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Chapter 1: Scope and Approach

1.1 Introduction

As coastal cities expand into once natural watersheds, urbanization-driven
changes in stream discharge and sediment supply can significantly affant st
channel morphology and behavior (Hammer, 1972; Morisawa and LaFlure, 1979;
Arnold et al., 1982; Neller, 1988). Stored sediment can be mobilized by larger and
more frequent peak flows, which can increase both sediment transport and localized
deposition in low gradient downstream reaches (Wolman and Schick, 1967).
Flooding and sediment problems have become prominent in coastal cities around the
Chesapeake Bay Watershed and the fine sediment yield from urban watersheds
causes damage to aquatic ecosystems (Brush, 1989; Cronin and Vann, 2003; Kemp et
al., 2005). Sediment pollution is a major problem in coastal areas around the world
and the impacts can be as difficult to reverse as they are far reachingp{€ice
Bay Foundation, 2006).

Over the span of several hundred years, land use in the Anacostia River
watershed has replaced the original forested land cover with agricultural and
subsequently urban/suburban land uses (Allmendinger, 2007). Agricultural land uses
affected water runoff and soil erodibility, which resulted in head-ward erosion of
stream channels and facilitated the movement of fine sediment from the hdlsbope
downstream reaches (Wolman, 1967) Urbanization increases the amount of
overland flow runoff, but fine sediment production from paved surfaces is low in

comparison with the intensive agricultural land uses in the early 1900’s (Dawdy,



1967; Wolman, 1967; Wolman and Schick, 1967). Sediment stored in streambanks
can become sediment sources as part of the channel widening adjustments to
urbanization (Allmendinger et al., 2007).

A sediment budget constructed for the Good Hope Tributary, a Piedmont
tributary of the Anacostia River, indicates that land use changes cackezltra
through three distinct fluvial stratigraphic units: a basal deposit of finaagtai
organic rich sediment, overlaid by coarse angular sediment, that is overlain by
sediment derived from agricultural sources (Allmendigner, 2007). The Pdile
Branch creek originates in the Piedmont, but it is primarily in the Cd2istial
Province. Dangol (2009) found these same three stratigraphic units in the aiittle P
Branch tributary.

Urbanization affects the magnitude of frequent (low recurrence ittdionad
events (fig. 1), which form the bankfull channel, A common consequence of an
increase in the bankfull flood (=@ is an increase in channel width to accommodate

the new flow regime (e.g. Hammer, 1972).



Northeast Branch Anacostia Flood Frequency

1000.00

Annual Peak Discharge, m3/s
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Figure 1: Flood frequency curve for the NE branctagostia River between 1933 and 1969 (red) and

1970 and 2006 (blue). The bankfull discharge lasbkd at this site.

A flow regime in a river is an adjusted condition. It occurs when the flood
discharges, including both water and sediment, do not vary significantly over large
periods of time, from decades to centuries. The channel geometry, flow, and
sedimentary processes become adjusted to the flood discharges and only minor
changes occur in the channel condition with changing flow stage (Bridge, 2003).

In his work, Hammer proposed that stream channels would take about 30
years to develop new bankfull channels that could accommodate the new flow
regime. The research by Hammer (1972) and others who have examined channel

enlargement due to urbanization have focused primarily on the adjustment of the



channel due to changes in discharge. They suggest that stream channels
accommodate the increase in discharge primarily by channel widenimg. Th
maintains the channel bankfull depth and shear stress. Thus, if the channel was a
threshold channel prior to urbanization (i.e. it initiates bedload transport at bankfull
stage) then it remains a threshold channel because the dimensionlesset®ar s
which is the ratio of the shear stress of the water to the bed or bank grain resisting

forces, has not changed. These changes are summarized in fig. 2.

Urbanization
(more impervious surfaces)

| |

Increase runoff/rainfall ratio | I Shorter response (lag) time I

Increase frequency and magnitude of
Bankfull stage (Q1.5)

| Bank Erosion |
|

| Increase channel width |
1

New Equilibrium Channel

Land use changes in green, hydrological and hydraulic changes in black,
sediment transport changes in changes blue, morphological changes in red.

Figure 2: Flow diagram of the effects of urbari@maton channel morphology with the assumptions:
a) that urbanization primarily affects dischargsd &) that bed sediment is at the threshold of anoti

at bankfull stage.

The morphology of a stream channel is dependent on two independent

variables: the sediment supply and the flow regime. Urbanization may &#ect t



amount and size of sediment delivered to stream channels by a variety of erosion
processes including: gully erosion, bank erosion, and increased mobilization of bed
sediment. This change in sediment supply can affect bedload transport and bedload
deposition rates (Wilcock, 2001). The bankfull channel shear stress can be increased
by bed erosion and depth increases or decreases, and the bankfull dimensionless shear
stress can be affected by both bankfull shear stress and bed grain sgeschEmese
considerations suggest that not all stream channels that undergo urbanizétion wil
respond by adjusting from one threshold channel to a slightly larger one primaril

bank erosion.

