30 mg/L at average flow afAg, ., is the required wetland area (ha)

for BOD treatment at maximum flow. Next, the sgonecedure was followed to

determine resulting wetland areas for TSS treatri¢8EPA 2000):

(19,608m*/d)(595mg/L) 1000L kg

— 3 ——=23ha (7-4)
50kg/ha-d m 10°mg

AI\I( avg) =

3
Py = (39,216m°/d)(59.5mg/L) y 100;)L y Igg _47ha (7-5)
50kg/ha—d m 10°mg
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From this step, an initial estimate of the totatlaued area of 61 ha was made by the
current study. The same sizing procedure could lzésused to size vegetated and
open water wetland sections separately. Howewerta a lack of data, it is currently
more accurate to size wetlands as a whole (USERRA)20Given the high primary
effluent BOD concentrations entering the wetlahe, fresulting wetland area would
have to be 61 ha (151 acres) in order to achie\aeaal loading rate of 60 kg/ha-d.
This large wetland area is not realistic in mangesaas sufficient land may not be
available. Within the context of the current stutlys large wetland area was used
only to evaluate the behavior and performancetegament wetland sized according
to USEPA (2000) guidelines.

Once an initial wetland arefg, of 151 ac was determined, the resulting

wetland hydraulic retention time was estimated daseassumed minimum water
depths of 0.6 m (2 ft) in zones 1 and 3, and ofi.@ ft) in zone 2 (USEPA 2000).
Additionally, USEPA (2000) assumed a wetland pdyosi of 0.75 for zones 1 and
3, and ac of 1 for zone 2. Weighted mean values of 0.8 r642t) and 0.8 for the
overall wetland depth ang were then estimated by USEPA (2000) to deterntiee t

wetland hydraulic retention timg; given anA, of 61 ha as defined by Equation 2-6

(USEPA 2000):
t,, =10,000. W (7-6)

where h, represents the mean wetland depth (gnjs a measure of porosity of the

flow path through the wetland with respect to vagieh (dimensionless), and 10,000
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is a conversion factor from ha td’mThe resulting,, values for Qg and Guaxwere
then calculated with Equation 2-6 (USEPA 2000):

(61ha)(0.8m)(0.8) 10,000m?
HR(avg) = 3 X
19,608m°/d ha

=19.9days (7-7)

_ (61ha)(08m)(08) 10,000m?
HR(max) 39216m%/d ha

= 996days (7-8)

If it is assumed that the area of each zone islegaeh zone would have an
individual t,; of 6.6 days during days with mean flow and of 3a$siduring days
with high flow, which is sufficient for completeg@tment. Ideally, the minimum
t,sfor each zone should be 2 days (occurringa)Q Therefore, the wetland is
properly sized based on hydraulic retention tirtiendividual t,;values of 2 days at
Qmax had not been achieved for each wetland zone, USEB®@0) suggested making
thravg fOr €ach zone 4 days. This longer hydraulic reventime may allow for
unwanted algal growth in zones 1 and 3, but wasnasd fine within this procedure
(USEPA 2000). From this assumption, a largei wwedland area could be

calculated based on hydraulic retention time resuents.

Given a final wetland area, the individual zoneaareould be estimated
according to their water depthsporositys and hydraulic retentions timeg; at
Qmax (3.3 days for each zone). The area of zone 2caiasilated based onnX
accordingly (USEPA 2000):

(33d)(39216m°/d)  1ha
@.2m)(1) 10,000m?*

Ay = =10.8ha (7-9)
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where A, is the resulting surface area of zone 2 baseddwsign hydraulic

retention time of 3.3 days atfQ. Areas for zones 1 and 3 could then be calculated
accordingly (USEPA 2000):

A - 61ha—210 gha_ e (7-10)

where A, ,,, represents the individual surface areas for zareesd 3. Therefore the

final surface areas will equal 25.1 ha, 10.8 hd, 2/ 1 ha respectively for zones 1, 2,
and 3. This zone area calculation was the lasttgative step given in the EPA

wetland sizing procedure.

7.2 FINAL MUNICIPAL WASTEWATER WETLAND DESIGN

From this point on, the qualitative discussionreatment wetland design by
USEPA (2000) was followed to configure the wetlamdnore detail. The EPA
suggested a length-to-width ratio greater tharf@®: the entire wetland. It was also
suggested that the wetland be divided into twagratith parallel flow, with each
train treating half of the total flow (USEPA 2000)herefore, the areas calculated by
USEPA (2000) in Section 7.1 for each zone wered@diby 2 in the current study to
create two parallel wetland trains and a lengtittih ratio of 3:1 was applied to
each of the resulting six zones (two of each zoféke halved areas for zones 1, 2,
and 3 were 12.6, 5.4, and 12.6 ha, respectively.

All zones were assumed to have a rectangular shajnde USEPA (2000)
stated that treatment wetlands have been congtrucgenumber of shapes including
rectangles, ovals, kidney shapes, and cresceneshap shape was found to perform

dominantly. Therefore, a rectangular shape waseanfor computational ease. The
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resulting zone 2 dimensions for one wetland tragmenthen calculated to have a 3:1

L:W ratio accordingly:

Ay =W (7-11)

2
W, = \/ Ag" - \/ S'Qhax 10'0r?§m —134m (440ft) (7-12)
L, =3-W, = 3-134m = 402m (1319f) (7-13)

whereW, and L, are respectively the width and length of zon&#nilarly, the

dimensions for zones 1 and 3 were determined watimisial L:W ratio of 1:3:

2
W, = \/ 12 ghax 10’Or?§m = 205m (672ft) (7-14)
L, =3-W,, =615m (2017 ft) (7-15)

whereW,, and L, are the width and length of zones 1 and 3.

USEPA (2000) also suggested the installation ahdial settling zone for
this example due to the high TSS influent conceioinao the wetland. As defined
by USEPA (2000), an inlet settling zone should adtay to the total wetland
hydraulic retention time, have a depth of 1 m {3&hd be devoid of vegetation
(eequal to 1). Therefore, the inlet settling zoreaaras estimated based 0g.Q
using Equation 2-6 accordingly:

(1d)(39216m*/d)  1ha
@amy( 10,000m?

Ay = = 39ha(9.7ac) (7-16)

where A, represents the surface area of the inlet settlamg. This area was also

divided in half and introduced as the first zone&th of the two parallel trains. This

resulted in two adjacent inlet cells with aread @5 ha (4.8 ac). The inlet settling
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zone should be constructed across the inlet ofvéftand (the width of zone 1).

Therefore the width of the inlet zowé,, set equal td/\, (440 ft) resulting in an inlet
zone length,, of 475 ft. The total wetland hydraulic retentiomé would then be

10.96 days during Qxand 20.9 days during.3

From the initial required estimates of each zondthvand lengths, dimensions
were modified to establish a constant width forehére wetland. Each zone, expect
for the inlet settling zone, was also restrictedalngquired L:W ratio greater than 3:1.
A common width of 140 m (458 ft) was chosen aswk#and width. The resulting
final zone dimensions and corresponding areasiaea gn Table 7-2. The final area
of one train including the inlet zone was 43.6 b@8(ac). Therefore, the total
wetland area (comprised of two parallel trains) @ad ha (216 ac). Again, due to
the high BOD concentrations entering the wetlahd,resulting required area would
be unrealistic for most sites, but could be realtena areas with large amounts of
land. The purpose of this design was to showrreat wetland behavior based on

USEPA (2000) design as well as real influent WWiiputs.

Table 7-2Shows the final wetland zone dimensions and L:\Msdbr one train of
the two-train wetland system.

Zone Width (ft) | Length (ft) F'”?r'] Sfea L:w
Inlet Settling 458 458 1.95 1:1
1 458 3206 13.6 71
2 458 1374 14.4 3.1
3 458 3206 13.6 71

Nitrogen was not considered in the USEPA (2000jgiesrocedure due to

the lack of data and knowledge of nitrogen behawitiin these complex systems.
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Limited data were, however, used to estimate wetiffluent TKN concentrations
based on the TKN aerial loading rate of the finatland design (see Figure 7-1).
From Table 7-1, an average TKN concentration ot 47g/L was estimated to enter
the wetland from primary treatment. A resultingN'ldreal loading rate was

calculated accordingly (USEPA 2000):

_ (19608m°/d)- (47.1mg/L) 1000L _1kg
TN 87.1ha m®  10°mg

-106kglha-d  (7-17)

wherer,,, is the resulting estimated TKN areal loading &it&.q (kg/ha-d). While

data were lacking, a predicted mean TKN efflue2@mg/L was estimated based on
the limited treatment wetland TKN data reportedI8EPA (2000) in Figure 7-1.
The treatment wetland designed in the current siiuiclyded both vegetated (zones 1
and 3) and open space (zone 2) areas and, thereboresponded to the three data
points in Figure 7-1 labeled to have significanéogpace. Given the limited data as
well as the possible differences between sampliamnetdesigns, significant error
was associated with the effluent TKN concentratb@0 mg/L estimated from
Figure 7-1.

In order to estimate wetland effluent TSS conceiaing, the actual TSS areal

loading rater, ¢ for the final treatment wetland design was comgesed on the
influent TSS concentration and the wetland area:

_ (19608m°/d)- (59.5mg/L) 1000L  1kg
o8 87 .1ha m®  10°mg

= 6134kg/ha—d (7-18)

based on this value, an effluent TSS concentration of 10 mg/L esismated

from Figure 7-2 (USEPA 2000). Again, due to linditgata, differences in wetland
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designs, and wetland complexity, significant emwas associated with this TSS
effluent concentration. USEPA (2000) did, howew#e that wetlands with

I.ssvalues less than 30 kg/ha-d had been shown tdhelmoduce TSS effluent

below 20 mg/L. Therefore, a reasonable rangeffuremt TSS concentrations was
assumed to be between 10 and 20 mg/L.

The final municipal treatment wetland design wasiirinto the model in
order to assess its performance. Only one trathefwo-train wetland system was
modeled in order to simplify computations (onertraas an area of 108 ac).
Therefore, at the end of a simulation, all flowues could be multiplied by two to
obtain the total effluent volume and flows for twmmplete wetland with a total area
of 216 acres. Effluent concentrations were assumée the same for each parallel
train in the wetland. Therefore, in order to eatduthe treatment wetland design, it
was only necessary to simulate flow through onia.tra

A cell size of 140 x 140 m (458 x 458 ft) was choseroute flow through the
wetland in order to best characterize flow and zameas. The resulting number of
cells used to simulate each zone is given in Tat8e The final cell design for one
train of the design municipal wastewater wetlanglirinto the model is shown in

Figure 7-3 and summarized in Table 7-4.
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Figure 7-1 Plot of TKN effluent concentrations (mg/L) verstisN aerial loading
rate (kg/ha-d) based on a total of 10 wastewagatrinent wetlands (USEPA 2000).
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Figure 7-2plot of TSS effluent concentrations (mg/L) TSSi@doading rate (kg/ha-
d) based on a total of 19 wastewater treatmentwed (USEPA 2000).

Table 7-3Shows the number of cells used to simulate eatheofour zones within
one train of the EPA-design wastewater treatmeiawe.

Number of Zone depth
Zone .
cellsin zone | (ft)
Inlet
Settling 1 3
1 7 2
2 3 4
3 7 2
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Inlet
Settling
Zone Zone 1 Zone 2 Zone ¢

F G+ d+ 4+ T & F I+ F F F
> 1> 1> > - > > P
17 16 15 14 13 12 11 / 6 5 4 3 2 1

Figure 7-3 Shows the USEPA Municipal wastewater wetland defgone train of the
wetland entered into the model. Each number ealldimensions of 458 x 458 ft. Black
arrows show FID flowpath while grey arrows show Elilbwpath.

Table 7-4Municipal treatment wetland cell specifications FdD1, FID2, vegetation type (VEG), initial desidapth in ft SS, and
cell elevation above a datum EL in ft. Vegetat@scriptor values of 0, 1, 2 indicate respectivieét a given cell has no vegetation,
emergent vegetation, and submerged vegetation.

Cell FID | FID2 [ SS(ft) | VEG | EL (ft) | BERM (ft)
1 0 1 3 0 1 0
2 1 3 2 1 2 0
3 2 4 2 1 2 0
4 3 5 2 1 2 0
5 4 6 2 1 2 0
6 5 7 2 1 2 0
7 6 8 2 1 2 0
8 7 9 2 1 2 0
9 8 10 4 2 0 0
10 9 11 4 2 0 0
11 10 12 4 2 0 0
12 11 13 2 1 2 0
13 12 14 2 1 2 0
14 13 15 2 1 2 0
15 14 16 2 1 2 0
16 15 17 2 1 2 0
17 16 18 2 1 2 0
18 17 18 2 1 2 0
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7.3 TREATMENT WETLAND CALIBRATION

Before the wastewater treatment wetland design&egations 7.1 and 7.2
could be evaluated, it had to be calibrated. Masily effluent TSS and TKN
concentrations were estimated to respectively egjpalit 10 and 20 mg/L. A
conversion factor of 1.59 was used to estimateeft NH," concentrations from the
derived TKN effluent concentration based on relativean effluent TKN (19 mg/L)
and NH," (12 mg/L) concentrations reported by USEPA (2000P2 wastewater
treatment wetlands (s@able 2-1). The resulting wetland mean daily effluent NH
concentration was then estimated to equal 12.5 mD#ta for treatment wetland
effluent NG concentrations was not found in the literaturé generally comprised
a very small portion of the effluent nitrogen. #sown in Table 7-1, a mean NO
concentration of 0 mg/L entered the design treatmetland. Wastewater treatment
wetlands are generally anaerobic and promote pittbeluction of NQ via
nitrification of influent NH;*. Additionally, any N@ produced should also be
reduced to By via denitrification due to the anaerobic condi§on these wetlands.
Given this wetland behavior, it was assumed thaiezit NOy” would be very low
compared with effluent N concentrations and simulation proved this to teecthse
with a final mean daily effluent NfOconcentration of 0.11 mg/L.

While a large amount of error is associated wittsthestimated effluent
concentrations, they were only used within theentrstudy to illustrate the wetland
behavior and respective performance under diffesgotimstances rather than for
specific wetland design. More water quality datauld be necessary in order to

properly calibrate the model for design purpos@sa/en the scope of the current
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study and the estimated effluent TSS and;Nd¢dncentrations, the treatment wetland
designed in Section 7.2 was calibrated with resfmeaiater quality performance. All
user inputs before and after calibration are sunzedrn Table 7-5, and all
calibration steps and relevant outputs were regond able 7-6.

During the calibration the effluent NHconcentrations reached a lower limit
of 14.7 mg/L, which was due to the low dissolveggen concentrations (around 2
mg/L) within the wetland. Without oxygen to supptbre transformation of NHA to
NOs via nitrification, effluent NH" concentrations were not affected by increases in

the nitrification reaction rat&; (see Table 7-6). The nitrification that did occur

within the wetland occurred mainly in the wetlardl€ 8, 9, and 10, which contained
submerged vegetation that produced dissolved oxy@gephotosynthesis. Water
velocities were too slow in the remainder of thelared to promote significant
dissolved oxygen levels via surface aeration. s in Figure 7-4, cell 8 produced
higher daily DO levels than the inlet (cell 18) andtlet (cell 1) cells of the wetland.
Increased DO levels during the summer and fall moneflect the lower simulated
influent discharge rates to the treatment wetlaee Figure 4-19).

Based on these DO trends within the wetland, r@adifon within a treatment
wetland could be increased by increasing the retetime in areas with submerged
vegetation. The location of areas with submergsgktation also plays a role in
overall nitrogen reduction as the Bl@enerated from nitrification in the aerobic areas
with submerged vegetation (i.e., zone 2) can beaed to N via denitrification in
the shallower areas with emergent vegetation @ganes 1 and 3). Therefore,

increasing the area of deep aerobic zones at tjiarbrg of the wetland may impact
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total effluent nitrogen levels greater than if tivegre added to the middle or end of

the wetland.
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Figure 7-4 Daily DO concentrations (mg/L) in the treatmentlased for cells 18
(black), 1 (grey), and 8 (blue) over the last yafathe 25-yr simulation period.
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Table 7-5All user inputs for the municipal wastewater treant wetland design,
their assigned initial values, and final valuegm@éalibration.

User input Initial value Final value
Number of years of simulation 25 25
Cell length (ft) 458 458
Contributing drainage area (ac)
Number of cells in wetland design 18 18
FID vector See Table 7-4
Vegetat|on_speC|f|cat|on for_ each cell (no vegetat: O, See Table 7-4
emergent = 1, submerged = 1)

Initial water depth in each cell See Table 7+
Bottom elevation in each cell See Table 7
Berm height at exit of each cell no berms
Orifice or Weir (Orifice = 1, Weir = 2) 2 2
Weir length (ft) 458 458
Orifice area (ff)
Weir invert heightH, (ft) 4 4
Hydraulic conductivityK,, (ft/d) 0 0
Shelter factofs 0.75 0.75
Wetland albeda 0.159 0.159
Leaf area index LAI 6.5 6.5
Maximum leaf conductanceC,*eaf (mm/s) 9.7 9.7
Emergent vegetation heigta, (m) 1.65 1.65
Wind speed measurement height(m) 2 2
Maximum photosynthesis ralfMAX (mg-O/m?-hr) 910 910
TSS particle diametdd (m) 6.5x10° 8.1 x10’
Initial water temperaturd,,,, (°C) 15.5 15.5
Nitrification reaction rateK ,; (hr") 0.004 0.004
Denitrification reaction raté ;; (hr?) 0.055 0.055
TSS wetland background concentratib®S (mg/L) 3 3
NH," wetland background concentratiddH 4, (mg/L) 0 0
NO; wetland background concentrati®O3_ (mg/L) 0 0
DO initial concentration in wetlan@O, (mg/L) 2 2
Influent DO concentratio®DO,, (mg/L) 2 2
Influent TSS concentratioh S§, (mg/L) 59.5 59.5
Influent NH," concentrationNH 4., (mg/L) 22.3 22.3
Influent NH;~ concentrationNO3,, (mg/L) 0 0
Wetland perimeter (ft) 17,404 17,404
Number of wetland habitat types 2 2
Number of habitat islands 0 0
Goal high-marsh design depth (ft) 2 2
Goal low-marsh design depth (ft) 4 4
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Table 7-6 Municipal wastewater treatment wetland calibratitgds and corresponding results.