Tributaries of the NE branch of the Anacostia River contain large gravel bars,
which indicate sediment transport and deposition rates above threshold conditions.
These gravel bars became prominent features of downstream reacls Balnt
Branch and Paint Branch Creeks (fig. 3) by the early 1990’s (Behrns, 2007; Kosiba,
2008) The formation of central gravel bars in the channel has accelerated bank
erosion and channel widening, potentially releasing fine-grained bank sediments to
downstream locations (Berhns, 2007). Behrns (2007) evaluated channel changes on
Paint Branch Creek, and found that although channel widening and deepening have
both occurred, the major morphological change is due to channel widening. Also,
where gravel bars have formed, channel widening is significantly gteater
adjacent reaches, although widening around gravel bars is associated witltasedecre

in depth (Kosiba, 2008).
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J’f—i Downstream reach

v | T - o
Wy /( @ Pre-2007 monitoring
. ' 0 Intensive study reaches

Little Paint Branch Cr. Watershed

Figure 3: Map of the Little Paint Branch Creek ¥fahed

These findings suggest that Hammer’s model is not applicable to the channel
changes being observed in the Anacostia watershed. Fig. 4 demonstratesla revise
model of channel change, giving consideration to changes in sediment supply and
storage resulting from increased erosion of both the bed and banks. In this model,
gravel bar formation produces a negative feedback on channel depth and
subsequently bed shear stress. The purpose of this research is to evaluate stream

adjustment processes suggested by this model.



Urbanization increases impervious surfaces

\,l Gravel Bar Formation l
| Decrease in Critical Shear Stress | =

| Increase runofffrainfall ratio | I Shorter response (lag) time I
I Increase Flood Peak Discharges I
Erosion and I Increase Flow depth | Bedload and Deposition
Suspended Sediment | n Component
Component Shear Stress (pdg$S) I‘\- --------------- 0
Ny 1
- 1
Bank Erosion Bedload TransportRate | |,
(+ )
L) |
| ELIERRT | | Channel depth |k (+) Larger Bed sediment Size : )
(+) (+) Downstream i
sediment supply l (+) :
| 1
1
1
1
1

() -~

i

| Decreased Channel depth i """""""

Hydraulic changes in black
Morphological changes in red
Sediment changes in blue.

Figure 4: The effects of urbanization on channetphology with the assumption that an increase in
the magnitude of bankfull flow affects flow depthdathus shear stress, this generates bank and bed

erosion which affects bedload transport rate. Metgative feedback loop.

1.2 Previous Work

There have been many studies on the impact of urbanization and human land
use on watersheds in recent years. Using physical data from lowlamdssinea
western Washington, Booth and Jackson (1997) measured the relationship between
channel stability and watershed urbanization, as well as the effectivdrstsam
detention ponds.

The study found that a strong correlation exists between channel statallity a
urbanization. At approximately ten percent impervious surface area, ahedters

displays loss of aquatic system function that is demonstrable, and potentially



irreversible. Additionally, it was found that storm detention ponds, a commonly used
means of temporarily storing runoff from storm events, succeed at mitigatimgpak
discharge of storm events, but fall short of reducing the duration of storm flows. In
order to reduce storm flow durations, storm detention ponds would need volumes that
in most cases would be prohibitively large.

The long term consequences of human settlement in Auckland, New Zealand
were studied by Gregory et al. (2008). They examined the evolution of the small, 61
km?, Twin Streams catchment since European colonization began in the 1840's.
Reaches in the catchment were delineated by their setting in the valleiprpl,
geomorphic features, and bed material texture using procedures outlinadrgyBr
and Fryirs (2005).

The catchment has undergone four distinct phases of development: 1) the
clear cutting of the region’s Kauri trees for lumber, 2) settlers agito extract the
gum of the kauri trees from the soil, 3) the regeneration of native vegetation in the
upper parts of the catchment and agricultural/viticultural/horticulturalnutesi
middle and lower reaches, and 4) post WWII urban development which has continued
in the middle and lower reaches to the present day.

It was found that there is a spatial variance in channel response thasreflec
the pattern and rate of past land uses. The most sensitive reaches were those in
lowland areas as they had been subject to multiple phases of disturbance further
upstream in the catchment. The lowland streams received the bulk of the sediment
caused by erosion throughout the catchment, and with their low stream gradient they

have a diminished capacity to transport the sediment flux from upstream. Ag.a resul



the lowland streams are continually responding to the legacy of past evenss to thi
day. In the upstream reaches that were not channelized, the streamiisgréstdf

to a natural condition with geomorphic forms consistent with those that existed prior
to European colonization.

Studies on watershed urbanization’s impact on channel hydraulics and
sediment transport mechanics are less common. Recently developed approaches
integrate hydraulic geometry and sediment transport considerations topdeve
models of stable channels. These models include factors such as bank strength and
bed material that may change significantly within a short distance downsties
therefore possible to more accurately locate the reaches of a streara that a
vulnerable to changes in morphology due to erosion or deposition in the near future
and to identify those that are currently undergoing a change.

This information is invaluable for the study of Paint Branch Creek because the
sediment transport regime has changed over the past ten years. The deposition of
new sediment into gravel bars will cause a further change in the storagespotta
of sediment. With the potential for this feedback, channel morphology and sediment
transport must be modeled as a single dynamic system. There doesn’t appear to be an
existing model that will accurately account for the small scale and nashiide
channels characteristic of the current state of the Little Paint Brasteinshed. As
such,most analysis will be done using calculations of dimensionless critical shea

stress and sediment composition.



1.3 Hypotheses

1. Urbanization has increased flood discharges, which increases bankfull
discharge and bankfull channel area. Channel widening increases the amount
of sand-sized bed material, which causes an increase in bedload transport
potential in downstream reaches.

2. Gravel bar formation causes shoaling of the bed, which decreases bed shear
stress and stabilizes gravel sediment. Gravel bar formation selestiveds
fine-grained bed material, coarsening of the bed in the adjacent channels can
also stabilize the channel bed around the bars.

1. The formation of gravel bars causes flow divergence and bank erosion.
Therefore, turbidity and suspended load are significantly higher at the

downstream of the bar complex than upstream of the bar complex.

1.4 Scope

Channel morphology changes in the downstream direction in Little Paint
Branch Creek. The downstream reaches with significant gravel bars are very
different than the single-thread upstream reaches. Therefore, the apprthash t
study is designed to examine the channel morphology and sediment characégristics
three different scales (fig)5 A brief description of these three scales of

measurement and the types of data collected at each scale afeeddselow.

1. Watershed Scal€This is the largest scale. | will examine downstream

changes in channel morphology and bed sediment characteristics. These data

10



will be used to calculate sediment flux downstream from the headwaters to the
downstream depositional reach. Morphological data will be compared with
regional non-urban stream data sets (Prestegaard et al., 2001) to determine the
amount of sediment mobilized by urbanization.

2. Bar Complex Scale Continuously monitored data on turbidity and gauge

height were collected at two sites, located upstream and downstream of the
bar complex (fig. 6). Water surface gradients and flow velocities were
measured at high flows. These data are used to evaluate the over-alddffect
the gravel bar complexes on net bedload and suspended loads.

3. Individual Bar or Reach Scal@he last and smallest is at individual

channel bars that have formed within the gravel bar complex near Cherry Hill
Road (fig. 6), studying short term morphological changes and sediment size
distributions relative to shear stresses. In addition to morphological
measurements, field measurements of bedload transport, shear stress, and
morphological change at individual gravel bars. These data will be used to
test the hypothesis that there is a negative feedback between gravel bar

formation, channel depth, and shear stress, which causes bed stabilization

The study of the river on these three scales will allow us to understand the

morphological and hydrological changes occurring comprehensively, without

overlooking smaller changes and interactions.

11



FP

GCR

:Watershed Scale

BCR
SR
CHU ke Bar Complex Scale
" Reach Scale
CHD

Figure 5: The nested scales of study on LittlenPBianch Creek. FP = Fairland Park, GCR =
Greencastle Road, BCR = Briggs Chaney Road, SRIm&gRoad, and CHU = Cherry Hill

upstream, CHD = Cherry Hill downstream sites.
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Figure 6: Overhead view of the bar complex rea@havel bars and their influence on the river are

particularly evident in this stretch of the rive2009 Tele Atlas, USGS, obtained via Google Earth.

1.5 Importance

Previous work suggests that sediment in urbanized watersheds is from
overland flow, bank erosion, and street sources (Allmendinger, 2007; Hession et al.,
2003; Wolman and Schick, 1967). For the NE branch of the Anacostia, bank erosion
supplies 70-80% of the total sediment load. Flow from overland flow sources appears

to provide the remainder (Devereux and Prestegaard, 2008). In the Little Paint

13



Branch Creek, the size of material stored in the channel banks increases pypwards
reflecting deposition by large magnitude floods in recent years (Da2@@d). The

grain size also changes in the downstream direction. In regions of active bank
erosion, the average grain size being eroded from the banks is medium sand (~0.3
mm; Dangol, 2009). During storms events, these particles can be mobilized and
moved downstream primarily as suspended load, increasing the water’s tuabdlity
eventually contributing to siltation and water quality problems in the Chesapepke Ba
(Kemp et al., 2005).

The EPA has established a total maximum daily load (TMDL) for total
suspended sediment (TSS) in the Anacostia, with the goal reducing sediment loads
and the movement of various contaminants to levels that meet the accepted water
quality standard. The TMDL establishes daily and annual weight of suspended solids
allowed to pass through the system.