Mean . : Daily mean | Daily mean
Change annual Mean Daily mean Daily mean effluent effluent
Trial Change made . . annual ET | effluent TSS | effluent DO + -
rationale rainfall (in.) conc. (mg/L) | conc. (mg/L) NH, conc. | NOj3 conc.
(in.) ) ' ' (mg/L) (mg/L)
1 43.4 31.0 3.00 2.01 14.7 0.11
2 TSS particle diameter Increase
decreased from 6.5xf0 | effluent TSS 43.4 31.0 18.8 2.01 14.7 0.11
mto 6.5 x10m concentrations
3 TSS particle diameter Decrease
increased from 6.5x10m | effluent TSS 43.4 31.0 5.69 2.01 14.7 0.11
t0 9.5 x10'm concentrations
4 TSS particle diameter Increase
increased from 9.5x10m | effluent TSS 43.4 31.0 8.82 2.01 14.7 0.11
to 8.5 x10'm concentrations
5 TSS particle diameter Increase
increased from 8.5x10m | effluent TSS 43.4 31.0 10.2 2.01 14.7 0.11
t0 8.15 x10'm concentrations
° Ky increased from Df?lcreisﬁl-w 43.4 31.0 10.2 1.99 14.7 0.11
. effluen . . . . . .
0.004 to 0.04 ht concentrations
6 Ky decreased from | Decrease
i effluent NI-_h 43.4 31.0 10.2 1.87 14.7 0.11
0.04100.4 concentrations
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7.4 TREATMENT WETLAND PERFOMANCE EVALUATION

Once calibration was complete for the municipal tesaster treatment
wetland, the corresponding performance criteriarapttics were computed. The
flood control (see Section 3.4.2) and downstreadrdlggic regime (see Section
3.4.3) performance criteria were not relevant thmicipal wastewater wetland
because it was fed by wastewater flow rather tbhaoff from a drainage area.
Therefore, a total of 11 performance criteria (Bable 7-7) were used to evaluate the
performance of the treatment wetland designedarcthrent section. Of these 11
performance criteria, three evaluated water quakiformance, two evaluated
wildlife habitat within the wetland, one evaluagrundwater recharge and baseflow
maintenance, two evaluated the wetland water leaals three evaluated the

aesthetic appeal of the wetland.

7.4.1.1 Treatment wetland performance criteria and metrics

While all PC values evaluating wetland performawdé respect to wildlife
habitat, wetland water balance, groundwater reehangl baseflow maintenance, and
aesthetics were computed for the treatment weilatite same manner as they were
for the stormwater wetland in Section 7.4, thettreat wetland designed in the
current section was evaluated with different watgality PC values and
corresponding metrics (see Section 3.4.7.2). Taemguality PC and metric values
used to evaluate the treatment wetland were dasigased on USEPA secondary
treatment effluent water quality requirements aodlg for municipal wastewater
(USEPA 1985; USEPA 2000). A total of three muratiywastewater PC values were

developed in Section 3.4.7.2, which included (&) akerage 30-day mean wetland
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effluent TSS concentration (mg/0)SS,, (2) the average 7-day mean wetland
effluent TSS concentration (mg/LHS, and (3) the average 30-day mean wetland
effluent TKN concentration (mg/LJKN,,. The treatment wetland returned
respectiveTSS,, TSS, and TKN,,concentrations of 10.2, 10.2, and 23.4 mg/L over
the 25-year simulation period. Because influens E&ncentrations were assumed
constant over the simulation period, a signifiadifference was not observed
betweenTSS, andTSS.

Once all three municipal wastewater PC values weneputed, the
corresponding metridd ; ., , M, , and M, were defined based on Equations
3-36, 3-37, and 3-38:

My g =1 (7-19)
M =1 (7-20)

M., = 127-0.0270 TKN,,
= 127-0.0270 (23.4mg/L) (7-21)
=0.639

based on the resultingl 5, andM, ;, values, it was concluded that the treatment

wetland designed in the current study met both @®pahd 7-day mean concentration

requirements of 30 and 45 mg/L. Additionally, #f8uent TKN,,concentration of

23.4 mg/L was greater than double that of the amistUSEPA (2000) goal of 10

mg/L as reflected by ¥, of 0.639.
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Table 7-7 All computed performance criteria (PC) valuestfeg municipal
wastewater treatment wetland designed in the cusesttion.

Performance criterion Base design
30-day mean TSS conc. (mg/L) 10.2
7-day mean TSS conc. (mg/L) 10.2
30-day mean TKN conc. (mg/L) 23.4
Vegetative cover PC 0.78
Habitat Island PC 0.000
High-marsh PC 0.966
Low-marsh PC 0.979
GW Recharge PC 0
Wetland Perimeter PC (ft) 2.53
Wetland Diversity PC 2
Wetland Area PC (acres) 86.7

7.4.1.2 Final WSI computations

Once all metrics were computed for the treatmentand, two weighting
schemes were used to evaluate the overall WetlaathiBability Index (WSI) of the
design. The first scheme equally weighted all dmhputed metrics while the second
focused on those metrics pertaining to wetland maueality and water levels. The
second weighting scheme was referred to as theeWatdtr Treatment Plant
(WWTP) weighting scheme, which only included theethwater quality metrics and
the two wetland water level metrics. The WWTP véigg scheme, therefore, was
most concerned with wetland water quality perforoeaas well as the maintenance
of appropriate water levels. All resulting metriegights, and final WSI scores are
summarized in Table 7-8.

The final WSI scores for the equal and WWTP weighhschemes were
respectively 0.686 and 0.928. These scores shawwdtile the treatment wetland
met WWTP requirements very well, it did not perfaasiwell at providing wildlife

habitat and aesthetic appeal. Improved wildlifbitet and wetland aesthetics could
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have been improved by adding waterfowl habitanidéa adding more emergent
vegetated areas, increasing wetland perimeternlaety, and by incorporating
different wetland types into the design. A numbkthese changes, however, may
negatively affect the treatment wetland water qualerformance or even pose a
threat to wildlife health. Therefore, any change®lving wildlife habitat should be
made cautiously and with wildlife nutrient and pitéint generation and tolerances in
mind.

Despite these results, the treatment wetland paddrworse with respect to
TKN remove with a raw metric value of 0.639. Tlus TKN score reflects the high
30-day effluent TKN average concentration of 23gflnwith respect to the
optimistic goal of 10 mg/L. All other water qualinetrics were equal to 1.0, which
suggested that, in general, the treatment wetlanfdined reasonably well despite
the high TKN effluent concentrations that are iatiie of treatment wetlands due to
their anaerobic nature (USEPA 2000). Therefore ttbatment wetland design was
successful with respect to its intended WWTP depigipose as evidenced by the

high resulting WWTP-weight WIS score of 0.928.
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Table 7-8 Computed metrics, weights and final Wetland Sustaiity Indices
(WSI's) resulting from two different metric weighty schemes.

o , Weights
Performance criterion Raw metrics Equally-weighted WWTP-weighted
30-day TSS conc. (mg/L) 1.00 0.0909 0.2
7-day TSS conc. (mg/L) 1.00 0.0909 0.2
30-day TKN conc. (mg/L) 0.639 0.0909 0.2
Vegetative cover PC 0.001 0.0909 0
Habitat Island PC 0 0.0909 0
High-marsh PC 1.00 0.0909 0.2
Low-marsh PC 1.00 0.0909 0.2
GW Recharge PC 0.00 0.0909 0
Wetland Perimeter PC (ft) 0.505 0.0909 0
Wetland Diversity PC 0.400 0.0909 0
Wetland Area PC (acres) 1.00 0.0909 0
Final WSlscore 0.595 0.928

7.4.2 Effects of water conservation on performance

The sensitivity of the treatment wetland perforneatewater conservation
was assessed in the current section. The effegat#r conservation on the treatment
wetland performance was estimated by reducingentialischarge rates by 29.9%.
This percentage was based on the estimated resideeit capita reduction in water
use in gallons per day due to water conservatiantjges such as the use of more
efficient appliances (i.e., toilets, washers, amacets) and the repair of leaky pipes
(Viessman et al. 2009). While this value of 29 8éftcent only represents water
conservation in residential households, the custrdy applied it to the whole area
being served by the municipal wastewater treatmetiand under the assumption
that these water conservation methods were nadrim use. The purpose of this
reduction in influent discharge was to determin@ater conservation could

significantly improve treatment wetland performanddiis water conservation

461



wetland design was referred to as design EPAL.inAlent water quality
concentrations for the design EPAL were set equididse of the base treatment
wetland design, which was referred to as design.ERAuent concentrations were
not changed under the assumption that the incrgagmadation would generate the
same amount of waste on a per capita basis. Eqtpose of comparing the EPA
and EPA1 designs, the resulting WWTP PC values cangspondingS, and
D, were computed and compiled in Table 7-9.

As expected, effluent TSS and TKN concentratiorsehesed as a result of
water conservation in the service area. Resulli§§,andTSS concentrations
produced by the EPA1 design were both 5.13 mg/toaspared to 10.2 mg/L for the

EPA design. Similarly, th&KN,,concentration decreased from 23.4 mg/L in the
EPA design down to 19.5 mg/L in the EPAL desighede decreases 5S,, TSS,
and TKN,, were also found to be significant with respectiverespondingS, values
of 1.66, 1.66, and 0.553. TI&, corresponding td KN,,was less than half that of

the TSS concentrations, which reflected the limngdfication in the wetland due to
its largely anaerobic conditions. Based on thgsisicantly improved water quality
performance observed in the EPAL design, the deedeafluent discharge rates and
volumes allowed for slower velocities through thethand and, therefore, greater
overall wetland retention time.

Wetland water depths also decreased in the EPAfrddae to the reduced
inflow volume to the wetland as evidenced by theeased high-marsh and low-

marsh PC values in the EPAL design. The effectgatér conservation on wetland
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water depths, however, were not as strong as thoséfluent pollutant

concentrations as evidenced by the respective migtsh and low-marsk, values of

-0.154 and -0.0898. Therefore, water conservapeared to significantly improve

effluent TSS,, TSS, TKN,,concentrations and slightly decrease wetland water

depths. These results suggest that water conggrvaty serve to improve the
efficiency and overall performance of wastewateatiment wetlands and most likely
all WWTPs regardless of the facilities used.

Table 7-9Relevant PC values, relative sensitivities, andal®n sensitive for the
EPA and EPA1 wetland designs. The relationshigatiion indicates if the PC value

decreases (+) or increases (-) with the decreadle@nt discharge rates associated
with an increase in water conservation within thé&/\\P service area.

Performance Criteria EPA EPAL S Dy Rzl_atlonsmp
irection
30-day TSS conc. (mg/L) 10.2 5.13 1.66 -5.05 +
7-day TSS conc. (mg/L) 10.2 5.13 1.66 -5.05 +
30-day TKN conc. (mg/L) 23.4 19.5 0.553 -3.86 +
High-marsh PC 0.966 1.010 -0.154 4.45E-02 -
Low-marsh PC 0.979 1.005 -0.0898 2.62E-07 -

7.4.3 Effects of population growth on performance

A second simulation was made to demonstrate tleetedf possible increased

population in the treatment wetland service amecording to the Maryland

Department of Planning (MDP), the Maryland popuwlatis estimated to grow by

23.6% from the last census results taken in 202D4® (MDP 2014). Therefore, the

current study wanted to validate that the desigattnent wetland would be able to

perform sufficiently given such an increase in dapan and corresponding water

use. For simplicity, population growth was assurtele linearly related to area
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water consumption and subsequent wetland influschdrge rates. While the
relationship between population and water is vemlex and based on a number of
factors including land use, household sizes, #te.current study assumed a simple
linear relationship was sufficient to show the gaheffect of population growth.

This treatment wetland design, which treated 23n68fe primary-treated
wastewater, was referred to as design EPA2. Alllteng PC values and sensitivities
are shown in Table 7-10.

Population growth in the service area resultedoiorer treatment wetland
water quality performance and deeper water depthisel EPA2 design due to
increased internal wetland velocities and subsegiesreased wetland retention
time. The resultingSS,, TSS, TKN,, S, values were 1.59, 1.59, and 0.335, which
reflected in increasedSS,, TSS, TKN,,concentrations of 14.0, 14.0, and 25.2
mg/L. Similarly, the high-marsh and low-marsh depincreased with the increased
service area population in the EPA2 design witlpeesve S, values of -0.124 and
-0.0748. Based on these results, an increasepialgtion appears to have a

significant effect on the treatment wetland perfante, which suggested that such

factors should be accounted for in any treatmeiltawve design.

Table 7-10Relevant PC values, relative sensitivities, andad®n sensitive for the EPA and
EPA2 wetland designs. The relationship directimdidates where the PC value increases (+)
or decreases (-) with a corresponding an increaservice area population.

Performance Criteria EPA EPA2 S Dy Rzl_atlonsmp
irection
30-day TSS conc. (mg/L) 10.19 14.0 1.59 3.84 +
7-day TSS conc. (mg/L) 10.18 14.0 1.59 3.84 +
30-day TKN conc. (mg/L) 23.4 25.2 0.335 1.85 +
High-marsh PC 0.966 0.937 | -0.124 -0.0282 -
Low-marsh PC 0.979 0.961 | -0.0748| -0.0173 -
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7.4.4 Effects of population growth and water conservatioron performance

Finally, the water conservation applied in desigtAE was applied to design
EPAZ2 in order to assess the importance of wateservation as populations increase.
The goal of this EPA3 design was to determine ifewaonservation could help to
counteract the negative effects of population ghowt treatment wetland
performance observed in the EPA2 design. Finalvegit PC values and
corresponding sensitivities for the EPA3 designsamamarized in Table 7-11.

In the case of the EPAS design, the positive effetwater conservation
slightly dominated over the effects of populatioowgth, which was expected as
water conservation was estimated to account f@%®f influent water while
population growth was estimated to increase infigw23.6%. Therefore, the EPA3

design produced slightly lowaSS,, TSS, TKN,,concentrations than the EPA
design as evidenced by their correspondi)galues of 0.572, 0.572, and 0.149.

Similarly, water depths in the EPA3 design werghdly shallower than those in the
EPA design with high-marsh and low-marsh B@ralues of -0.0474 and -0.0282.

Therefore, while the water conservation and popuidigures are rough estimates,
they show that water conservation may be usefulitoextending treatment wetland

and WWTP usefulness despite increased population.
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Table 7-11Relevant PC values, relative sensitivities, andadi®n sensitive for the
EPA and EPA3 wetland designs. The relationshigatiion indicates where the PC
value decreases (+) or increases (-) with the dsekinfluent discharge rates

associated with increases in service area populatid increase in water

conservation.
Performance Criteria EPA EPA3 S D, Ril.at'or.]Sh'p
irection
30-day TSS conc. (mg/L) 10.19 9.4 0.572 -0.779 +
7-day TSS conc. (mg/L) 10.18 9.40 0.572 -0.779 +
30-day TKN conc. (mg/L) 23.4 22.91 0.149 -0.464 +
High-marsh PC 0.966 0.972 -0.0474 0.0061 -
Low-marsh PC 0.979 0.982 -0.0282 0.0037 -

7.4.5 EPA, EPAL, EPA2, and EPA3 design WSI scores

The experiments on the EPA treatment wetland desigealed that both
water conservation and service area population tirovay have a significant effect
on treatment wetland performance. Treatment wedlame designed to be more
natural and less controlled methods of secondagtrtrent, which allows for greater
energy savings, but also allows for less operatjuséiment as service area needs
change and grow. Therefore, such factors as populgrowth and water
conservation may have a greater impact on treatmetind performance than
traditional, more controlled wastewater facilitigSiven this possible vulnerability of
treatment wetlands, it is necessary to understan what they react to service area
water use changes. The current section aimedaloae such effects through the
development of the EPAL, EPA2, and EPA3 designkilatoth service area
population and water conservation were found tecféffluent TSS and TKN
concentrations significantly, these changes didsigstificantly change the final
design WSI scores, which were respectively 0.928}& 0.918, and 0.930 for the
EPA, EPA1, EPA2, and EPA3 designs (see Table 7-Baked on these resulting
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WSI scores, treatment wetlands designed with safftty large areas may be fairly

resilient to population growth.

Table 7-12Resulting normalized metrics and final wetlandiaunsbility indices
(WSI's) for the EPA, EPAL, EPA2, and EPA3 treatmestland designs. All WSI

scores were computed assuming equal weights feraaéir quality and hydrologic
metrics.

Performance Criteria Metric weights EPA EPA1 EPA2 EAP3
30-day TSS conc. (mg/L) 0.20 1.00 1.00 1.00 1.00
7-day TSS conc. (mg/L) 0.20 1.00 1.00 1.00 1.00
30-day TKN conc. (mg/L) 0.20 0.639 0.743 0.589 0.652
High-marsh PC 0.20 1.00 0.996 0.999 1.00
Low-marsh PC 0.20 1.00 0.999 1.000 1.00
Final WSlscore 0.928 0.948 0.914 0.93D

While it was shown that the model could be useeMuate wastewater
treatment wetland performance, it should be ndtatladditional water quality
constituents and processes may be required to acoreately simulate their water
quality performance. Currently, the model doessimiulate BOD or organic
nitrogen, both of which are important constituagnte/astewater. High BOD
concentrations restrict nitrification of NHand deplete dissolved oxygen levels.
Organic nitrogen can also be converted inta; N the process of ammonification.
While the exclusion of these processes can be cosaped in part by the calibration
of Ky, it would be beneficial to include both BOD andanic nitrogen processes

in future versions of the model given that theylawth environmentally important

constituents.
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Chapter 8: NRCS Agricultural Wastewater Wetland Design

8.1 DESIGN EXAMPLE

NRCS (2002) provided procedures for the desigrgataltural wastewater
treatment wetlands using both the presumptive eshdl test design methods
discussed in Sections 2.2.3.2 and 2.2.3.3. Thewrustudy followed the NRCS
(2002) example, which used the field test methodeesign a wetland intended to
treat a confined swine finishing operation with300 pigs, each weighing an average
of 135-Ibs. Within this example, the influent wasater to the wetland was
pretreated with an anaerobic waste treatment lagebich reduced TN
concentrations by 80%. The wetland effluent wae aitended for irrigation of
cropland located at the same site. Therefore, NR0OS2) designed the treatment
wetland to produce effluent total nitrogen (TN) centrations sufficient for the

fertilization of the receiving cropland. All sigpecifications, as defined within

NRCS (2002), are given in Table 8-1

Table 8-1Site specifications given for the wetland desigamaple in NRCS (2002).