The Prince George’s County Department of Environmental Resources (DER)
uses a modeling approach to determine options to sediment load reduction in the
portions of the Anacostia under its jurisdiction. The model chosen was the Best
Management Practice — Decision Support System (BMP-DSS). It is bfisédch
GIS platform and uses various water quality models, such as HSPF and SWMM to
predict runoff and sediment loads. These models primarily use land use to model
water and sediment fluxes. Mitigation procedures (best managementep(B&iE)
solutions) based on user inputs of various watershed parameters and cost constraints
are evaluated. Prince George’s has a goal to lower TSS by 96% and TN (total

nitrogen) by 80% in future years. At one site in a tributary to the AnacostagePri
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George’s County has begun a project to try to meet these goals. The approach to do
this is to minimize bank erosion by channel stability measures or by udeeafiis
restoration” practices that rely on the Rosgen classification sy&eagen, 1994).

The validity of the work of Rosgen and the use of his classification system f
restoration design has been debated since it was first published (e.g. Simon et al
2007, Smith and Prestegaard, 2005). Rosgen’s classification and restoration models
are of the same linear channel progress model that can be seen in fig. 2. The major
problem with this type of model is that it disregards any possible change in t
hydrology or sediment input into a stream system. It is for this reason that for
watersheds that have undergone a change in hydrology and/or sediment supply, linear
channel progression models will not accurately predict future morphologies and may
actually cause further damage if they are used to plan restoration efforts.

In this thesis, the impact of hydrological and sediment supply alterations to
the urbanized Little Paint Branch is analyzed in order to better understand the
progression of its downstream channel form. A new conceptual model of changes in
channel morphology, hydraulics, and sediment supply is proposed and can be seen in
fig. 4. This model has multiple feedbacks, both positive and negative, that take into

consideration the effects of bar formation and sediment supply alterations.
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Chapter 2: Effects of urbanization on channel molpdy, bed
sediment characteristics, and bed mobility in astad&lain
Watershed.

2.1 Introduction

As erosional and depositional agents, rivers modify the landscape and deliver
sediment to downstream locations. The supply of water and sediment to a river
influences the spatial and temporal placement of sediment in both the channel and the
floodplain. Urbanization causes an increase in impervious surfaces in a watershed,
which increases the amount of overland flow during storms. This commonly results
in an increase in the magnitude of floods for the same-sized storm event (Pizzuto et
al., 2000). These hydrological changes are observed to cause adjustments to river
morphology (e.g. channel widening, Hammer, 1972) and erosive power (Hay, 1987).
Much of the previous work on the effects of urbanization on stream behavior has
focused on changes in channel morphology rather than changes in sediment
characteristics and channel mobility.

Rivers transport sediment in different modes: dissolved load, wash load,
suspended load, and bed load. Bed load is material that is transported in contact with
the bed, so that it travels at a slower velocity than the surrounding flonods, it r
slides, or saltates along the bed (Church, 2006). Suspended particles are entrained
from the bed and transported in the water column by turbulent mixing processes
(Mclean, 1991). Sediment transport rates, therefore, depend upon excess skear stres

available to transport bedload material and turbulence to transport suspended load.
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Both excess shear stress and turbulence can be either determined oe@$tonat
flow variables and sediment characteristics.

Bed mobility and bedload transport rates are difficult to predict (Church,
2006; Barry, 2004). Recent research on initiation of motion and bedload transport
indicates that bed substrate surface heterogeneities and the size of sabmatéial
can significantly affect initiation of motion and sediment transport ratédsqe¥ and
Crowe, 2003, Dietrich, 1989). Urbanization can affect bed surface and subsurface
material due to bed scour or by increasing the supply of sand due to surface erosion
and channel widening. In the Little Paint Branch, channel widening has been
observed to be a widespread consequence of urbanization. Bank sediment released
into the stream system from channel widening can cause morphological changes
downstream. The purpose of this chapter is to examine the morphological and

sediment mobility changes that have been induced by urbanization.

Hypotheses

1. Stream channels in Little Paint Branch watershed have higher bankfull
discharges and larger bankfull channel dimensions than adjacent streams in
non-urban watersheds of similar basin area.

2. Coastal Plain channels adjust primarily by widening, which affects the

downstream hydraulic geometry.
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3. Channel erosion due to urbanization (channel widening and deepening) results
in the depletion of subsurface material in headwater reaches, which reduces
bedload transport potential in upstream regions.

4. Channel widening increases the amount of sand-sized bed material mobilized
in the watershed, which causes an increase in bedload transport potential in

downstream reaches.

2.2 Previous Work

2.2.1 Channel morphology and Downstream Hydraulic Geometry

Hydraulic geometry describes the relationship between channel morphology
and stream discharge. In their groundbreaking research, Leopold and Maddock
(1953) developed an empirical model where the width, depth, and velocity of water
flowing through cross sections are expressed as power functions of disdirerge
data set of streams examined by Leopold and Maddock (1953) consisted of stream
channels without braided or highly meandering reaches. The hydraulic geometry
relationships they developed are applicable primarily to single threashdiale
channels.