Parameter

Value

Annual volume of wastewater discharged to the wetla
from the treatment lagoon

1,852,800ft/yr

Cropland available for wastewater application 8kac
Crop requirement for TN 150 Ib-TN/aclyr
TN application losses from sprinkler irrigation 25%

Losses of TN through storage leaching during non-
operational months

5%

Storage for effluent from wetland (results in aditidnal
10% TN loss)

45-day storage pond

Wetland porosity 0.90
Pretreatment effluent TN concentration 412 mg/L
Wetland water depth 8 in.
Average wetland temperature during operational nt | 22.5°C
(April-October)

tow (April-October) 210 days
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An agricultural swine wastewater treatment wetlamd designed with the
example using the field test method outlined by MIR2002), which is also
presented and discussed in 2.2.3.3. The resuydtimgpdure for the example wetland
defined by NRCS (2002) is shown below:

1. Estimate the average daiy, (ft*d and gal/d) and annu@), (ft*/yr) pre-

treatment effluent volumes (NRCS 2002):

3 3 3
Q, —1852800" - 1852800 x( 1yr j _50761
yr yr (365d d (8-1)
3
- 5,076% x( 7"::?39&') - 37,970%aI

2. Estimate the average dailyN, (Ib-TN/d) and annual' N, (Ib-TN/yr) pre-

treatment effluent total nitrogen TN loads (NRC®20

™, :( 3.79Lj( 2.2E—6ijQd ™
gal mg

_[379L ) 22E-61b) 797092, 41,M9 (8-2)
gal mg d L
~13041b—TN/d

TN, =1304

Ib-TN " 365d
yr yr
=47,609Ib — TN/yr

(8-3)

3. Determine the cropland area (acres) required tazeipre-treatment effluent total

TN loads (NRCS 2002):

TN, _ 47,609Ib—TN/yr

A, = : = =226ac
( CropTN Requirment J 150Ib - TN/yr/ac
Fractionof TN afterlosse (0.75)(0.%)

226ac<80ac ..Constructd wetlandrequired

(8-4)
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. Estimate the daily totaN, (Ib-TN/d) required for the available cropland (NRCS

2002):

_Availablecroplandx CropTN requiremen
' 365d/yrx (fractionof TN afterlosse}

_ 80acx150Ib - TN/yr

~ 365d/yrx 075x 005

(8-5)
=513Ib-TN/d

. Calculate the average daily total TN effluent cortcation C, (mg/L) required

from the wetland in order to provide sufficient TdNthe receiving cropland

(NRCS 2002):

oo e
° Q, \379L )\ 22E-6lb

_ 51.3Ib—TN/dX[ 1gal j[ mg j=162mg/L
37,970gal/d 379L \ 22E-61lb

(8-6)

. Calculate the nitrogen reaction rdtg(m/yr) based on the annual average
operating temperature(°C) of the wetland (NRCS 2002):

k; = K,0' % = @4mlyr) x (L06)****° =16.2mlyr (8-7)
. Calculate the resulting wetland surface a®@a(ac) based on the total number of

days of operation.,, over a given year (NRCS 2002):

SA=— (0305 2¢ [Q. ] (C.-C) |365d
7 435601t% (k. ) | (TN.—C) | toy

_ _(0.305—2¢ 1852800ft° | | (162mg/L-10mg/L) | 365d
"7 4356017 162 (412mg/L—-10mg/L) | 210d

= 135ac (58,8061 %)

(8-8)

. Calculate the estimated wetland hydraulic detertiioe in days (NRCS 2002):

470



t, = (SA)x Dx - =58,806ft> x 067t xLZ = 695d
Q, 5,076ft?/d (8-9)

6.95d> minimumrequiredt, of 6days, . designisok
9. Calculate required winter storage volumé)(fNRCS 2002):

Winterstoragevolume= (365d — 210d) x 5,06 7ft*/d = 785,385t > (8-10)

8.2 FINAL AGRICULTRUAL WASTEWATER WETLAND DESIGN

The current section interpreted all qualitative N\iRQR002) wetland design
guidelines in order to develop a final agricultusalstewater treatment wetland
design. NRCS (2002) suggested an overall wetlawdratio range of 1:1 to 4:1.
Therefore, the current study used the maximum Laworof 4:1. The wetland
bottom was made flat as to avoid water depth probleited to occur with long,
sloped wetlands (NRCS 2002). The resulting wetintensions were then

computed accordingly:

SA= L xW = (4W)xW = 4W?

W:E:JM =1212ft (8-11)

4 4
L =48Eft

whereL andW represent the total wetland length and width (&% suggested by
NRCS (2002), the wetland design was divided into parallel cell trains. A deep
zone was also incorporated at the outlet of théawedtto ensure proper suction of the
outlet drain despite its flat bottom (NRCS 2003pecifications were not given for
this deep water zone, neither was it clear if #oise should be incorporated into the
design wetland surface area or if it should be dddeto the original area. The

current study assumed that this deep water zoneénetagled as part of the wetland
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area and was estimated to have initial dimensiéd2b.2 ft by 60.6 ft, comprising
about 12.5% of the total wetland area. In orden#ntain wetland depths of 8 in.,
the outlet invert elevation was placed at the desigter level. NRCS (2002)
discussed the use of a number of outlet structesegds including a slotted pipe
across the width of the wetland, a flashboard dard,a swiveling elbow pipe. The
current study simulated a slotted pipe across idéhwof the wetland by using an
outlet weir with a length equal to that of the \aed train width. A bottom liner was
also input into the model in order to avoid inflion of the wastewater into
groundwater via an input bottom media hydraulicdrartivity of O ft/d.

In order to input the resulting NRCS agriculturastewater treatment
wetland design into the model, flow through onleaell train was simulated, as was
computed for the EPA wastewater treatment wetldnfluent flows were divided by
two before input into the cell train within the nedd Similarly, all output loads and
volumes were multiplied by two in order to obtanautput from the entire wetland,
which consists of two parallel trains.

From the design procedure outlined in the preverion, one wetland train
had dimensions of 485 ft by 60.6 ft and was divided eight cells in series, each
with dimensions of 60.6 ft by 60.6 ft. The finasign wetland area was then 58,782
ft>. Each wetland train had a L:W ratio of 8:1 while entire wetland maintained the
original design L:W ratio of 4:1. This high L:W 8f1 in each of the wetland trains
was acceptable as NRCS (2002) cited that wetlamtthstrain L:W ratios as high as
20:1 have been used in practice successfully.célls except the outlet cell had

water depths of 8 in. (0.667 ft.) and emergent teggm. The outlet cell was
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assumed to be a deepwater zone with a design dégtft and without vegetation. A
forebay was not included in this wetland desigpratreatment was assumed to occur
in upstream facilities. Figure 8-1 shows the r#sgINRCS swine wastewater

wetland design input to the model. Additionalllf,cell specifications are shown in

F F F F F F
- > > -.—»
8 7 6 ) 4 3 2

Figure 8-1 Final NRCS swine wastewater wetland design fortoaie input into the
model. Each cell has dimensions of 60.6 x 60.@fack arrows show FID flowpath
while grey arrows show FID2 flowpath.

Table 8-2

Table 8-2Agricultural wastewater treatment wetland cell sfiestions for FID1,
FID2, vegetation type (VEG), initial design depthf SS, and cell elevation above a
datum EL in ft. Vegetation descriptor values oL02 indicate respectively that a
given cell has no vegetation, emergent vegetatind,submerged vegetation.

Cell | FID | FID2 | SS(fty | VEG | EL (ft) | BERM (ft)
1 0 1 4 0 0 0
2 1 3 0.667 1 3.33 0
3 2 4 0.667 1 3.33 0
4 3 5 0.667 1 3.33 0
5 4 6 0.667 1 3.33 0
6 5 7 0.667 1 3.33 0
7 6 8 0.667 1 3.33 0
8 7 8 0.667 1 3.33 0

8.3 AGRICULTRUAL WETLAND CALIBRATION

Before the model simulation of the agricultural weagater treatment wetland
was evaluated, it was calibrated based both oNBES (2002) example influent and
effluent TN concentrations of 412 and 162 mg/L (Seetion 8.1) and water quality
data from 19 swine wastewater treatment wetlangsrted by Knight et al. (2000)

(see Table 2-13). From the water quality datamepldoy Knight et al. (2000), the
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current study estimated influent and effluent T88centrations of 128 and 62 mg/L.
Additionally, influent and effluent NiH: TN ratios of 0.90 and 0.89 were computed
using the NH" and TN data and multiplied by the NRCS (2002) epdarTN influent
and effluent concentrations of 412 and 162 miylorder to estimate model influent
and effluent NH" concentrations of 370 and 144 mg/L. While largers were
associated with estimated relationship between NiHd TN concentrations, the
current study only aimed to evaluate how the weklp@rformed with respect to
changes made to the design rather than predicameetutputs. All initial and final
input values for the base agricultural wetland giesire shown in Table 8-3. Results
from each calibration trial are also summarizedable 8-4.

While the calibration succeeded in simulating thprapriate wetland TSS
removal with a mean daily effluent TSS concentrabb60.9 mg/L, it was not
successful in simulating the NRCS (2002) desigluefit TN concentration of 162

mg/L. Even with a high inpuK ; value of 0.4 ht, the model simulated a mean

daily effluent NH" concentration of 293 mg/L, which corresponded toean daily
effluent TN concentration of 325 mg/L. This limit&H,;" removal via nitrification
within the wetland was due to the low DO levelsoagsted with the agricultural
wetland design. Within the model, nitrification svanly simulated in a cell if the DO
concentration was greater or equal to 2 mg/L bex#@wgas an aerobic process
(USEPA 2000). The daily mean effluent DO conceitre in the final calibrated
design was 2.01 mg/L, which indicated that DO weslimiting factor in wetland

nitrification.
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A number of design attributes contributed to the O levels simulated
within the agricultural wetland. Influent waterttze wetland, which was from an
anaerobic treatment lagoon, was defined in the Irtodeave a constant DO
concentration of 2 mg/L (see Table 8-3). Additibnahe agricultural wetland
design did not simulate the production of DO viafaisynthesis given that
submerged vegetation was not included in the dedigspite the shallow water
depths within the wetland, surface aeration alsongit play a large factor in
contributing to wetland DO levels due to the vdpmsvelocity of water through the

wetland and the constant inflow of near-anoxic easter.
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Table 8-3All user inputs for the agricultural wastewatezatment wetland design,
their assigned initial values, and final valueg@éalibration.

User input Initial value Final value
Number of years of simulation 25 25
Cell length (ft) 60.6 60.6
Contributing drainage area (ac) --- ---
Number of cells in wetland design 8 8
FID vector See Table 8-2
Vegetatlon_spemﬂcatlon for_each cell (no vegetatr O, See Table 8-2 ---
emergent = 1, submerged = 1)

Initial water depth in each cell See Table 82 ---
Bottom elevation in each cell See Table 82 ---
Berm height at exit of each cell no berms
Orifice or Weir (Orifice = 1, Weir = 2) 2 2
Weir length (ft) 65 65
Orifice area (ff)
Weir invert heightH | (ft) 4 4
Hydraulic conductivityK,, (ft/d) 0 0
Shelter factof, 0.75 0.75
Wetland albeda 0.159 0.159
Leaf area index LAl 6.5 6.5
Maximum leaf conductanceC:eaf (mm/s) 9.7 9.7
Emergent vegetation heiglat, (m) 1.65 1.65
Wind speed measurement heigmn'g (m) 2 2
Maximum photosynthesis ralfMAX (mg-O/m*hr) 910 910
TSS particle diameted (m) 6.5x10°

Initial water temperaturd ) (°C) 15.5 15.5
Nitrification reaction rateK ,; (hr™) 0.004 0.004
Denitrification reaction rateK . (hr?) 0.055 0.055
TSS wetland background concentratib®S (mg/L) 3 3
NH," wetland background concentratiddH 4, (mg/L) 0 0
NO; wetland background concentratiddO3, (mg/L) 0 0
DO initial concentration in wetlanfDO, (mg/L) 2 2
Influent DO concentratiorDO,, (mg/L) 2 2
Influent TSS concentratiod S§, (mg/L) 128 128
Influent NH," concentrationNH4,, (mg/L) 370 370
Influent NH;™ concentrationNO3,, (mg/L) 0 0
Wetland perimeter (ft) 1,300 1,300
Number of wetland habitat types 2 2
Number of habitat islands 0 0
Goal high-marsh design depth (ft) 0.667 0.667
Goal low-marsh design depth (ft) 4 4
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Table 8-4 Agricultural wastewater treatment wetland calilamratrials and corresponding results.

Mean : . Daily mean | Daily mean
Change annual Mean Daily mean Daily mean effluent effluent
Trial Change made . . annual ET | effluent TSS | effluent DO + -
rationale rainfall (in.) conc. (mg/L) | conc. (mg/L) NH, conc. | NOjs conc.
(in.) ) ' ' (mg/L) (mg/L)
1 43.4 31.0 3.00 2.01 294 0.24
2 TSS particle diameter Increase
decreased from 6.5xf0 | effluent TSS 43.4 31.0 23.6 2.01 294 0.24
mto 6.5 x10 m concentrationg
3 TSS particle diameter Increase
decreased from 6.5xT0 | effluent TSS 43.4 31.0 99.1 2.01 294 0.24
mto 1.0 x10 m concentrationg
4 TSS particle diameter Increase
increased from 1.0x10 | effluent TSS 43.4 31.0 60.9 2.01 294 0.24
mto 3.5 x10 m concentrationg
° Ky increased from eDf(felﬁfr?tSl\elH, 43.4 31.0 60.9 1.68 299 0.25
0.004 t0 0.04 ht concentrations
6 Ky increased from | Decrease
0.04 10 0.4 ht effluent NI—_h 43.4 31.0 60.9 1.20 293 0.26
' : concentrationg
! Ky decreased from °'4L}J<Se original 43.4 31.0 60.9 2.01 294 0.24
back to 0.004 kr NIT
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8.4 AGRICULTRUAL WETLAND PERFORMANCE EVALUATION

Once the agricultural wetland design was calibraaéidelevant PC values
and metrics were computed in order to evaluatedatformance with respect to
sustainability. Similar to the municipal wastewateatment wetland designed in
Chapter 7, the agricultural wetland did not treatew from a drainage area, but rather
from an anaerobic treatment lagoon. Thereforedtvenstream hydrologic regime
and flood control metrics were not relevant todkerall performance of the
agricultural wetland. Furthermore, because thieieft from the agricultural wetland
was to be used for crop irrigation, effluent volureduction was not beneficial but
rather detrimental to its intended use. Givendtaggicultural wetland design
characteristics and intended uses, only water tyualetland water balance, wildlife
habitat, and aesthetic PC values and the corresppntetrics were used to evaluate
its overall WSI score. An agricultural wastewatestric weighting scheme was used
to evaluate the wetland’s performance within thetext of its sole goal of producing
appropriate effluent TN concentrations for cromation. This WSI weighting
scheme evenly weighted the metric that correspotaéte mean daily effluent TN
concentration and those that corresponded to tifednd low-marsh water depths.
All resulting PC values for the agricultural wetthdesign are shown in Table 8-5 and
final metrics and WSI scores for both weightingesales are compiled in Table 8-6.

While all of the other metrics relevant to the agltural wetland design
performance were computed in the same manner%eaation 6.8, the water quality
metric was computed differently. The agricultusedtland was designed according to

the NRCS (2002) field test to produce effluent Tavh@entrations of 162 mg/L.
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Therefore, the current study developed a TN me¥tig for the agricultural wetland
in Section 3.4.7.3 and was computed for the desxgmple using Equation 3-39:
My = O (8-12)
Because the mean daily effluent TN concentratio®28 mg/L was greater than 324
mg/L, the resultingM, was zero which indicated that the simulated agtical
wetland design failed to produce effluent TN lewagtpropriate for crop irrigation and

fertilization. This failure of the design was likelue to the exclusion of NH

volatilization and NH' nitrification at the root sites within the model.

Table 8-5All computed performance criteria (PC) valuestfar agricultural
wastewater treatment wetland designed in the cusesttion.

Performance criterion Base design

Mean daily effluent TN conc. (mg/L 325
Vegetative cover PC 0.88
Habitat Island PC 0
High-marsh PC 0.994
Low-marsh PC 1.00
Wetland Perimeter PC (ft) 1.99
Wetland Diversity PC 2.00
Wetland Area PC (acres) 0.78

The final computed WSI scores for the equally weaghand agricultural
wastewater weighted metrics were computed to b@70ahd 0.667. Due to the
anoxic conditions within the agricultural wetlanestgn, it performed poorly with
respect to effluent TN concentrations, producing g of zero. The wetland design
did, however, successfully maintain design wateeleas evidenced by the high and

low-marsh metric values of 1.00. The large praparbf emergent vegetation in the

design also promoted sufficient marsh wren habésilting in a vegetative cover
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metric of 0.979. Conversely, the wetland areasrape did promote a high aesthetic
metric. Based on these results the agriculturaland design produced effluent TN
concentrations that were much higher than the gioh62 mg/L. It was thought that
this poor design performance was due to the exatusi nitrogen removal
mechanisms in the model given that a number ofcesunave reported the relative
success of similar agricultural wetlands in redgairtrogen concentrations in

wastewater (Cronk 1996; NRCS 2002; Poach et akR00

Table 8-6 Computed metrics, weights and final Wetland Sustaility Indices
(WSI’s) resulting from two different metric weighty schemes.

Weights
Performance criterion Raw metrics Equally-weighted Agricult'ural
WW -weighted

Mean daily effluent TN conc. (mg/L) 0.000 0.125 B3
Vegetative cover PC 0.979 0.125 0
Habitat Island PC 0 0.125 0
High-marsh PC 1.00 0.125 0.333
Low-marsh PC 1.00 0.125 0.333
Wetland Perimeter PC (ft) 0.399 0.125 0
Wetland Diversity PC 0.600 0.125 0
Wetland Area PC (acres) 0.0776 0.125 0
Final WSlscore 0.507 0.667

Given these model results two additional )NNH," removal mechanisms
were incorporated into the model in order to eviguheir effect on effluent NA
concentrations in the agricultural wastewater wetldesign. These mechanisms
were (1) nitrification that occurred at the rootemergent vegetation and (2) hH
volatilization. While a number of sources consaikthese two mechanisms
negligible (Kadlec and Knight 1996; USEPA 2000), iR (2002) considered them

to be the main mechanisms of agricultural wetlaity/NNH;* removal due to the
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high relative organic-N and NJHNH," entering the wetland. These two removal
mechanisms are also often excluded from wetlandetsatiie to the lack of data in
the literature surrounding their behavior (USEPA®@0 The following sections
evaluate the effects of these two removal mechaem discuss how different

mechanisms may dominate in different wetland design

8.5 EFFECT OF PLANT OXYGEN TRANSFER IN RHIZOSPHERE

Emergent vegetation have adapted to survive ierabé& conditions such as
those exhibited in the agricultural wastewater aredldesigned in the current study
by developing air pathways that transfer oxygemfrthe atmosphere to their roots.
This oxygen is used by the plants for respiratiod ig referred to as plant oxygen
transfer. A number of studies have cited thattit@ssfer of oxygen to plant roots
produces aerobic conditions in the surrounding 8diich is referred to the
rhizosphere (Kadlec and Knight 1996; Brix 1997; P2E2000; NRCS 2002;
Bastviken 2006). While their significance is subj® controversy (USEPA 2000),
the aerobic zones produced by plant oxygen trahsfes been hypothesized to
promote areas of nitrification in the soil of freater surface treatment wetlands
(Kadlec and Knight 1996; Brix 1997; USEPA 2000; NRR2002).

Plant oxygen transfer rates reported in the liteeawere used to estimate a
mean wetland plant oxygen transfer rate of 0.26403ti%-min. Due to the
difficulties associated with measuring plant oxygemsfer as well as corresponding
nitrification, few studies exist in the literatuteat deal with the characterization of

nitrification within the rhizosphere. Despite ivaited data, Brix (1997) reported a
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literature plant oxygen transfer range of 0.022ayX0/m?-d (0.00129 — 0.775 mg
O./ft?>-min) for Phragmites spwhich are a common emergent vegetation species
used in constructed wetlands. Kadlec and Knigh®§€) also reported a literature
range of 0.02 to 4.3 g40n*d (0.00129 — 0.278 mgAB>-min) for emergent species
planted in soil media.

In order to evaluate the effectiveness of plaryigex transfer as a NH
removal mechanism in the agricultural wastewatdtamd design, a plant oxygen
transfer module was added to the model. The iaguttodified wetland design was
referred to as the AG1 design. In the AG1 desagrpnstant plant oxygen transfer
rate of 0.264 mg-@ft>-min was applied to the soils in cells with emertgesgetation
(i.e., VEG =1). Additionally, nitrification wadraulated in the soil of these
emergent vegetation cells if the load of DO produisg plant oxygen transfer met the
corresponding oxygen demand of the nitrificati@ngformation.

Flow through the AG1 design was simulated ovey&ars producing a mean
daily effluent NH" concentration of 136 mg/L, which correspondedrt@stimated
mean daily effluent TN concentration of 153 mg/These results greatly improved
the apparent TN removal of the agricultural wastewaetland design, which
produced an initial mean daily effluent TN concatitm of 239 mg/L, with a relative
error E, of -0.534. Calibration of the input plant oxygeartsfer rate to a value of
0.120 mg/L further improved the apparent desigifigperance, producing mean daily
effluent TN concentrations of 163 mg/L and a cqroesling TN PC value of 1.00.
Given these results, it was concluded that basdiesature values, plant oxygen

transfer could promote significant nitrificationtivn a wetland design including
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significant areas with emergent vegetation. That,anore research related to plant
oxygen transfer and its relationship with nitrifica in the soil is required in order to

more realistically and accurately model such meisinas.

8.6 EFFECTS OF NH3; VOLATILIZATION

The current section developed an agriculturalaretldesign that incorporated
NH; volatilization as a nitrogen removal mechanisnhiswetland design was
referred to as the AG2 design. As discussed iti®e0, at a circumneutral pH, only
0.6% of ammonia species are in the form of;NiKiadlec and Knight 1996).
Therefore, under normal wetland operating cond#tjaolatilization of NHis
generally assumed to be negligible (Kadlec and Kini®96; USEPA 2000;
Bastviken 2006). NRCS (2002), however, citedsNblatilization has a major
mechanism of ammonia removal in agricultural wastewtreatment wetlands due to
the large TN concentrations typical of these wetlenfluents. Kadlec and Knight
(1996) even cited that NHVolatilization was negligible unless ammonia
concentrations in a wetland were greater than 20 m@iven that the agricultural
wetland design receives inflow with an estimated,Ne¢bncentration of 412 mg/L,
NH; volatilization may be of greater relevance thantimer wetland designs.

Given that the agricultural wetland promoted ctinds in which NH
volatilization could be a significant ammonia rerabmechanism, a model
agricultural wetland design in which Niolatilization was developed and simulated.
In order to estimate Nvolatilization within the model, literature NKolatilization
rates were compiled to estimate an average weldhdvolatilization rate of 0.0239

mg-NHs N/ft>-min. While wetland NHvolatilization data are limited, Poach et al.

483



(2004) reported volatilization rates ranging frortro@5 mg-NHN/m?hr (0 to
0.0581 mg-NH N/ft?>-min) for the marsh portions of a marsh-pond-mavetand
used for the treatment of pre-treated swine wagtawa he estimated average
wetland NH volatilization rate of 0.0239 mg-NfN/ft>-min was applied to each cell
within the model and was assumed to be constamttbgeduration of the 25-yr
simulation period. The resulting AG2 design meaityceffluent TN concentration
was equal to 297 mg/L, which was 9.62% lower thaninitial value of 329 mg/L.
Increasing the NElvolatilization to the literature maximum of 0.05811‘]-NH3_N/ft2-
min, resulted in a mean daily effluent TN concetmraof 262 mg/L, which was
20.4% less than the base value of 297 mg/L. Basdtese results, while NH
volatilization did not reduce effluent TN concetitvas down to the goal value of 162
mg/L, it did have a significant impact on TN contrations. Therefore, while it did
not have as large of an impact on ammonia condenrisaas the rhizosphere
nitrification, NH; volatilization may be an important nitrogen remaw@chanism in
wetlands that warrants more attention when modgiketlands treating water with

high (> 20 mg/L) NH/NH;" concentrations.

8.7 COMBINED EFFECTS OF PLANT OXYGEN TRANSFER AND NH 3

VOLATILIZATION

A final agricultural wastewater wetland desigriereed to as the AG3 design,
was developed that incorporated both the rhiszasphigification and the Nk
volatilization mechanisms included respectivelyiia AG1 and AG2 designs.
Additionally, the nitrification mechanism inputs seecalibrated in this final design

(seeTable 8-7 in order to compute new agricultural wetland dedPC values and
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corresponding metrics, which are compiled respebtiin Tables 8-8 and 8-9 and
Table 8-9. The resulting agricultural wastewaterghting scheme returned a WSI
score of 1.00 as compared with that of the basewdgral wetland of 0.667. This
significant improvement in WSI scores was due oréspective base and AG3 mean

daily effluent TN concentrations of 329 and 164 imgrlherefore, within the context

of the agricultural wastewater wetland, plant oxygansfer and Nklvolatilization

proved to be significant contributors to wetlandnaomia removal.

Table 8-7 Agricultural wastewater treatment wetland calilomratrials and corresponding

results for the AG3 design incorporating bothNidlatilization and rhizosphere nitrification.
. . Estimated
Daily mean | Daily mean dai
. hange effluent effluent aily mean
Trial Change made Chang + ; effluent TN
rationale NH, conc. | NOj conc.
(mg/L) (mg/L) conc.
(mg/L)
1 121 1.18 136
2 Decrease plant oxygen | Increase
transfer rate from 0.264 | effluent NH," 124 1.19 139
to 0.120 mg-@/ft>-min and TN conc.
3 Decrease plant oxygen | Increase
transfer rate from 0.120 | effluent NH," 188 0.94 211
to 0.0500 mg-@ft>min | and TN conc.
4 Increase plant oxygen | Decrease
transfer rate from 0.050 | effluent NH," 126 1.21 147
to 0.110mg-@ft%-min and TN conc.
5 Decrease plant oxygen | Increase
transfer rate from 0.110 | effluent NH," 137 1.24 154
to 0.090 mg-@ft>min | and TN conc.
6 Decrease plant oxygen | Increase
transfer rate from 0.110 | effluent NH," 146 1.22 164
to 0.080 mg-@ft>min | and TN conc.

Table 8-8 All computed performance criteria (PC) valuestfer AG3 design.

Performance criterion Base design

Mean daily effluent TN conc. (mg/L) 164
Vegetative cover PC 0.875
Habitat Island PC 0.00
High-marsh PC 0.994
Low-marsh PC 1.00
Wetland Perimeter PC (ft) 0.40
Wetland Diversity PC 3
Wetland Area PC (acres) 0.8
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Table 8-9 Computed metrics, weights and final Wetland Sustaiity Indices
(WSI's) resulting from two different metric weighty schemes for the AG3 design.

Weights

Performance criterion Raw metrics Equally-weighted Agricult'ural
WW -weighted

Mean daily effluent TN conc. (mg/L) 1.00 0.125 B33
Vegetative cover PC 0.979 0.125 0
Habitat Island PC 0 0.125 0
High-marsh PC 1.00 0.125 0.333
Low-marsh PC 1.00 0.125 0.333
Wetland Perimeter PC (ft) 0.0798 0.125 0
Wetland Diversity PC 0.120 0.125 0
Wetland Area PC (acres) 0.00776 0.125 0
Final WSlscore 0.523 1.00

The overall purpose of the addition and evaluatibthese two nitrogen

removal mechanisms was to show that different nashes may dominate in

different wetland designs. Additionally, mechansstinat many sources consider

negligible in one case may be crucial in anoth2ue to the current lack of data and

understanding of nitrogen behavior in constructetlamds it is difficult to discern

which mechanisms (1) are most important and (2placeimented and understood

enough to reliably model. It is also worth notthgt while both plant oxygen

transfer and Nkglvolatilization may occur in all wetland desigrisey only dominate

ammonia removal in designs with large influent amrmaaoncentrations and low DO

concentrations. Therefore, while the exclusiothebe mechanisms could be

compensated for in the stormwater and municipateveaster wetland designs (see

Chapters 6 and 7) through calibration of the watdumn nitrification rate constant

Ky, calibration ofK,; did not have the same effect on Nidoncentrations in

agricultural wetland where DO levels were insu#fiti to promote significant

nitrification. Additionally, as shown by the cuntesection, the model can be
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modified to include or exclude water quality meakars as more data become
available to allow for more accurate model repres@n of corresponding wetland
behavior.

It has been demonstrated that both plant oxygesfeaand NH
volatilization may contribute to nitrogen removalwetlands with large influent
ammonia concentrations and with anoxic water caomtt However, due to the
limited knowledge of how plant oxygen transfer aitd; volatilization directly affect
ammonia levels, it is difficult to accurately modieém. Given the uncertainty
surrounding these mechanisms, the current studyestsgjthat more research be
focused on the effectiveness of plant oxygen tearesid NH volatilization in

removing ammonia in wetland
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Chapter 9: NRCS Habitat Wetland Design

9.1 DESGIN EXAMPLE

The final wetland design evaluated in the curréidygwas a wildlife habitat
wetland, which was designed according to speciboatmade by NRCS (2009). The
guidelines for habitat wetland design defined by®82009) and throughout the
literature were more qualitative and more gendrahtthose specified for wetlands
designed for water treatment and management. kametrea of 10 acres was
chosen for the example design in order to meeNfRES minimum required wetland
area for habitat island incorporation. Given alared area of 10 acres, 4 habitat
islands could be included in the design based eplicement ratio of 1 habitat
islands/2.5 acres of wetland specified by NRCS @20@ccording to NRCS (2009),
a wetland area of 10 acres would also support SRitbbg areas for reptiles such as
snakes and turtles. These islands and basking axer@ assumed to be incorporated
into the wetland design even though they were mettly simulated by the model.

Next, NRCS (2009) guidelines for water depth altmeafor waterfowl,
amphibians and reptiles, wetland furbearers, andegiirds (see Section 2.2.4) were
used to develop a wetland design that incorporaaditat areas for all wildlife types
of concern. NRCS (2009) wetland depth specificetiare also compiled in the
current section in Table 9-1. In order to satiby specifications defined by NRCS
(2009) for waterfowl, amphibian and reptile, wetldarbearer, and shorebird needs,
the wetland surface area was divided accordinglywater depth: 20% 4-ft depth,

15% 1.5-ft depth, 15% 3-ft depth, 25% 1-ft deptid @5% 3-in depth.

488



Table 9-1NRCS (2002) specifications for allocation of wadepths within a wetland design
for different wildlife types.

Wildlife type Depth requirements

Waterfowl < 20% depths of 3-4 ft
< 30% depths 1.5-3 ft
Remainder area < 1.5 ft

Diving ducks < 50% areas with emergent vegetation
Wading shorebirds Seasonal mudflats with deptls4in.
Amphibians/Reptiles < 20% depths of 3-5 ft

> 50% depths < 1.5 ft
Wetland furbearers > 20% depths 3-5 ft

Remainder area < 3 ft

9.2 FINAL HABITAT WETLAND DESIGN

The current study made a number of assumptionsreggbect to the wetland
design due to the lack of quantitative design negments specified by NRCS (2009).
While NRCS (2009) set specific area percentagegatér depths for different
wildlife, it did not mention design features suachralative drainage area size, total
wetland storage volume, or outlet structure desigrorder to promote sufficient
water depths within the wetland, a contributingmige area of 413 acres was
defined for the habitat wetland. This drainageaaves also assumed to have a
rational C value of 0.36, which was the same asubed for the stormwater wetland
design in Section 6.8. Additionally, the modeldnmorated an outlet weir with a
length of 15 ft, which was arrived at by calibratianto the design to ensure proper
internal wetland water depth maintenance as wetlb @somote sufficiently transfer
water out of the wetland. The outlet structuregteprocedure for stormwater
wetlands was not followed for the habitat wetlaegdduse the current study found
that the contributing area of 413 acres was tagelém produce rational numbers

through such methods (MDE 2009). The TR-55 mettisdussed in Section 11.2,
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did not allow for sufficiently long flowpaths fordrainage area analogous to that
used in Chapter 6 with an area of 413 ac.

Once the habitat wetland design specificationsewdefined, it was divided
into cells with dimensions of 150 by 150 ft andanged as shown iRigure 9-1 The
overall wetland area was slightly altered to enslirareas of different wetland
depths could be divided evenly into cells. Theiltasy surface areas and
corresponding cell numbers are shown in Table 3&ble 9-3 also summarizes all
cell specification for the habitat wetland design.

The habitat wetland design was not calibrated gthehwildlife habitat
performance as defined by NRCS (2009) and withenntlodel was dependent on
wetland design features (i.e., the inclusion ofitaalslands, etc.) rather than
simulated hydrologic and water quality outputs.c8ese the habitat wetland was also
assumed to be fed with stormwater from a drainage w&ith the same rational C
value as that of the stormwater wetland design f8&ttion 6.8, influent water
quality concentrations were assumed to be equabse used in the stormwater
wetland design. Additionally, because the hahtatiand received water from a
drainage area with similar characteristics as theravater wetland, it was assumed
that the calibrated inputs used for the stormwatdtand were reasonable estimates
for those of the habitat wetland. All resultingeugputs for the habitat wetland are

summarized imable 9-4
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Table 9-2Total area of each water depth zone within thethalwetland design as well as

the corresponding number of cells used to represamit zone.

Zone Type Zone Water Surface Area (ft) # of cells
Depth (ft)
Deep zone 4 90,000 4
Low-marsh 3 67,500 3
High-marsh 1.5 67,500 3
High-marsh 1 112,500 5
Mudflats 0.25 112,500 5
) 435,600 20

Figure 9-1 Habitat wetland cell design. Each cell has dirersof 150 x 150 ft. Black

arrows show FID flowpath while grey arrows show Elflbwpath.

Table 9-3Habitat wetland cell specifications for FID1, FID&getation type (VEG), initial design

depth in ft SS, and cell elevation above a datunirBt.