Leopold and Maddock (1953) presented two ways to examine hydraulic
geometry relationships. At-a-station hydraulic geometry indicates #mgehn
channel dimensions with discharge at an individual cross section. For aba-stati
hydraulic geometry, depth and velocity accommodate most of the increase in

discharge. The downstream changes in channel dimensions (width, depth, velocity)

18



during an event with a constant frequency, such as the bankfull discharge, is termed
the downstream hydraulic geometry. In the downstream case, width and depth
accommodate most of the increase in discharge and width generally intheases
most with a downstream increase in discharge. The hydraulic geometignsias

are as follows (Leopold and Maddock, 1953):

w=ad 1)
d=cd )
v =kqQ" 3

The hydraulic geometry exponents and the coefficients are also constrnained b

the continuity equation, thus:

Q:ackd””" (4)
b+f+m=1 (5)
a*c*tk =1 (6)

where w = width, d = depth, and v = velocity. In log-log plots of w, d, and v against
Q (discharge), a, c, and k are the intercepts of their respective lines dyamstxis,
and b, f, and m are the slopes of the lines.

In 1978, Gary Parker examined the empirical hydraulic geometry concept
introduced by Leopold and Maddock (1953) and compared them to the conditions
required to generate a stable, threshold gravel-bed channel. Stabilitytaaisula

require information on bed sediment grain size and shear sigl)®8S). Thus, the
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consideration of threshold conditions affects the relationship between bankfull depth
and bankfull width. If stream gradient, S, and grain sizg) @nd center channel

depth (d) are determined, then any other pair of parameters can be used to calculate
the rest. In order to compare streams of various sizes including laboratorylshanne
Parker (1978) expressed hydraulic geometry variables as dimensionldses s1oyn

normalizing most channel dimensions by grain size.

R = 0.0553 ! 0
Q =4.97R7°5>B* (1-2.23 /) (8)
Q* = 1.02 X 10° R®*"°B* (1-4.52 /) (9)

Where R = @Dso (8 < R < 140)4 = B/ D; (4 > 15), d = depth at center of channel,
Q™ = Q/[(RgDs)*° D%, Q* = QJ[(RgDs)*° DA, R = pdp-1 (R = 1.65 for natural

rivers with quartz sediment), B* = B{DB = bankfull channel width, S = water
surface gradient, ands@ volumetric sediment discharge.

Parker’s (1978) analysis explicitly presented downstream hydrawiejey
considerations as a consequence of downstream changes in grain size and discharge
which are required to maintain threshold conditions. His approach, however, does
not address the development of channel bed forms (e.g. channel bars) during sediment

transport conditions that are greater than the threshold condition.
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2.2.2 Sediment Transport

Much progress has been made in developing parameters to define sediment
transport in gravel-bed rivers in the past twenty years. The bedload transpagyt ra
is commonly expressed as a power function of excess channel shear stress, as

originally defined by Meyers-Peters and Muller:

O =k(tp-10)" (10)

wherek andn are determined empirically {s variable but is commonly expressed as
1.5),7 v is the shear stress of the bed, agd the critical shear stress required to
move the median grain size of the bed. The coarsening of the surface grains is
believed to come about when the local sediment transport rate exceeds the supply
rate. In rivers with homogenous sediment this would increase bed erosion, but where
the sediment is poorly sorted it can create locally armored channelslttoatiyv
respond to high shear stresses (Dietrich et al., 1989). Once formed, a cdacse sur
layer serves to regulate the mobility of finer adjacent and subsurfaegahat

Dietrich et al. (1989) noted that in streams with heterogeneous bed sediment,
the bedload grain size is much closer to the subsurface size distribution than the
surface. Thus, consideration of surface grain size alone can not evaluatbrttemnse
available for bedload transport. They established the parametiee gransport rate
for the coarser surface grains normalized by the transport rate fame¢hsub-surface

grains.

21



q*:|:rb_rcs:| . (11)

Tp —Tess
wherertgsis the critical shear stress of the surface particlestasid the critical shear

stress of the subsurface particles,andt.ssare estimated using the relationship:

7e = 7c[(p, = P )ID5, | = 0.045 (12)
wheret ¢ is critical dimensionless shear strgsds sediment density any, is fluid
density. Thus gtakes into account the disparity of the medianmgsaes in the
surface and subsurface of a gravel bed rivemalhdange from zero to one. At zero,
there is low bedload sediment supply and the cHamifidoe very well armored,
while at one there is a high bedload supply anackaanel will be completely
unarmored. The parameter g* does not measurduddsomoring, but “is a relative
index that describes armoring as a function oflbad supply relative to boundary
shear stress and transport capacity” (Barry e2@04).

Barry et al. (2004) used the g* concept to devalgediment transport
equation that includes a consideration of the mosif the stream in the watershed.
This equation is site-specific, although the apphozan be applied to other

watersheds:
qb — 257A—3.41Q(—2.45q*+ 356) (13)

where A is drainage area. The equation is a nefemd of the more traditional

bedload transport equatiop §aQ, whereu is inversely related to drainage area and
B describes the absolute magnitude of bedload taah@peopold and Maddock,

1953). They found that g* is able to “accuratelgdict the rating curve (power

function relationship between bedload transportdiadharge) exponent over a range
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of discharges, despite any change in stage-deptegden sizes, as well as different
climates, lithologies, and bedload sampling meth@8arry et al., 2004). When
compared with five other transport equations, iditilg Meyers-Peters and Muller, it

performed the best for 17 different test sites.