Cell FID FID2 SS (ft) VEG | EL(ft) | BERM (ft)
1 0 1 4 2 0 0
2 1 2 3 2 1 0
3 1 3 0.25 0 3.75 0
4 2 6 1.5 1 2.5 0
5 2 5 0.25 0 3.75 0
6 4 6 1 1 3 0
7 4 8 1.5 1 2.5 0
8 7 8 1 1 3 0
9 7 10 1.5 1 2.5 0
10 9 10 1 1 3 0
11 9 11 0.25 0 3.75 0
12 9 5 3 2 1 0
13 10 13 0.25 1 3.75 0
14 12 14 0.25 1 3.75 0
15 12 3 3 2 1 0
16 15 16 1 1 3 0
17 16 17 1 1 3 0
18 17 14 4 2 0 0
19 18 11 4 2 0 0
20 19 13 4 2 0 0

49

1




Table 9-4User inputs for the habitat wetland design

User input Input value
Number of years of simulation 25
Cell length (ft) 150
Contributing drainage area (ac) 413
Number of cells in wetland design 20
FID vector See Table 9-3
Vegetatlon_spemflcatlon for_ each cell (no vegetat: 0, See Table 9-3
emergent = 1, submerged = 1)
Initial water depth in each cell See Table 9;
Bottom elevation in each cell See Table 9t
Berm height at exit of each cell no berms
Orifice or Weir (Orifice = 1, Weir = 2) 2
Weir length (ft) 15
Orifice area (ff)
Weir invert heightH, (ft) 4
Hydraulic conductivityK,, (ft/d) 0
Shelter factof; 0.75
Wetland albeda 0.159
Leaf area index LAI 6.5
Maximum leaf (:onductanceﬁll*eaf (mm/s) 9.7
Emergent vegetation heigtt, (m) 1.65
Wind speed measurement height(m) 2
Maximum photosynthesis ral@fMAX (mg-O,/m?-hr) 910
TSS particle diameted (m) 6.5x10°
Initial water temperaturd,,,, (°C) 15.5
Nitrification reaction rateK (hr'l) 0.004
Denitrification reaction raté ;; (hr?) 0.055
TSS wetland background concentratib®S (mg/L) 3
NH," wetland background concentratiddH 4, (mg/L) 0
NOs wetland background concentratiddO3, (mg/L) 0
DO initial concentration in wetlan®O, (mg/L) 2
Influent DO concentratiodO,, (mg/L) 2
Influent TSS concentratioh S§, (mg/L) 43.4
Influent NH," concentrationNH 4, (mg/L) 0.13
Influent NH;™ concentrationNO3,, (mg/L) 0.50
Wetland perimeter (ft) 2,700
Number of wetland habitat types 5
Number of habitat islands 4
Goal high-marsh design depth (ft) 0.667
Goal low-marsh design depth (ft) 4

492




9.3 HABITAT WETLAND PERFORMANCE EVALUATION

All habitat wetland PC values and correspondingricgeewere computed in
the same manner as they were in Section 6.8 fattdrenwater wetland design and
are compiled respectively in Tables 9-5 and 9r6orter to evaluate the habitat
wetland performance, three weighting schemes weveldped, the first of which
weighted all 18 wetland metrics equally. The selcarighting scheme weighted the
wildlife habitat, the wetland water balance, anel élesthetic metrics equally while
assigning all other metrics a weight of zero. Thied weighting scheme was the
BMP-weighting scheme defined in Section 6.8 fordt@mwater wetland design,
which equally weighted the water quality, wetlanater balance, flood control, and
downstream hydrologic regime metrics. While thstfiveighting scheme evaluated
all aspects of the habitat wetland’s performanoe second weighting scheme
focused only on the metrics relevant to the wiidh@bitat and corresponding wetland
water depths within the wetland. The third weigbtscheme was evaluated for

comparison with the stormwater wetland design perémce.
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Table 9-5AIl computed performance criteria (PC) valuestfa habitat wetland designed in
the current section.

Performance criterion Base design

Mean daily TSS conc. (mg/L) 12.3
Mean daily DO conc. (mg/L) 10.9
Mean daily NH4 conc. (mg/L) 0.07
Mean daily NO3 conc. (mg/L) 0.279
Vegetative cover PC 0.50
Habitat island PC 1
High-marsh PC 0.981
Low-marsh PC 0.994
GW-recharge PC 0.00
Wetland perimeter PC (ft) 1.14
Wetland diversity PC 5
Wetland area PC (acres) 10.3306
High-flow PC 0.192
Low-flow PC 0.185
Flow-variation PC 3.42
Flood-control PC 0.382

Table 9-6 Computed metrics, weights and final Wetland Sastaility Indices (WSI's)

resulting from three different metric weighting eahes.

o Raw Weights
Performance criterion . _ . - .
metrics Equally-weighted Habitat-weighted BMP-weighted

Mean daily TSS conc. (mg/L) 0.392 0.0625 0 0.100
Mean daily DO conc. (mg/L) 1 0.0625 0 0.100
Mean daily NH4 conc. (mg/L) 0.600 0.0625 0 0.100
Mean daily NO3 conc. (mg/L) 1 0.0625 0 0.100
Vegetative cover PC 0.142 0.0625 0.250 0
Habitat island PC 1 0.0625 0.250 0
High-marsh PC 1.00 0.0625 0.250 0.100
Low-marsh PC 1.00 0.0625 0.250 0.100
GW-recharge PC 0.00 0.0625 0 0
Wetland perimeter PC (ft) 0.227 0.0625 0 0
Wetland diversity PC 1.00 0.0625 0 0
Wetland area PC (acres) 1.00 0.0625 0 0
High-flow PC 0.347 0.0625 0 0.100
Low-flow PC 0.335 0.0625 0 0.100
Flow-variation PC 0.00 0.0625 0 0.100
Flood-control PC 0.619 0.0625 0 0.100
Final WSlscore 0.604 0.785 0.629
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Final WSI scores for the habitat wetland (see @&bb) were computed for
the equally-weighted, the habitat-weighted, andBN#>-weighted evaluation
schemes. The respective WSI scores for these tirggdchemes were found to be
0.604, 0.785, and 0.629, which implied that theitadlwvetland performed best with
respect to providing wildlife habitat. The habnetland also performed similarly to
the stormwater wetland design, which produced a Bi¢R)hted WSI score of 0.640.
These results suggest that wildlife habitat wettapiebvide water quality and quantity
treatment and could possibly be designed to fuithprove stormwater water quality
and hydrology in addition to providing habitat forportant wetland species.

As expected, the habitat weighting scheme resuitéae largest WSI score
with a value of 0.785. This habitat-weighted W&re was lowered due to the low
vegetation cover PC value of 0.142 that pertaioedarsh wren habitat (see Section
3.4.1). According to Gutzwiller and Anderson (188varsh wrens required at least
50% of the wetland area to be covered by emergsggtation, but thrive with higher
percentages. The habitat wetland design dedieatactly 50% of the wetland area to
emergent vegetation, meeting the minimum needseofitarsh wren. While this
design was not optimized for the marsh wren, itpiolvide sufficient habitat for all
wildlife types specified as important by NRCS (2p(&e Table 9-1). Given these
depth specifications, the model user could devdltiprent wildlife habitat metrics if
different wetland wildlife where of concern. Addnally, different wetland designs
could be developed to optimize habitat for différeridlife types. A wetland
comprised completely of areas with emergent vegetator example, could be

designed to maximize marsh wren habitat. Similalwetland design excluding
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areas with emergent vegetation would be optimatifang ducks (see Table 9-1). If
multiple wildlife types are desired in a given veitl design, the user must
incorporate all relevant habitat types within thethand. As with any wetland design,
habitat wetlands must be designed on a case-bybeasss with specific wildlife

needs in mind.
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Chapter 10:  Conclusions and Recommendations

10.1 INTRODUCTION

The overall goal of the current study was to depel®patio-temporal model
with which different wetland functions that could bvaluated through the use of
sustainability metrics. Included under this oviegakl were five study objectives,
which were (1) to formulate a spatio-temporal mazgfed multipurpose constructed
wetland, which includes relevant processes and ocomes of different types of
wetland systems, (2) to define sustainability apjtlies to wetlands and to develop
metrics based on sustainability principles thatnemt wetland design with intended
wetland functions, (3) to calibrate the model uditgh hydrologic and water quality
data from a real wetland, (4) to quantify the sivisy and uncertainty associated
with each design function and contributing varialaled (5) to evaluate the reliability
of design criteria currently used in the desigmveflands and assess whether or not
they lead to sustainable designs. These five tbgscwere met and resulted in a
constructed wetland modeling tool that is capalblevaluating and optimizing
wetland designs based on stakeholder-defined sasility metrics. The spatio-
temporal model developed herein successfully siteslaretland design sensitivity to
changes in design criteria and user inputs. Wetgustainability Indices (WSI's)
were also proposed as a new decision tool and ftaupdbvide reliable indications of
the sustainability of a wetland design with respedts intended functions. The core
findings of the study are summarized herein. A bernof recommendations with

respect to future calibration and use of the madelalso identified.
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10.1.1 Model Scope and Applicability

The model and sustainability metrics were develdpduk used as tools for the
comparison of different wetland designs with thergual goal of wetland design
optimization. It should be noted that the modelas a predictive tool, but rather a
comparative tool. Output values from the modehdbnecessarily predict reality,
but rather illustrate how changes to a model affexttand performance.

Additionally, because the model does not curresitiyulate BOD and organic
nitrogen, it should not be used to make conclusigter quality assumptions in
wastewater treatment wetlands, which are knownetat tvater with high BOD and
organic nitrogen concentrations. The model alsomags that periodic maintenance,
as is suggested in a number of design manuals (B2BP0; NRCS 2002; MDE
2009), is performed for any given wetland desigherefore, processes such as
sediment accretion, invasive vegetation speciewtty;cand design vegetation death
are not accounted for within the model. Ammoniadity to vegetation is also
assumed negligible in the model, which may notheecise in wetlands that treat
agricultural wastewater with NFexceeding 200 mg/L. Therefore, when designing
such wetlands with the model, caution should bertakhen choosing vegetation and

in interpreting results.

10.2 STUDY CONCLUSIONS

10.2.1 Formulation of a spatio-temporal model

A spatio-temporal model was developed to simulagehtydrologic and water

guality processes of a constructed wetland. Thidehis unique in several aspects.
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First, it allows the user to define a proposedxsteng wetland design by dividing it
into cells, which enables the simulation of wateatity and variation of water
guality processes within each cell of a given wetldesign. Second, the model uses
a very short time increment. A 1-min time interwals chosen for the model so as to
rationally move water through the wetland withotdqucing irrationally large
volumes of water moving from one cell to the nexkhird, the model is process-
oriented. Each wetland cell is assumed to behawecmpletely mixed flow reactor
(CMFR) and can have unique characteristics. Ealtliscssigned a surface water
depth, bottom elevation, a vegetation type, anch@ry and secondary flowpath
designations. Additionally, infiltration, ET, suda aeration, photosynthesis, TSS
settling, nitrification, and denitrification arensillated in each individual cell. Fourth,
the model allows for a realistic representatiom@dws from multiple sources
including rain that falls directly onto the wetlamdnoff from a user-defined drainage
area, a primary-treated municipal wastewater, ananaerobic treatment lagoon.
Fifth, the flexible structure of the model enaliles design of multiple wetland types
such as stormwater wetlands, municipal wastewegatrhent wetlands, agricultural
wastewater treatment wetlands, and wildlife habitatiands. This flexibility enables
the same concepts to be applied in regional analybere different types of
wetlands are needed. Given these characterigiesnodel is a useful tool that can
be used for the design of a wide range of wetlgpdgs with varying types of inflow

and for the development of policies related to wgtentity and quality control.
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10.2.2 Definition of sustainability metrics

The sustainability metrics developed in ChapteroBked well in evaluating
wetland design performance. Additionally, weigbtthese metrics based on the
intended purpose of different wetland designs teduh WSI scores representative
of the specific goals of a given wetland desigm.Séction 6.9.1.8, WSI scores for
five different weighting schemes were evaluatedtiersame stormwater wetland
design. The weighting schemes were developedrtpuate the WSI scores with
respect to (1) all wetland functions, (2) waterlgudunctions, (3) flood control,
wetland water balance, and downstream hydrologjerre functions (i.e., all relevant
hydrologic functions), (4) habitat and aesthetiecfions, and (5) both water quality
and hydrologic functions. The resulting WSI scdmgheir weighting schemes were
respectively 0.498, 0.714, 0.591, 0.314, and 0.6Hte variation of these scores
emphasizes the discriminatory power of the modedrwdombined with alternative
metrics and corresponding weights. The variatioseoved in these WSI scores
illustrated that the definition of wetland sustdditidy could be adapted based on the
wetland functions desired for a given wetland desiBased on these results, the
sustainability metrics and their corresponding @eriance criteria were reliable
measures of wetland sustainability with respedifferent wetland functions. The
flexibility of the PTM (Performance-to-Metric) futions that relate performance
criteria and corresponding metrics also allowediodel users to define
sustainability for a given wetland function basedtioe intended purpose of a given

wetland design as well as the sensitivity of thaiction to changes.
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Wetland sustainability metrics reflect a differapiproach to the design and
evaluation of wetlands. They offer the opportumntyexamine the long-term
consequences of a design with respect to wetladadlawnstream ecosystem
sustainability. Such a method of wetland desigh@ptimization in the context of
sustainability is not documented in the literatufderefore, the model and coupled
with the sustainability metrics provide a new metlamd perspective with which to
design constructed wetlands. By designing wetldodengevity rather than
maximum, short-term performance, degraded downsteosystems could have
more time to recover and to establish resilienaksability as effluent water

properties remain fairly consistent from year tarye

10.2.3 Model calibration

A specific implementation model was successfulljbcated with respect to
the hydrologic data and water quality provided bgdan (2013). Calibration of
relevant user input parameters was effective inlygpcong wetland outputs comparable

to those of corresponding observed outputs. Hwdiolcalibration was especially

successful, resulting ig/Y magnitudes below 0.05 ar§ /S, values below 0.500.

The model calibration also demonstrated that modgduts were rationally related to
changes in user inputs, which indicated that thdehawas mathematically sound and
was a reasonable representation of the hydrologionaater quality processes within
an actual constructed wetland.

As part of the model calibration, the effects df sze and flowpath
definition on model results were also evaluatddvas shown that flowpath has a

significant impact on both hydrologic and water Igyanodel outputs and
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corresponding wetland performance. Thereforehéendesign of a wetland it is
crucial that wetland cell flowpaths, elevationsi avater depths be prescribed with
both accuracy and precision. Additionally, an expent was run to demonstrate the
effect of cell size on model performance. Smatkdls were found to more
accurately predict the observed hydrologic and matelity values given that the
corresponding flowpath was sufficiently designddherefore, wetland cells should be
sized based on the precision with which the inten®dland flowpath is defined for a

given wetland design.

10.2.4 Design sensitivity to changes in design criteriana inputs

The model was also successfully used to demongtrateslative importance
of changes to current design criteria defined byBR009) as well as to changes in
user input parameters. From these analyses, tagda of wetland features such as
deepwater areas and their respective retentionviene identified as the factors that
dominated wetland performance. Therefore, it ggested that future constructed
wetlands be designed to optimize the relative looatand retention times of all
wetland areas (i.e., high marsh, low marsh, deepveaieas, etc.). The model
demonstrated sufficient sensitivity to changesiterinal wetland area type location
and storage to facilitate such design optimizatidtadel performance was most
sensitive to error in the water quality input paedens such as influent concentrations
and TSS particle diameter size. Similarly, theification and denitrification rate
constants were found to be the most important ildn parameters affecting

wetland effluent pollutant concentrations.
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These results demonstrated that the model is aluset in evaluating the
sensitivity of design sustainability to change$®ath design criteria and
input/calibration parameters. Therefore, the mbdsl potential for use in
constructed wetland design and optimization, a$ &agein making policy decisions
related to constructed wetland performance. Wduleent design guidelines
specified by MDE (2009) allow for a relatively sifa@and universal method for
constructed wetland design, this model could aithéxdevelopment of process-based
wetland designs. Therefore, in place of using gized design criteria such as

sizing the forebay to be 10% of th¢Q, (MDE 2009), engineers could use the model

to design constructed wetlands to optimize spewi@étdand functions for a given site.
This method of design allows for better designroptation as well as better

understanding of wetland behavior.

10.2.5 Use of model to evaluate current wetland designs

Implementations of the model were successfullybcated for and used to
simulate the hydrologic and water quality perforcenf a number of different
wetland designs including a stormwater wetland yaigipal wastewater wetland, an
agricultural wastewater wetland, and a wildlife it@wetland. Different
experiments were also tested on each wetland typedluate the effects of changes
to design criteria, user-defined inputs, influeriter characteristics, and internal
model mechanisms on the performance of a giverangttiesign with respect to the
relevant sustainability metrics. The results fribrase experiments demonstrated that
the model could be successfully used to evaluédega range of wetland design

aspects.

503



The effects of estimated population growth on pdtlgetical municipal
wastewater wetland, which was design accordingS&RA (2000) guidelines, was
analyzed. The resulting water quality performaoicéne wetland designs EPA1 and
EPA2 showed that the municipal wastewater wetlagighed according to USEPA
(2000) specifications was resilient to increaseseivice population water use.
Given these results, the model was shown to beneroal tool in evaluating the
resiliency of a given wetland design to changasflnent water characteristics as
well as environmental changes.

Due to anoxic conditions in the agricultural wasiger wetland designed in
Chapter 8, the effluent NAconcentrations simulated by the model did notatyt
agree with those determined through the fielddesign method defined by NRCS
(2002). In order to address this discrepancy,adaitional ammonia removal
mechanisms were added to the model toolkit anduated in the AG1, AG2, and
AG3 designs. This process showed (1) that diffemegchanisms may dominate in
different wetland designs and (2) that mechanismsh ss plant oxygen transfer and
NHj3 volatilization could be added relatively easilythe model due to its simple
structure. The addition of these two ammonia reehowvechanisms allowed for the
final calibration of the AG3 design with mean dagffluent TN concentrations of
164 mg/L, which was comparable to the NRCS (20@2ndd value of 162 mg/L.

Finally, the design and simulation of a wildlifalhtat wetland demonstrated
that the model could be used to develop optimabdedor different wildlife types
such as wading shorebirds, amphibians and repéteswetland furbearers. The

resulting BMP-weighted WSI score for this habitatland was also computed to be
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0.629, which was comparable to that of 0.640 ferstormwater wetland design. The
hydrologic and water quality performance of theitalwetland design within the
model suggested that wetlands could be designseri@ both as BMP facilities as

well as habitat wetlands.