2.2.3 Hydraulic Geometry with Sediment Transport

Parker (1978) provided a link between thresholdhokbehavior and
downstream hydraulic geometry; Millar (2004) deyeld a model to calculate the
optimum geometry for gravel rivers. Natural rivendl adjust to optimum
dimensions for a given flow regime, allowing itttansport sediment without net
deposition or scour. Such models have also bemtuped in the past, empirically by
Leopold and Maddock (1953), and theoretically bgkBa(1978, 1979), Yang et al.
(1981), and Huang et al. (2002). The major diffeeem Millar's model is that the
stability of the river bank is very important facto determining the depth and width
of the channel. He begins by defining the maxinsaaiment transport efficiency;

n = G/(pQ155) (14)

n = C/S, C = dimensionless sediment concentration (15)
where Gis bed load transport rate at the formative (bafkfiischarge (kg/sk is
the density of water (kg/fjy Qysis the formative discharge @fs), and S is the
channel gradient. The varial®S is also known as stream power. Maximizirig

also maximizing @ which in turn minimizes stream power.
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Critical dimensionless bank shear stre$gank, for the gravel particles of the
bank is determined by an equation developed bytfdm and Carling (1993), that

partitions shear stress into bed and bank compsnent

™ banke = T bankd (PG(S — 1)@o = 0.048tard’ V(1 — (sirfo/sinfd’) (16)

T pede= 0.048 ta (17)

wherert pankciS the critical shear stress for bank materialen@, t peqcis the critical
dimensionless shear stress for bed sediment pedfis gravity (assumed to be
2.65), g is gravity, ¢ is the median patrticles size of the babkis bank strengthd
is the angle of repose for loose sediment,tarsdbank angle.

The equations for this method were derived usitiljizg flume with a bed of
well sorted gravels. Because of this, they wergirwally intended for determining
the shear stress in straight, symmetrical charthatsvere either rectangular or
trapezoidal. These conditions can be approximiatstraight reaches with little to no
bank roughness, which is what exists at the stitdg.s

Weaker banks will form wider channels, so this apph can be very useful
in determining channel geometry. Stability decesasith increases in bank angle for
any given bank material. For given values of disgk, sediment load, and median
grain size, the optimum geometry becomes narrosesper, and less steep with

increasing bank strength. Using the latter twoagigns, we can solve for.

Ww=r bankdT bedc= T* bankd T* bedc = tand’/tan®d (18)
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As can be seen, is a dimensionless number describing the relatgmbetween
bank strength and bed strength. This is the atitddference in Millar's approach
that sets it apart from previous models. Using tariable, we can calculate the

“optimal” width and depth of a theoretical river:

W* — 16.5Q*0.70 80.60u1 -1.10 (19)
D* — 0-125@'168_0.62}11 0.64 (20)
W/D = 155Q*O.53S 1.23u; -1.74 (21)

where W = W/dso, Q = Q/(che® Vgdko(s — 1)), and D= D/dso. Millar found that the
ratio between W and Q can be stated as %¥:@Vhen using this model, a one order
of magnitude variation can be expected from vametiin do andy’, therefore there
are a wider variety of possible channel widthsaioy given discharge.

Expanding on Millar's past model, a paper by Eand Millar (2004)

furthered rational regime sediment modeling withstoaining bank stability

constants.
logShank=-1.4026l09 (BedPoarnk+ 1.5) + 2.247 (22)
Thank YYoS = Shkand100 (W + Bedsind/4Yo) (23)
Thed YY0S = (1 - Skand100) (W/2RBeq+ 0.5) (24)
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where SEank is the shear force acting on the baniyR the wetted perimeter of the
channel bed, R.«is the wetted perimeter of the channel bankss Yhe maximum
water depth, S is the water gradienis specific weight of watepg), and W is the
width of the channel. Through these equations ove Imave the shear stresses of
both the bank and the bed.

The stability of the bank can be assessed by contpakwith a bank

stability criterion based on the bank friction am@’) and sediment size:

Toand (Vsy) Dsobank< C tand’ V(1 — (sirfo/sirf®")) (25)

c is a coefficient dependent on the propertiesafireconsolidated and non-cohesive
sediment with bank strength unmodified by vegetatiti is defined as ¢ # Jtan®d,
where® is the angle of repose. In this equation theevali®’ varies from being
equivalent tab, to a high value of ninety degrees, the equivadéiat non-erodible
bank. For the results of the paper, the ¢ valugseato 0.069 for sand (= 30°) and
0.048 for gravel rivers® = 40°).

Sediment transport can then be estimated througtithensionless value G,

a function of the dimensionless bed shear streds aaference shear stress:

T T,

. 045 .
Thed ] T bed
r

547 1—0.85{ : ~ >159  (26)
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* * * 2 -
T
G |- Exp142 |- 928 1<7-<159 (27)
T, T, -1 T, -1 7,

% 142 %
T T
( bed J <1 (28)

T

wheretped® = thed/ ¥S —Y) Dso. This can then be put into dimensional form as:

tb = G (0.0025¢edp) */g(s -1)) (29)

Where s is the specific sediment weigltisgthe volumetric sediment transport rate
(m%s/m). The transport rate for the entire chan@gkan be calculated through the
product of the active channel width and dhe model proved to be effective at
modeling the widths of gravel bed rivers, espegiathen compared to models

without a bank constraining parameter.

2.2.4 Channel Widening and Bed Mobility in the letPaint Branch Gravel

Bar Complex

For his senior thesis at the University of MarylaAdhyut Dangol studied the
sediment composition of the gravel bars and bahkgkman Road and in the Cherry
Hill Bar Complex. He found that the grain sizebahk material decreases in the

lower portions of the watershed (from Sellman rem@herry Hill), suggesting sand
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sized material is usually not carried as suspesddidnent load in the Cherry Hill
Bar Complex reach. This suggests that it is usualher stored and/or transported as
bedload between the sites.

Dangol (2009) also examined the composition ofgifarel bars and
discovered that they are formed of alternatingiayé sand and gravel with a final
coarse layer on the surface. These data suggashéhgravel was transported over a
sand bed. Dangol (2009) used data from Wilcock12@o estimate the critical
dimensionless shear stress for layers with varisétel content. Wilcock
demonstrated that critical dimensionless sheassfiag gravel mobility decreases
from 0.045 to as low as 0.02 as the sand perceimagesases past 30% (Wilcock,
2001). The increase in the percentage of sandim@dnaterial in the gravel bars
observed by Dangol (2009) may represent high dtgsavel and sand bedload
transport associated with an increased the molafithe bed. Sequential deposition
of gravel and sand layers on the bars howevergsaslsoaling of the bed which
decreases shear stress and would lead to a decrdzes#ioad transport. Dangol
(2009) concluded that gravel bars become stabilizedto accretion and shoaling of

the bed.

2.3 Sudy Sites and Methods

2.3.1 Study Sites

Study sites were selected that met the followirigca: a) they were

distributed throughout the length of Paint BraneckeR, b) they were not
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significantly modified by rip-rap, restoration pegjs, etc., and c) they were bordered
by floodplain, so that they could migrate freeMery few sites within Little Paint
Branch Creek met these criteria and most were pedavithin MNCPPC parkland.
A brief description of the sites follows.

Fairland Park (FP) is located in the Piedmont proey and has a history of use
as agricultural pasture land. The region surraupthe site has been reforested.
Extensive stormwater management projects upstreanoathe East of the site limit
direct stormwater runoff to the creek. The dragagea upstream of the site is 4.4
km?, which is in suburban development with stormwatanagement and forest.

The Greencastle Road (GCR) site is about 1 km dtveam from Fairland
Park. It has a drainage area of 9.6 kmihe region adjacent to the site is riparian
forest and parkland. Several new housing subdinsshave been built in the past 5
years between site FP and the GCR site. The astédnested but incised banks and
an unusually sandy bed. A gauging station was@ksmed at this site.

The Briggs Chaney Road (BCR) site is on a golirseuwith a stormwater
mitigation pond adjacent to the site. Upstrearsita, the channel flows through a
hexagonal culvert. It has a drainage area of 1%akm is 2 km downstream from the
previous site.

The Sellman Road site (SR) is located in forektdtk Paint Branch Park.

The site is downstream of an extensive channeheach that brings the stream past
interstate 95. The channelized reach is both stadgstraight. This has caused
extensive erosion upstream of the study reacheaBtrestoration work that had been

done on this site previously created flumes to eles® stream power and erosion,
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however the attempt failed. Large boulders are foawid on the edge of the bank
and gravel bars are once again forming. As atre$tihe restoration effort the
channel cross-section area is now uncommonly laltgs.located about 3 km
downstream of the BCR site and has a drainagecérk&knf.

The two sites upstream and downstream of the €liBlirBar Complex
(CHBC) are also known as CHU and CHD. They hageramon drainage area of
25.9 square kilometers, and are respectively ddatance of 8.6 and 9.1 kilometers
downstream from the Fairland Park (FP) site. Ia #irea the stream runs next to the
Little Paint Branch Trail through the Cherry Hilelghborhood Park. The bar
complex is one of the areas of concentration fsr $tudy, and was further

subdivided to study bar complex processes.

2.3.2 Field measurements of channel morphologybaaddgrain sizes

A. Channel morphology measurements.

At each site, the channel cross sectional formsuageyed. Cross sections
were measured at the downstream end of a riffleggblel and Maddock, 1953).
From these data, total channel area, surface waditthaverage depth (area/width)

were determined.

B. Water Surface (Energy) Gradient Measurements.
At baseflow conditions, the bed topography andgitaelient of the surface of
the water is measured by placing a stadia rodeatvtiter surface and measuring

elevation at intervals of 2m along the channelgisurveying techniques. For
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selected high flow events, flags were placed ataker level along the bank, and
the elevations are determined after the storm usimgeying techniques.
Gradient is calculated by plotting elevation agadistance and determining the

average gradient over the reach.