10.3 RECOMMENDATIONS FOR FUTURE WORK

10.3.1 Model water quality characterization

Calibration with respect to the Jordan (2013) we&kdter quality data was
less successful that of the hydrologic data dyé)Yohe long time interval (weekly)
over which the water quality data were recordedhgspect to the model time step
of 1 min, (2) the poorly defined flowpath throudtetBarnstable 1 wetland, and (3)
the exclusion of TSS resuspension and;Ng¢neration via plant decay within the
model. While the Barnstable 1 database can bebkuo some types of analyses, a
model with a short time interval was necessary axeranalyses relevant to wetland
sustainability. The observed Barnstable 1 weeKlyent TSS and Nif
concentrations were found to equal or even excegésponding observed influent
concentrations, which suggested that internal wdtraechanisms contributed to both
the removal and generation of these constituéiile the model did allow the user
to define wetland background levels for all consrits, this model construct
represented a lower limit of internal wetland cartcations rather than mechanisms
that directly generated TSS and Niia wetland functions such as resuspension and
plant decay. These water quality calibration resssihowed that constructed wetlands
are complex facilities that promote a number ofewguality processes, all of which

are functions of wetland conditions such as DOlkweater velocity and depth,
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flowpath, etc. Given the complexity of these faieis, modeling can be an
exceptionally useful decision tool.

The model could be further calibrated and moditisthg a wide variety of
constructed wetland datasets as they become akeaiilabrder to better characterize
the most important wetland water quality mechanisinsorder to improve the
usefulness of the model, more water quality medmasicould also be added to
future versions of the model and that future stsid@uld focus on the collection of
more comprehensive water quality and hydrologidamet data. Future versions of
the model should include mechanisms that simukgaspension and wetland
generation of water quality constituents such aS,T84,” and NQ" in order to more
accurately simulate wetland water quality perforoeanThe incorporation and
simulation of additional water quality constitueatseh as BOD and organic nitrogen
could also prove helpful to more accurately repneseetland water quality behavior
especially with respect to wastewater treatmentands.

Model calibration results would also be greatlyprmwved by water quality
data collected on a smaller time scale (i.e., lyoorrldaily rather than weekly). While
water quality data collection is both expensive kwbr intensive, such data are
crucial to the development of better models. Adddlly, more detailed internal
wetland elevation and flowpath data would lead tyeraccurate simulated
hydrologic, especially internal wetland storageuoé, outputs. Therefore, the need
for more comprehensive water quality and hydrolalzita for better model

calibration was shown. A model such as the modetkbped herein could be used to
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show the benefits of different levels of data aafaiiity, both on temporal and spatial
scales.

While the model allowed for the simulation and enxaion of different
wetland designs, a number of changes could imptevesefulness. As exemplified
by the FB1, FB2, and FB3 designs analyzed in Se@&ib4.1, the model did not fully
characterize the importance of the forebay witlpeesto TSS settling. This model
limit was due to the use of one mean TSS particlmdter size within the model
when, in reality, influent TSS particle size varggsatly. The use of an input TSS
particle diameter distribution could result in moealistic wetland TSS performance
characterization. A model, however, can only bgasl as the data used to calibrate
it. Given the limited TSS particle diameter da¢amerally available, the current study
suggests that more studies be dedicated to thaatkaration of both stormwater and
wastewater TSS particle diameters. Having thiibiigion of TSS data, rather than
simply the mean, would then enable the correspagnidicrease in the accuracy of

wetland trap efficiency estimates.

10.3.2 Data-Model relationship

Given that data limitations restrict the usefulnelsany model, the model
may also help scientists and engineers determanddta that would yield the most
accurate model. Monitoring of wetlands providetadeecessary to calibrate wetland
models, assess the functioning of experimentalandt, and contribute knowledge
that can be transferred for use at other wetlanittssimilar properties. Poorly
designed monitoring programs can limit the knowkedgntent of measured data. A

model of a proposed wetland can permiagrriori assessment of the benefits of
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alternative proposed monitoring programs, thus maing the information content
of the measured data. Simulation with the wetlanadle! can be used to identify the
most effective locations within and immediatelysidé of the wetland area to place
monitoring instruments. A spatio-temporal modetref wetland will allow
assessment of the expected time required to exyperibe variety of conditions

needed to characterize the long-term state of #tand.

10.3.3 Wetland model applications

The simulation and evaluation of different wetlatesigns proved useful in a
number of applications. Within the current stuitiy model was successfully used to
evaluate the effects of changes in wetland desigmponents, in influent water
characteristics, and in the internal water quatigchanisms simulated by the model.
Therefore, the model could be used to design waslavith resilience to stressors
such as climate change, population growth, continigudrainage/service area land
use changes, extreme events such as droughtsoaad fletc. Additionally, the
model could be used to evaluate both existing aopggsed wetland designs as well
as to optimize designs based on stakeholder’s nedus resulting, optimized design
approach would emphasize long-term, sustainabligrmgsvhich are crucial to
healthy, stable downstream ecosystems.

Another interesting application of the model cobélto assess the effects of
incorporating different best management practiBddKs) into a watershed system
that includes a wetland. Because the bottoms danas are often lined with clay to
maintain a given water depth, they do not typicatintribute significantly to

groundwater recharge or baseflow maintenance. nidael could assess the effect of
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replacing part of the wetland with a an infiltra&iBMP such as a bioretention cell or
infiltration ditch would affect these functions, a&sll as other wetland functions. The
buffer surrounding the wetland, for example, cdudddesigned as a BMP as well.
Such combinations should make the wetland perftsrfunctions more effectively.
Rating BMP services and components based on bethrttaintenance within the
BMP and by their impact downstream, could bettéemheine BMP suitability for a
given area. Scoring constructed wetlands andMPBlesigns based on
sustainability could also lead to the design ofjlemlasting and self-maintaining

BMPs, possibly saving money and enhancing downstezosystems.

10.3.4 Model Optimization Applications

The existing approach to wetland design, i.e.useof generalized indices,
fails to reflect the multiple functions of every thead. Therefore, non-optimum
designs can result. Optimization of metrics caelthove much of the subjectivity
and greatly improve the effectiveness of a desihnile a number of studies have
used models to optimize performance for one functi@., phosphorus removal),
studies thus far have not been reported that opgichimultiple criteria such as
hydrologic, water quality, and habitat functionsaashole, especially using
sustainability criteria as the focus. The modeilldde used to design a wider range
of constructed wetlands based on treatment neatisxasting site conditions.

Optimizing a wetland design for often competingdiions such as
groundwater recharge, water quality control, anldife habitat performance is often
necessary because of stakeholder conflicts. Afigwmultiple wetland functions to

be addressed in the optimization could yield matesfactory decisions.
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Multifunctional wetlands should be used on a smal@le (communities, towns, or
farms) to control both stormwater and wastewatirerathan large-scale wastewater
treatment plants (WWTPs). If water is treatediearh the watershed, a longer
contact time may allow for greater pollutant andrient removal before entering
major bodies of water such as the Chesapeake B4ty r more localized solutions,
wetland outflow could be used for irrigation antetgrey water uses (Campbell and
Ogden, 1999), thus contributing to a more sustdnahter use cycle. Optimization
will allow for the inclusion of regional criteridang with design criteria relevant to
the components of the wetland. Total sustaingliijuires that development be

designed with a life cycle in mind and that the poments be optimally configured.
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Chapter 11:  Appendix

11.1 USER INPUT CHARACTERIZATION

The current section summarizes all user inputsii@emode developed in the

current study. In its current state, the modehbisbrated with climatic forcings for

Baltimore, MD as discussed in Sections 4.2.3 aBdl4.The following climactic

inputs were incorporated into the model:

1.

2.

5.

6.

Daily mean air temperaturéQ)
Daily maximum air temperaturéQ)
Daily minimum air temperaturé@)
Daily dew point temperaturéQ)
Daily wind speed (m/s)

Hourly incident solar radiation (MJ/ahr)

In addition to these climatic conditions, the moagjuires a total of 37 inputs in

order to fully characterize a given wetland desigiable 11-1 lists all of these inputs

and their corresponding units. In addition to &he®in user inputs, a total of five

inputs were added to the model for computatiorustanability metrics. These

supplementary inputs are discussed and definethapt@r 3: and summarized in

Section 3.6.
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Table 11-1All user input parameters and their correspondmigsu

Model parameter Units
Number of years of simulation years
Annual number of wet days days
Cell length ft
Number of cells in wetland design
FID vector

Vegetation specification for each cell (no
vegetation = 0, emergent = 1, submerged = 1)

Initial water depth in each cell ft
Bottom elevation in each cell ft
Berm height at exit of each cell ft

Wetland albeda

Leaf area index LAl

Shelter factof

Maximum leaf conductanc€ear mm/s
Emergent vegetation heiglat m
Hydraulic ConductivityK,, ft/d
Drainage are®A acres

Outlet type (orifice = 1, weir = 2)

Orifice coefficient (English units)

Outlet orifice area ft?
Outlet weir length ft
Outlet weir/orifice invert height ft

Runoff coefficientC

Weir coefficientC,,

Orifice discharge coefficient,

Particle diameteD m
Maximum photosynthesis rateMAX mg-O,/m?-hr
Initial wetland water temperatufE, °C
Initial DO concentration in wetlan®Q, mg/L
Irreducible background TSS concentratib8S mg/L
Irreducible background NF concentration mg/L
NH4,

Irreducible background N concentration mg/L
Influent TSS concentrationSS,) mg/L
Influent NH," concentration NH4,,) mg/L
Influent NO;” concentration NO3,,) mg/L
Influent DO concentrationO, ) mg/L
Nitrification rate constanti{,; ) hr
Denitrification rate constant{ ) hr
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11.1.1 Number of years of simulation

The user can input any given number of years faukition for a given
wetland design. Generally, the most useful sinmadluration would be long
enough to allow for extreme events (i.e., periodéood and drought) while short
enough to reduce unnecessary computational titrelsd may be relevant to factor
in the estimated life span of a given wetland sysés it may be appropriate to
simulate wetland performance for a predicted lifeet

The lifespan of a wetland system can depend onrébauof factors including
the characteristics of influent water, pre-treattmaeasures, geographic location
(chemical processes faster in warmer areas), wetasign, etc. (Cronk 1996;
USEPA 2000; MDE 2009). USEPA (2000) states trext fvater surface (FWS)
treatment wetlands (wetlands that treat water wiéase flow as opposed to
subsurface flow) receiving effluent from oxidatiponds can operate over 10 to 15
years before requiring removal of accumulated sedism Hammer (1992) also cited
that while the literature lacks sufficient datacamstructed wetland lifespans, they
have been estimated to have a projected life spabaut 20 years. Natural wetlands
used for secondary wastewater treatment have eaemreported to perform

consistently over 60 years (Hunter et al. 2009).

11.1.2 Annual number of wet days

The current model was calibrated with an annualbemof wet days of 93
days, which is characteristic of the Baltimore, Mi2a (McCuen 2013). This input,

however, can vary greatly depending on the propgsedraphic location of a given
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wetland. The model user should calibrate thisim@sed on rainfall records of the

location of the proposed wetland.

11.1.3 TSS particle diameter characterizationD

Influent TSS particle diameters are dependent erchiaracteristics of water
entering the wetland. Water with less pretreatna@at runoff from areas with greater
imperviousness generally carry TSS particles véatger diameters (MDE 2009).
Conversely, more pretreatment and lower imperviessroften contribute to smaller
particle diameters. However, because both storemveatd wastewater pollutant
concentrations can be highly variable, it is oftéficult to predict corresponding
mean particle diameters or distributions. As aegelrule of thumb, TSS particle
diameters should not go below 1516 (0.1 pm), which corresponds to USDA-
defined clay particles (USDA 1987). TSS particketh smaller diameters result in
irrationally slow settling velocities.

The TSS particle size distribution of stormwategenfhas a complex
relationship with flow and is dependent on a nundidactors including upstream
soil characteristics and land use, season, raimtalhsity/duration, droughts and
floods, and construction within the drainage areatliak et al. 2004; Rinker
Materials 2004; DeGroot and Weiss 2008). For ugiarmwater runoff, MDE
(2009) specified that mean particle diameter ofid®for drainage areas with percent
imperviousness greater than 75% and of 20 um Bindge areas with less than or
equal to 75% imperviousness. The Nationwide URanoff Program (NURP), a
study done by the EPA to characterize urban ruwatér quality and its effects

downstream, estimated a general particle diamétarition for urban stormwater
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in the US (USEPA 1983). As is shown in Figure 14rtl summarized in Table 11-2,
80% of all particles were found to have a diamefe&t8 um or less. 20% of all
particles also have diameters smaller tham3 From this distribution, a median
value of 9.5um was estimated to be most representative of tiypiten runoff

particle diameters based on UESPA (1983).

Table 11-2Particle diameter distribution reported by USERB&3) for urban runoff
in the US.

Particle : :
o)
Diameter (im) % Weight finer
100 100
28 80
13 60
6 40
3 20
n - 100
A .
oy
A -
o
£
=R
* WW Levine et al. (1984) A ,
W WW Tchobanoglous et al. (1983)
A Stormwater USEPA (1983)
Jordan et al. (2003)
10

1[IJO 1I0 1
Particle Size (um)
Figure 11-1Literature-derived particle size distributionsrfrawo sources for
primary effluent, Levine et al. (1984) (diamondsyld chobanoglous et al. (1983)
(squares); one urban runoff, USEPA (1983); andfonagricultural runoff entering
the Barnstable 1 wetland as estimated from draiaagg soil characteristics specified
by Jordan et al. (2003) (circles).
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Analogous particle diameter guidelines for agrigrdt runoff were not found
in the literature. While reports have studiedheticle size distributions of
agricultural runoff, distributions varied greatlgtiveen study sites with different soll
types and geographic location (Liebens 2001; Pathak 2004). Additionally,
particle size studies were not found for the mithAtic region of the US. Pathak et
al. (2004) did, however, observe that agricultoualoff particle distribution in India
closely followed topsoil distributions during largiorm events as well at peak flows
for all storms. Liebens (2001) also found thatipkr diameter sizes in swales that
receive agricultural runoff reflected the high camtof sand in the contributing
drainage areas, which were located in Escambia §@pElorida. Given these results,
the current study assumed that the contributintndge area particle size distribution
was a sufficient estimation of corresponding rurmpatfticle diameter distribution for
agricultural runoff.

USEPA (2000) summarized the particle diameteribigtions for municipal
primary effluent from two separate sources, bottioith are reprinted in Table
11-3. The resulting distribution from Levine et @984) and Tchobanoglous et al.
(1983) were also plotted in Figure 11-1. Both Inevet al. (1984) and
Tchobanoglous et al. (1983) reported that 100%l gremary effluent particles had a
diameter of less than 1Q@On. Additionally, both studies also reported ab2@fo of
all particle diameters to be finer thaph. A median particle diameter of Gufn
was estimated for primary effluent based on botvineset al. (1984) and

Tchobanoglous et al. (1983) values. Again, dubeoskew towards smaller
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diameters, the median was assumed to be the Ipessemtative of primary effluent

particle size.

Table 11-3Particle diameter distributions of primary efflador two different
WWTP. Table adapted from USEPA (2000).

Primary effluent particle diameter
distribution
(% Weight TSS)
Particle Diameter Levine et al. Tchobanoglous et al.
(um) (1984) (1983)
<10°
10°1.0 20 22
1.0-12 54 35
>12 26 43
1-100
>100

11.1.4 Cell length/Number of cells

Throughout the literature, wetlands have been faorekhibit near plug flow
behavior. Therefore, wetlands are most often maldigyeplug flow or completely
mixed flow reactors (CMFR) in-series (Kadlec anddfi 1996; USEPA 2000;
Carleton et al. 2001; Bastviken 2006; Chavan anahe# 2008; Kadlec 2009). The
degree to which wetland flow follow plug flow hasdmn cited to rely on wetland L:W
ratio and flowpath lengths and the number of CMiFRseries required can be
determined through tracer experiments (Carletal. &2001). If both the influent and
effluent concentrations of relevant water qualibystituents are known, the number
of CMFRs in seriesn() can also be estimated by solving the followingaggpn

(Weber Jr. 2001):
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n

c-Cc|l— 1 (11-1)

n in (1—’_ K 'tHRj
n

where C, in the constituent concentration (mg/L) aftea€MFRs, C,, is the influent

concentration (mg/L)K is the reaction rate (fy associated with the constituent, and

t,» is the wetland hydraulic retention time (hr).

The actual effect of the flowpath length has beeated (USEPA 2000).
Kadlec and Knight (1996) found that a model comnsgsbf three CMFRs in series
reasonably simulated water quality performancemMetiands regardless of shape.
Persson et al. (1999), however, found wetland gondition to significantly affect
wetland flow, citing that this variation was duegtéack of a reliable flow design
tools (i.e., the hydraulic retention time is navays reliable).

Each cell within a given wetland design was assltadehave like a CMFR.
The model does not, however, simulate tanks-iresdlow, but rather defines the
flow of cells within a two dimensional grid. Mygle cells are allowed to flow into
two receiving cells and often times dead cellstexibich do not receive flow from
other cells and are only replenished by rainf@lven this model construct, it was
difficult to determine the appropriate number dfscto represent flow within a given
wetland design. Additionally, cells often requirgding based on wetland
configuration. Each wetland design, for exampieluded areas with different water
depth and vegetation specifications. Additionadii] characterization may also be
limited by the quality of flow, elevation, and veggon data available for a given

wetland design as was the case with the Barnslawietland studied by Jordan et al.
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(2003). Therefore, cells should be sized in otddrest simulate wetland flow as
well as to best characterize wetland design spatifins within the limits of any

related wetland data.

11.2 TR-55 time of concentration determination

As discussed in Section 6.2, MDE (2009) used TRe5ompute the time of
concentration for the Clevenger Community Centarmdge area (sédgure 11-2.
The resulting time of concentrations was compubeoet 0.26 hr and was based on
the land uses found within the drainage area alsasehe respective lengths of
different flow types such as sheet flow and opesmaiel flow (se€igure 11-2.

Within TR-55, the sheet flowpath length was restdcto 100 ft, which made this
method less useful for larger drainage areas. efbi, the TR-55 method was not
sufficiently complex to determine the time of contration for the 413 ac drainage

area served by the wildlife habitat wetland desigmeChapter 9.
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Hydrologic Scil Group
COVER DESCRIPTICN A B C D
Acres (CN)
FULLY DEVELOPED URBAN AREAS (Veg Estab.)
Open space (Lawns,parks etc.)

Good condition; grass cover > 75% - 3.06(81) = =
Impervious Areas

Paved parking lots, roofs, driveways - 1.94(98) = =
OTHER AGRICULTURAL LANDS
Woods good - 0.3 (55) = =
Total Area (by Hydrolegic Seil Group) B3

* - @Generated for use by GRAPHIC method

TIME OF COMNCENTRATION AND TRAVEL TIME Version 2.00
Flow Type 2 year Length Slope Surface n Area Wp Velocity Time
rain (fE) (EL/£E) code (sq/ft) (£t} (ft/sec) {hr)

Sheet 353 70 0.013 F 0.209
Shallow Concent'd 310 0.013 P 0.037
Open Channel 5.0 0.007

--- Sheet Flow Surface Codes ---

A Smooth Surface F Grass, Dsense --- Shallow Concentrated ---
B Fallow (No Res.) G Grass, Burmuda -—- Surface Codes -———
C Cultivated < 20 % Res. H Woods, Light P Paved
D Cultivated > 20 % Res. I Woods, Dense U Unpaved
E Grass-Range, Short J Range, Natural

* - Generated for use by GRAPHIC method

Figure 11-2Time of concentration and curve number computatianTR-55 as defined in
MDE (2009) for the Clevenger Community Center ira@&s County, MD. The resulting
time of concentration curve number for the devedbp& ac drainage area were 0.26 hr and
74, respectively.

11.3 Orifice and Weir sizing for the DA1 and DA2 designs

The following sections discuss in detail the pragced followed to compute the
outlet structure designs for the DA1 and DA2 stoatex wetland designs defined in
Section 6.13.1. These designs incorporated ragpeamintributing drainage areas of
3.18 and 6.36 ac., which were both assumed to theveame land use and slope
properties as that of the base design drainage diieasame outlet structure
procedures followed in Sections 6.2 and 6.5 weltevied to design analogous outlet
structures in the DAL and DA2 designs in orderrtsuee the proper flow control in

both designs.
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11.3.1 DA1 design

Design DAL served a drainage area of 3.18 ac aetgfore, received less
inflow, requiring different-sized outlet structuren the base design, which served a
drainage area of 5.3 ac. As shown in Figure && putlet structure of the base
stormwater wetland design consisted of an orifarelie control of the 1-yr, 24-hr
flood, a weir for the control of the 10-yr, 24-hwdd, and a second weir for the safe
transfer of the 100-yr, 24-hr flood. The dimensi@md relative heights of these
outlet structures changed based on the drainagesem® As computed in Section
6.2, the influent volumes associated with the It &0-yr, 24-hr floods were defined

asCp, and Q. , which had respective values of 8,865(€.204 ac-ft) and 16,068t

(0.370 ac-ft). As a result of the reduced inflawioi the wetland design DAL,

Cp, (DAY and Q. (DAL volumes were also smaller:

Cp, (DAL = 8,865ft3( i‘fi“j — 5319ft*(0.122ac- ft) (11-2)
Q. (DAL = 16,068ft3( 3;15;‘3) — 9,641ft* (0.221ac- ft) (11-3)

Once these volumes were computed, correspondiagdL10-yr, 24-hr flood storage

depths of 1.54 and 2.78 ft were computed by digddAl, Cp, (DAL)and Q. (DAL

by the DA1 wetland surface area of 3,463@0795 ac). These depths were later
used to compute corresponding DAL weir dimensighs discussed in Section 6.2,
MDE (2009) required a minimum outlet orifice diamretf 3 in. in order to avoid
clogging. For this reason the initial computedebdssign orifice diameter of 1.65 in.

(see Equation 6-14) was sized up to 3 in. In oroé¢est if the DAL design required a
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larger diameter, the maximum influent discharge tptDAL) for the post-

development 1-yr, 24-hr flood was computed for gie€dA1l based on the
corresponding 1-yr, 24-hr runoff depth and unitkpe@scharge computed by MDE

(2009) for the base stormwater design in Sectidr(€ee Table 11-4):

q,(DA1) = [0.995%)(0.7%&) (318ac) = 228cfs (11-4)
-1Nn.

Once g,(DAL) was computed, the ratio of the required outflow mmasm discharge
allowed to exit the weir to the post-developmerzatkpe}ischarge(qo /q ) which was
defined as 0.03 in Section 6.2 for the base desigs,multiplied byqg, (DAI) to
determine the corresponding required peak outflmetdirge ratey, :

a, =(a,/q ) g = (003)(228cfs) = 0.0684cfs (11-5)
This DAL g, of 0.0684 cfs was then input into Equation 6-1sglwith the storage
depth of 1.54 associated wi@p, (DA id)order to determine the required outlet

orifice area for design DAL:

A=—T _ 0.0684cfs — 0.0114ft? (11-6)

- Coy20h, 06y 2(32.2ft/s?)(1541t)

The resulting orifice are#, corresponded to an orifice diameter of 1.45 in.iciwh

was below the MDE-required minimum diameter of 3 Therefore, the DAL
wetland orifice also had a diameter of 3 in.

Next, required effluent peak 10- and 100-yr, 24ktws were computed from
the runoff depths and unit peak discharge ratesdlig; Table 11-4. While pre-
development depths and discharge rates were usernpute the 10-yr effluent rate,

post-development values were used to determingGfeyr effluent peak discharge
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because the wetland was designed to control the,184-hr flood, but only safely

transfer the 100-yr flood:

0,0 (DAL) = (0.9040’*'(_5)(134in.) (318ac) = 385cfs (11-7)
ac-in.

Olyoo(DAL) = (1.124&)(4.48in.) (318ac) =16.0cfs (11-8)
ac-1in.

where q,,(DA 1)is the required peak discharge out of the weirradlitig the 10-yr,
24-hr flood andqg,,,(DA 1is the peak discharge computed to flow through ametl

due to the 100-yr, 24-hr flood. Corresponding d0d 100-yr weir lengths were then

computed for design DA1 based gp(DA , 1),,(DAL), and the storage depths

corresponding te&Cp, (DA Bnd Q. (DAL through Equations 6-29 and 6-31:

. _a 10~ CoAn/20h, _ 385cfs— (06)(005t*), 2(322ft/s”)(154)

=0831ft (11-9)

10 2 (31)(124)%?
00— CuLioh?2 16.0cfs— (3.1)(0.831ft)(1.74ft)*?
Lioo = oo v;/lglo 2L = Sl 3/2)( ! = 921t (11-10)
C,h2, (3.1)(05)

The resulting outlet structure is for design DAXl®wn in Figure 6-13.
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Table 11-4Relevant output values from TR-55 as well as tipait rainfall depths for
the 1, 10, and 100-yr 24-hr storm events as defiryed DE (2009).

1-yr, 24-hr (Cpy) 10-yr, 24-hr (@) 100-yr, 24-hr (Q)
Rainfall depth (in.) 2.7 5.3 7.5
Post-development 0.72 261 4.48

runoff depth (in.)

Post-development unit
peak discharge 0.995 1.098 1.124
(cfs/ac/in.)

Post-development peak

discharge (cfs) 3.79 15 21
Pre—deyelopment runoff 0.18 134 276
depth (in.)

Pre-development unit

peak discharge 0.460 0.904 0.967
(cfs/ac/in.)

Pre-development peak 0.439 6.42 141

discharge (cfs)

5.75 fi 11.03 f

DATUM

Figure 11-3 lllustrates the DAL design outlet orifice and dieutiser design through the
MDE (2009) method. The datum represents the bottbiine micropool, which was

designed to have a depth of 5.75 ft. The design@fg, , Q,, Q, depths represent the water
depths corresponding to the 1-yr, 10-yr, and 1Q@4+hr floods within the wetland.
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11.3.2 DA2 design

With a contributing drainage area of 6.36 ac, nveater entered the DAL
design that the base design, requiring a diffepeiiet structure. In order to
determine the 1- and 10-yr, 24-hr storage deptbscéated with the DA2 design,

Cp, (DA2) and Q, (DA2) volumes were computed:
Cp, (DAL = 8,865ft3[%?:j =10,638ft>(0.244ac- ft) (11-11)

Q. (DAL = 16,068ft3( ?533?;:(:) —=19,282ft° (0.443ac- ft) (11-12)

Once these volumes were computed, correspondiagdL10-yr, 24-hr flood storage

depths of 3.07 and 5.57 ft were computed by digdip, (DA2)and Q, (DA2) by

the DA1 wetland surface area of 3,463(€.0795 ac). These depths were then used
to compute corresponding DA2 weir dimensions. Nt required orifice diameter

was computed for the DA2 design as was done fobk design:

o, (DA2) = (0.995%)(0.72&) (636a0) = 456cfs (11-13)

Once g, (DA2) was computed, the ratio of the required outflow mmaxn discharge
allowed to exit the weir to the post-developmerzatlepéischarge(qo /q ) which was
defined as 0.03 in Section 6.2 for the base desigs,multiplied byqg, (DA2) to
determine the corresponding required peak outflmehdirge ratey, :

a, =(9,/9;)-q, = (003)(456c¢fs) = 0.137cfs (11-14)
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This DA2 g, of 0.137 cfs was then input into Equation 6-14 glaiith the storage
depth of 3.07 associated wi@p, (DA iR)order to determine the required outlet

orifice area for design DA2:

d, 0.137cfs
A) — —

_ - - 0.0162ft> (11-15)
C,v/20h, 06, 2(322ft/s)(307ft)

The resulting DA2 orifice are#, corresponded to an orifice diameter of 1.72 in.,

which was below the MDE-required minimum diameteB a. Therefore, the DA2
wetland orifice also had a diameter of 3 in.
Next, required effluent peak 10- and 100-yr, 24ktws were computed from

the runoff depths and unit peak discharge ratesdlim Table 11-4:

00 (DA2) = (0.904C—f_5j(134in.) (636ac) = 7.70cfs (11-16)
ac-1in.

oo (DAL = (1.124°7fsj(4.48in.) (636a0) = 32.0cfs (11-17)

ac-in.
where q,,(DA 2)s the required peak discharge out of the weirrodiimtg the 10-yr,
24-hr flood andqg,,,(DA 2js the peak discharge computed to flow throughametl

due to the 100-yr, 24-hr flood. Corresponding d0d 100-yr weir lengths were then

compared for design DA2 based qp(DA , 8),,(DA2), as the storage depths

corresponding t€Cp, (DA Hnd Q, (DA2) through Equations 6-29 and 6-31:

LG 10—CoAn20h, _ 770cfs- (06)(005ft?),/ 2(32.2ft/s?)(307)

- 0595ft (11-18
10 C, 2 (B1)(25)%? ( )

L %a0=Cubio v 32.0cfs— (31)(0.595ft)(3ft)**
100 — C 3/2 - (3 1)(05)3/2
w' 'w,100 ) )

= 205ft (11-19)
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The resulting outlet structure is for design DA3®wn in Figure 6-14.

5.75 fi 13.82f

DATUM

Figure 11-4 lllustrates the DA2 design outlet orifice and dieutiser design through the
MDE (2009) method. The datum represents the bottbtine micropool, which was

designed to have a depth of 5.75 ft. The design@fg , Q,, Q, depths represent the water
depths corresponding to the 1-yr, 10-yr, and 10@4+hr floods within the wetland.

527



References

Akratos, C. S., Papaspyros, J. N. E., and Tsihsntz A. (2009). "Artificial neural
network use in ortho-phosphate and total phosph@msval prediction in
horizontal subsurface flow constructed wetlan@sdsystems Engineering
102(2), 190-201.

Alexander, G. N. (1972). "Effect of Catchment AmraFlood Magnitude.Journal
of Hydrology 16, 225-240.

Alvisi, S., Franchini, M., and Marinelli, A. (200.7)A short-term, pattern-based
model for water-demand forecastingdurnal of Hydroinformatics9(1), 39-
50.

Arthington, A. H., and Zalucki, J. M. (1998). "Coarative Evaluation of
Environmental Flow Assessment Techniques." Landvdater Resources
Research and Development Corporation. Canberrdraiias

Balmori, D., and Benoit, G. (200M)and and Natural Development (LAND) Code:
Guidelines for Sustainable Land Developmdotn Wiley & Sons, Inc.,
Hoboken, New Jersey.

Barco, J., Hogue, T. S., Curto, V., and Rademadh&008). "Linking hydrology
and stream geochemistry in urban fringe watershddsirnal of Hydrology
360(1-4), 31-47.

Barco, J., Wong, K. M., and Stenstrom, M. K. (2008utomatic calibration of the
US EPA SWMM model for a large urban catchmedédirnal of Hydraulic
Engineering-ASCEL34(4), 466-474.

Bastviken, S. (2006). "Nitrogen removal in treatt@atlands -- Factors influencing
spatial and temporal variations.” Linkoping UnivgrsLinkoping, Sweden.

Beman, J. M., Arrigo, K. R., and Matson, P. A. (BQ0'Agricultural runoff fuels
large phytoplankton blooms in vulnerable areahefdcean.Nature
434(7030), 211-214.

Bicknell, B. R., J. C. Imhoff, J. L. Kittle, Jr.,. H. Jobes, and A. S., Donigian, Jr.
2001.Hydrological Simulation Program Fortran, Version:12ser's Manual
Mountain View, Cal.: Aqua Terra Consultants.

528



Borah, D. K. (2011). "Hydrologic procedures of stoevent watershed models: a
comprehensive review and comparisddydrological Processe25(22),
3472-3489.

Borin, M., Bonaiti, G., Santamaria, G., and Giardin (2001). "A constructed
surface flow wetland for treating agricultural weastaters.'Water Science
and Technology44(11-12), 523-530.

Bouitilier, L., Jamieson, R., Gordon, R., Lake, &d Hart, W. (2010). "Performance
of Surface-Flow Domestic Wastewater Treatment Wied'Wetlands
30(4), 795-804.

Brix, H. (1997). "Do macrophytes play a role in stncted treatment
wetlands?'Water Science and Technolo@p(5), 11-17.

Campbell, C., and Ogden, M. (199@pnstructed Wetlands in the Sustainable
LandscapeJohn Wiley & Sons, Inc., New York, NY.

Carleton, J. N., Grizzard, T. J., Godrej, A. Ndd&wost, H. E. (2001). "Factors
affecting the performance of stormwater treatmegtfands."Water
Research35(6), 1552-1562.

Chapra, S. C. (1997%urface Water-Quality ModelingcGraw-Hill Inc., Boston,
MA.

Chavan, P. V., and Dennett, K. E. (2008). "Wetlamdulation model for nitrogen,
phosphorus, and sediments retention in constrvegtidnds."Water Air and
Soil Pollution 187(1-4), 109-118.

Costanza, R., dArge, R., deGroot, R., Farber, Bas$d, M., Hannon, B., Limburg,
K., Naeem, S., Oneill, R. V., Paruelo, J., Raskin(., Sutton, P., and
vandenBelt, M. (1997). "The value of the world'sggstem services and
natural capital.Nature 387(6630), 253-260.

Crites, R. W., Middlebrooks, E. J., and Reed, S2006).Natural Wastewater
Treatment System$aylor & Francis Group, LLC, Boca Raton, Fl.

Cronk, J. K. (1996). "Constructed wetlands to tkgastewater from dairy and swine
operations: A review.Agriculture Ecosystems & Environmeb8(2-3), 97-
114.

DeGroot, G., and Weiss, P. (2008). "Stormwateri€ast Sampling Literature
Review." University of Minnesota.

529



DelLuca, W. V., Studds, C. E., Rockwood, L. L., &tara, P. P. (2004). "Influence
of land use on the integrity of marsh bird commiesiof Chesapeake Bay,
USA." Wetlands 24(4), 837-847.

DePhilip, M., and Moberg, T. (2010). "EcosystemwrlRecommendations for the
Susquehanna River Basin." The Nature Conservarmyjgddurg, PA.

Dingman, S. L. (2002Physical HydrologyWaveland Press, Inc, Long Grove,
lllinois.

Farnsworth, R. K., and Thompson, E. S. (1982). 'Mi@nthly, Seasonal, and
Annual Pan Evaporation for the United States." di&tl Weather Service —
National Oceanic and Atmospheric Administration,SMagton DC.

Federer, C. A., Vorosmarty, C., and Fekete, B. §199ntercomparison of methods
for calculating potential evaporation in regionatlaglobal water balance
models."Water Resources Reseay@2(7), 2315-2321.

Fetter, C. W. J. (20017pplied HydrolgeologyPearson Education Limited, London,
UK.

Finlayson, M., and Moser, M. (1991). "Wetlands."don.

Gonenc, I. E., and Wolflin, J. P. (200&)astal Lagoons: Ecosystem Processes and
Modeling for Sustainable Use and Developm@RC Press, Boca Raton,
FL.

Goodin, D. G., Peake, J. S., and Barmann, J. 2qL9Analysis and modeling of
the radiation budget and net radiation of a Safgtvwétland."Wetlands
16(1), 66-74.

Goodrich, D. C., Lane, L. J., Shillito, R. M., Mal, S. N., Syed, K. H., and
Woolhiser, D. A. (1997). "Linearity of basin respemas a function of scale
in a semiarid watershedWater Resources Reseay&3(12), 2951-2965.

Groffman, P., Baron, J., Blett, T., Gold, A., Goaim|., Gunderson, L., Levinson,
B., Palmer, M., Paerl, H., Peterson, G., Poff,R&jeski, D., Reynolds, J.,
Turner, M., Weathers, K., and Wiens, J. (2006)dl&gical thresholds: The
key to successful environmental management or @oritant concept with
no practical applicationZEcosystem®9(1), 1-13.

Gupta, J. (2013). "The Effect of Urban DevelopmamSedimentation.” Masters of
Science, University of Maryland, College Park, MD.

530



Gutzwiller, K. J., and Anderson, S. H. (1987). "HabSuitability Index Models:
Marsh Wren." National Wetlands Research CenterS- Bish and Wildlife
Service, Lafayette, LA. Biological Report 82(10.)39

Hall, B. R., and Freeman, G. E. (1994). "Study ydraulic roughness in wetland
vegetation takes new look at Manning's The Wetlands Research Program
Bulletin, 4(1), 1-11.

Hammer, D. A. (1992). "Designing constructed welkarystems to treat agricultural
nonpoint source pollutionEcological Engineeringl(1-2), 49-82.

Harmel, R. D., Cooper, R. J., Slade, R. M., Haffeyl.., and Arnold, J. G. (2006).
"Cumulative uncertainty in measured streamflow aater quality data for
small watershedsTransactions of the ASABE9(3), 689-701.

Hawkins, G. (2011). "Advancing water-sector tecloggt A wastewater manager
explains how his East CoaC.st plant adds a maj@wable power system to
its treatment process.” D.C. Water.

Hayes, D. F., Olin, T. J., Fischenich, J. C., aatéfno, M. R. (2000). "Wetlands
Engineering Handbook." U. S. Army Corps of Engise&ficksburg, MS.
ERDC/EL TR-WRP-RE-21.

Herrera, M., Torgo, L., Izquierdo, J., and PerezeaR. (2010). "Predictive
models for forecasting hourly urban water demaddurnal of Hydrology
387(1-2), 141-150.

Howden, N. J. K., Burt, T. P., Mathias, S. A., WatkrF., and Whelan, M. J. (2011).
"Modelling long-term diffuse nitrate pollution did¢ catchment-scale: Data,
parameter and epistemic uncertainjournal of Hydrology403(3-4), 337-
351.

Hughes, D. A., and Mantel, S. K. (2010). "Estimgtihe uncertainty in simulating
the impacts of small farm dams on streamflow regimeSouth
Africa."Hydrological Sciences Journal-Journal Des Sciendgdrologiques
55(4), 578-592.

Hunt, P. G., Szogi, A. A., Humenik, E. J., RiceMJ, Matheny, T. A., and Stone, K.
C. (2002). "Constructed wetlands for treatmentvahe wastewater from an
anaerobic lagoonTransactions of the ASAE5(3), 639-647.

Jain, S. K., and Sudheer, K. P. (2008). "Fittingnpdrologic models: A close look at

the Nash-Sutcliffe indexJournal of Hydrologic Engineerind.3(10), 981-
986.

531



Jordan, T. E., Whigham, D. F., Hofmockel, K. H.dd®ttek, M. A. (2003).
"Nutrient and sediment removal by a restored weltl@teiving agricultural
runoff."Journal of Environmental Qualifyd2(4), 1534-1547.

Jordan, T.E., Senior Staff Scientist at the Smitkeso Environmental Research
Center (SERC). (2013). Personal communication.

Kadlec, R. H. (1990). "Overland-flow in wetlandsegetation resistanceJournal
of Hydraulic Engineering-ASCH16(5), 691-706.

Kadlec, R. H. (2000). "The inadequacy of first-artteatment wetland
models."Ecological Engineeringl5(1-2), 105-119.

Kadlec, R. H. (2010). "Nitrate dynamics in evenitvdn wetlands.'Ecological
Engineering 36(4), 503-516.

Kadlec, R. H., and Knight, R. L. (199@jreatment Wetland<RC Press, Inc, Boca
Raton, Florida.

Kadlec, R. H., and Reddy, K. R. (2001). "Tempemtifects in treatment
wetlands."Water Environment Researcr3(5), 543-557.

Kalin, L., Hantush, M. M., Isik, S., Yucekaya, Aand Jordan, T. (2013). "Nutrient
Dynamics in Flooded Wetlands Il: Model Applicatibdournal of
Hydrologic Engineering18(12), 1724-1738.

Kang, M. G., and Lee, G. M. (2011). "Multicriteealuation of water resources
sustainability in the context of watershed managenidournal of the
American Water Resources Associatidri(4), 813-827.

Knight, R. L., Payne, V. W. E., Borer, R. E., CleyIR. A., and Pries, J. H. (2000).
"Constructed wetlands for livestock wastewater ngengent."Ecological
Engineering 15(1-2), 41-55.

Koch, M. S., and Rawlik, P. S. (1993). "Transpwatand stomatal conductance of 2
wetland macrophyte£{adium-JamaicensandTypha-Domingensjsn the
subtropical evergladesfmerican Journal of Botany0(10), 1146-1154.

Konrad, C. P., and Booth, D. B. (2002). "Hydrologiends Associated with Urban

Development for Selected Streams in the Puget SBasth, Western
Washington." U.S. Geological Survey. Tacoma, WA.

Kreeb, L. B. (2003)Hydrologic Efficiency and Design Sensitivity of igi@ntion
Facilities, Honors Research, University of Maryland, Coll&gek, MD.

532



Kumar, J. L. G., and Zhao, Y. Q. (2011). "A reviewnumerous modeling
approaches for effective, economical and ecologreatment
wetlands."Journal of Environmental Manageme@2(3), 400-406.

LaFleur, P., Rouse, W. R., and Hardill, S. G. ()98Zomponents of the surface
radiation balance of sub-arctic wetland terrairtsiduring the snow-free
season.’Arctic and Alpine Research9(1), 53-63.

Lee, J. H., and Bang, K. W. (2000). "Character@abf urban stormwater
runoff." Water ResearctB4(6), 1773-1780.

Lee, K. T., Chen, N. C., and Gartsman, B. I. (200@)pact of stream network
structure on the transition break of peak flowkatrnal of Hydrology367(3-
4), 283-292.

Leisenring, M., Clary, J., Jeray, J., and Hobsor{2812). "International Stormwater
Best Management Practices (BMP) DatabaB&IP Performance Summary:
Chesapeake Bay and Related Areas

Lenhart, H. A., and Hunt, W. F. (2011). "Evaluatigur Storm-Water Performance
Metrics with a North Carolina Coastal Plain Stornaté&f Wetland.Journal
of Environmental Engineering-ASCE37(2), 155-162.

Levine, A. D., and Tchobanglous, A. T. (1983). "€&werizing of the size
distribution of contaminants in wastewater: treaitrend reuse
implications."Water Pollution Control Federatiqrb7(7), 805-816.

Liebens, J. (2001). "Heavy metal contaminationeafisients in stormwater
management systems: the effect of land use, pasizé, and
age.Environmental Geology1(3-4), 341-351.

Maes, W. H., Fontaine, M., Ronge, K., Hermy, Md &tuys, B. (2011). "A
guantitative indicator framework for stand leveakation and monitoring of
environmentally sustainable forest managemedttdiogical Indicators
11(2), 468-479.

Manzini, F., Islas, J., and Macias, P. (2011). "Elddr evaluating the
environmental sustainability of energy projeci&ethnological Forecasting
and Social Changer8(6), 931-944.

Maryland Department of the Environment (Centeitatershed Protection) (2009).
"Maryland Stormwater Design Manual." Water Managet#ministration,
Baltimore, MD.

533



Mayo, A. W., and Bigambo, T. (2005). "Nitrogen tsémsrmation in horizontal
subsurface flow constructed wetlands I: Model depelent."Physics and
Chemistry of the Eart80(11-16), 658-667.

McCuen, R.H. (2005Hydrologic Analysis and Desighlpper Saddle River, NJ:
Pearson, Prentice Hall.

McCuen, R. H., Knight, Z., and Cutter, A. G. (200&valuation of the Nash-
Sutcliffe efficiency index.'Journal of Hydrologic Engineerind.1(6), 597-
602.

McCuen, R.H., Professor at the University of ManglaCollege Park. (2013).
Personal communication.

McDiffett, W. F., Beidler, T. F., McCrea, D., andcklrea, K. (1989). "Nutrient
concentration-stream discharge relationships dwgiagn events in a first-
order stream.Hydrobiologig 179, 97-102.

McNett, J. K., Hunt, W. F., and Osborne, J. A. (@01Establishing Storm-Water
BMP Evaluation Metrics Based upon Ambient Water Iuéssociated
with Benthic Macroinvertebrate Populationddurnal of Environmental
Engineering-ASCEL36(5), 535-541.

Mitsch, W. J., and Gosselink, J. G. (2007). "Wedkh John Wiley & Sons, Inc,
Hoboken, NJ.

Morrissey, L. A., Zobel, D. B., and Livingston, 8. (1993). "Significance of
stomatal control on methane release floarexdominated
wetlands."Chemosphere26(1-4), 339-355.

National Oceanic and Atmospheric Administrationg8p "Automated Surface
Observing System (ASOS) User's Guide."

Natural Resources Conservation Service (2001). fANeétWildlife Habitat
Management." Minnesota.

Natural Resources Conservation Service (2002).i6Nat Engineering Handbook
Part 637: Environmental Engineering." 210-VI-NEH.

Natural Resources Conservation Service (2006).dN&l Habitat Evaluation.”
South Carolina.

Natural Resources Conservation Service (2009).ufdbResources Conservation

Service Conservation Practice Standard: WetlandfélHabitat
Management.” Minnesota. Code 644.

534



Neuman, M., and Churchill, S. W. (2011). "A Gendtabcess Model of
Sustainability."Industrial & Engineering Chemistry Resear&@o(15), 8901-
8904.

Ng, T. L., and Eheart, J. W. (2008). "A multiplealiegations chance-constrained
model for optimizing nutrient removal in construtigetlands.'Water
Resources Researchd(4).

Nygaard, B., and Ejrnaes, R. (2009). "The impadtyafrology and nutrients on
species composition and richness: evidence frontceooosm
experiment.'Wetlands 29(1), 187-195.

Olin, T.J., Fischenich, C., Palmero, M.R. (2000¥€tlands Engineering
Handbook." U.S. Army Corps of Engineers, Salt Lekty, UT.

Park, D., Loftis, J. C., and Roesner, L. A. (20TPerformance Modeling of Storm
Water Best Management Practices with Uncertaintglysis."Journal of
Hydrologic Engineering16(4), 332-344.

Pathak, P., Wani, S. P., Singh, P., and Sudi, B04® "Sediment flow behaviour
from small agricultural watershed#\gricultural Water Managemen®7(2),
105-117.

Poach, M. E., Hunt, P. G., Reddy, G. B., StoneCK.Johnson, M. H., and Grubbs,
A. (2004). "Swine wastewater treatment by marshdporarsh constructed
wetlands under varying nitrogen loadgcological Engineering23(3), 165-
175.

Poff, N. L. (1996). "A hydrogeography of unreguthttreams in the United States
and an examination of scale-dependence in somelogical
descriptors.Freshwater Biology36(1), 71-91.

Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. RPrestegaard, K. L., Richter, B. D.,
Sparks, R. E., and Stromberg, J. C. (1997). "Therabflow
regime.Bioscience47(11), 769-784.

Reed, S. C., Crites, R. W., and Middlebrooks, £1995).Natural Systems for
Waste Management and TreatmevitGraw-Hill Inc., New York.

Richter, B. D., Baumgartner, J. V., Powell, J., &ndun, D. P. (1996). "A method
for assessing hydrologic alteration within ecosysté Conservation
Biology, 10(4), 1163-1174.

Richter, B. D., Baumgartner, J. V., Wigington, &xd Braun, D. P. (1997). "How
much water does a river need®éshwater Biology37(1), 231-249.

535



Rinkers Materid™. (2004). "Particle Size Distribution (PSD) in Stowvater
Runoff."

Ro, K. S., Hunt, P. G., Johnson, M. H., MathenyAT.Forbes, D., and Reddy, G. B.
(2010). "Oxygen transfer in marsh-pond-marsh cocgtd wetlands treating
swine wastewater.Journal of Environmental Science and Health Part a-
Toxic/Hazardous Substances & Environmental Enginged5(3), 377-382.

Rouse, W. R., and Bello, R. L. (1983). "The radiatbalance of typical terrain units
in the low arctic."Annals of the Association of American Geographés¢4),
538-549.

Salicone, S. (2007Measurement Uncertainty: An Approach via the Mathigral
Theory of EvidengeSpringer Business Media, LLC, New York, NY.

Sansalone, J. J., and Cristina, C. M. (2004). tRiush concepts for suspended and
dissolved solids in small impervious watershedstirnal of Environmental
Engineering-ASCE130(11), 1301-1314.

Schueler, T. R. (1992). "Design of Stormwater Wedl&ystems: Guidelines for
Creating Diverse and Effective Stormwater Wetlagst&ns in the Mid-
Atlantic Region.”, A. R. Team, ed., Metropolitan B¥ngton Council of
Governments, Washington DC.

Sharifi, A., Kalin, L., Hantush, M. M., Isik, S.nd Jordan, T. E. (2013). "Carbon
dynamics and export from flooded wetlands: A maugli
approach.'Ecological Modelling 263, 196-210.

Shirmohammadi, A., Chaubey, I., Harmel, R. D., Bp$2. D., Munoz-Carpena, R.,
Dharmasri, C., Sexton, A., Arabi, M., Wolfe, M. [Erankenberger, J., Graff,
C., and Sohrabi, T. M. (2006). "Uncertainty in TMDiodels. Transactions
of the ASABE49(4), 1033-1049.

Singh, V., Jain, S., and Tyagqi, A. (200R)sk and Reliability Analysis: A Handbook
for Civil and Environmental Engineerdmerican Society of Civil Engineers,
Reston, VA.

Smarden, R. C., and Fabos, J. G. (1983). "A MaoleAssessing Visual-Cultural
Values of Wetlands: A Massachusetts Case Study.4©hThe Future of
Wetlands: Assessing Visual Cultural Valués. C. Smarden, ed., Allanheld
Osmun Pub., Totwa, NJ.

Stewart, J. B. (1988). "Modelling surface conductaaf pine forest.Agricultural
and Forest Meteorologyt3(1), 19-35.

536



Stromberg, J. C., Beauchamp, V. B., Dixon, M. DteS. J., and Paradzick, C.
(2007). "Importance of low-flow and high-flow chataristics to restoration
of riparian vegetation along rivers in and soutlsteen United
States.'Freshwater Biology52(4), 651-679.

Sykes, R. (2003). "Biological Wastewater Treatnfemicesses.The Civil
Engineering HandbogRV. F. Chen, and R. J. Y. Liew, eds.

T., D., and Leopold, L. B. (1978Vater in Environmental PlanningV.H. Freeman
and Company, New York.

Tang, X. Q., Eke, P. E., Scholz, M., and Huand,.$2009). "Processes impacting
on benzene removal in vertical-flow constructedlarets."Bioresource
Technology100(1), 227-234.

Tchobanoglous, G., Burton, F. L., and Stensel, H2D03).Wastewater
Engineering McGraw-Hill Boston, MA.

Tian, H. Q., Chen, G. S,, Liu, M. L., Zhang, C.nSG., Lu, C. Q., Xu, X. F., Ren,
W., Pan, S. F., and Chappelka, A. (2010). "Modeireges of net primary
productivity, evapotranspiration, and water useggdhcy in the terrestrial
ecosystems of the southern United States during§-2897."Forest Ecology
and Managemen59(7), 1311-1327.

Topping, J. (1962). "Errors of Observation and TAeeatment." Chapman and Hall
Limited, London, UK.

Trimble, S. W. (2008). "Encyclopedia of Water Scieri CRC Press, Inc, Boca
Raton, FL.

U.S. Department of Agriculture — Soil Conservatiervices (1987). "Soil
Mechanics Level I: Module 3 - USDA Textural SoilaSsification."

U.S. Environmental Protection Agency (1983). "Resaf the Nationwide Urban
Runoff Program.” Washington D.C. PB84-185552.

U.S. Environmental Protection Agency (1995). "A daaok of Constructed
Wetlands." PS5384RSEZ.

U.S. Environmental Protection Agency (2000). "Camngied Wetlands Treatment of
Municipal Wastewaters."Cincinnati, Ohio. EPA/6233B/010.

U.S. Environmental Protection Agency (2004). "Hove Wse Water in these United
States." <http://www.epa.gov/watrhome/you/chapl.html

537



U.S. Environmental Protection Agency (2010). "NPCEeSmit Writer's
Manual.".Washington D.C. EPA-833-K-10-001.

van der Peijl, M. J., and Verhoeven, J. T. A. (1998 model of carbon, nitrogen
and phosphorus dynamics and their interactionsr@r marginal
wetlands.Ecological Modelling 118(2-3), 95-130.

Viessman, W. J., Hammer, M. J., Perez, E. M., anadik, P. A. (2009)Water
Supply & Pollution ContrglPearson Prentice Hall, Upper Saddle River, NJ.

Wadzuk, B. M., Rea, M., Woodruff, G., Flynn, K.,dalraver, R. G. (2010). "Water-
Quality Performance of a Constructed Stormwaterl&ddtfor All Flow
Conditions1."Journal of the American Water Resources Associafi6(R),
385-394.

Walsh, C. J., Roy, A. H., Feminella, J. W., Cotliagn, P. D., Groffman, P. M., and
Morgan, R. P. (2005). "The urban stream syndromeeat knowledge and
the search for a cureJournal of the North American Benthological Sogiety
24(3), 706-723.

Wang, N. M., and Mitsch, W. J. (2000). "A detailszbsystem model of phosphorus
dynamics in created riparian wetlandscological Modelling 126(2-3), 101-
130.

Wilcox, S. (2012). "National Solar Radiation Databd 991-2010 Update: User's
Manual." National Renewable Energy Laboratory, @aldCO.

Xu, S. G., Ma, T., and Liu, Y. (2011). "Applicatiaf a multi-cylinder
evapotranspirometer method for evapotranspiratieasurements in
wetlands."Aquatic Botany95(1), 45-50.

Zhao, X., Tian, Y., and Chen, C. (2001). "ReseamtiMunicipal Water Demands
Forecast. Transactions of Tianjin University (1), 21-25.

Zhou, S. L., McMahon, T. A., Walton, A., and Lewds,(2002). "Forecasting

operational demand for an urban water supply zalwitnal of Hydrology
259(1-4), 189-202.

538