C. Measurement of surface and subsurface graimsterial

Surface grain size distributions were collectedi®/Wolman pebble count
method (Wolman, 1955). Each pebble count inclub@irandom samples
within a 10 meter reach of the stream centered thecross section. Subsurface
materials have been collected by removing the ¢oiinsent layer of a 6” by 6”
square area, and sampling underlying subsurfacerimlat Samples were
collected at cross-section locations and at lémeetsamples of subsurface
material were obtained in each cross section. Giiaandistribution data were
plotted from the pebble count data. They were eded to weight percent for
comparison with subsurface size distributions suagng spherical shapes and
guartz density (these are spherical, quartz-domihs¢diments. From the grain
size distribution data, median4dpand 3, were determined for surface and

subsurface size samples.

D. Field measurement of Velocity

Velocity measurements were made at the gaugeddasgCherry Hill

Upstream, Downstream, and Greencastle Road). Theasurements were used
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to define a rating curve. At other sites, veloewys estimated from relative
roughness d/R). For relatively straight gravel-bed streams wilatively little
bar formation, the relationship between velocity aglative roughness can be

expressed as:

Y 284+ 575x Iog(Dij (30)

u* - 84
This equation matched measured values of discluprige accurately at gauged
locations, and has been shown to accurately madetiy in natural, straight,

gravel-bed rivers at bankfulll (Wolman and Leopdl@56) and low flow (Stoner,

2002) conditions.

E. Calculation of Fluid Shear Stress

At all locations bankful shear stress was deterchureng duBoys equation:
T =pgRS (31)

Wherep is fluid density, g is gravitational acceleratiéhis hydraulic radius, and

S is bankfull energy gradient (water surface gnatdier a straight reach).

F. Calculation of Dimensionless Shear stress.
Dimensionless shear stres¥) (is the ratio of the fluid shear stress to thaigr
resisting forcesps-pw)gD84. psis channel bed sediment density aRds the

density of water Values of critical dimensionless shear stress haen
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evaluated for homogeneous sediment (0.06; Shig#8), for heterogeneous
gravel streams (0.045; Bray, 1978; Church, 2008,fansand and gravel
mixtures (0.045 -0.02; Wilcock, 2004. See Dan@0l09)) Values of critical
dimensionless shear stress for these gravel crahikely ranges from 0.045 to
0.01 depending upon the sand content. Criticakdsronless shear stress for
each site was estimated using bed grain sizeluision data and calibration with

bedload transport observations.

G. Calculation of Excess Shear Stress.

Excess shear stress is calculated by subtractenghtbar stress of the water
from the critical shear stress required to mobilieebed material within a
transect. The critical shear stress required tbilme the sediment is calculated

assuming a constangbvalue for the site.
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Figure 7. Aerial photographs of the study siteshenLittle Paint Branch and within the CHBC

(Source: Tele Atlas, US Geological Survey).

34



2.4 Results

2.4.1 Urbanization-induced Changes in morphologysediment mobility at

the Watershed Scale

The changes immediately evident at the watershalé sce channel widening
and deepening which can be seen in figs. 8 ardrannel widening can have many
unforeseen effects on system morphology, and iatten the sediment transport
regime, riparian function, as well as hydraulicrelzgeristics. Channel deepening can
coarsen channels, increase shear stress, indukestzgion, and increase localized

sediment transport.

100

Width, m

Drainage Area, sq. km

Figure 8. Paint Branch and Little Paint BranchKfalh width vs. drainage area. The red data points
are post urbanization and the blue data pointpr@erbanization. UV is the University View

Apartment Complex adjacent to the University of Mand campus in College Park

The channels showed both channel widening and eéhaeepening when

compared with reference reaches (figs. 8 and @ amount of channel widening,
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however is greater than the amount of deepeningatadf channel widening
increases in the downstream direction. The sedineégased through channel
widening of Little Paint Branch Creek is carrieddither bedload or suspended load
in the system. Channel widening and deepeningnoaionly release sediment into
the system, but also increases channel crosesakttirea, which should result in an
increase in the size of the bankfull discharge tlaatbe contained within the channel

banks.

Drainage area, sq. km

Figure 9. Paint Branch and Little Paint BranchKfaih depth vs. drainage area. The red data points
are post urbanization and the blue data pointmagtid values for pre-urbanization. (Based on region

data from Prestegaard et al., 2001; Behrns, 2007)

The channel cross sectional area for Little PamanBh Creek is compared
with Coastal Plain reference reaches in fig. 18esk diagrams show a significant
increase in channel capacity, for example the abldion a drainage area of ten
square kilometers, in Little Paint Branch Watersisegpproximately thirty percent

larger than the reference streams. The incredsathel area corresponds to a
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significant increase in bankfull discharge, showfig. 11. Velocity increases along
with an increase in channel depth, therefore, hdhétfscharge of the urbanized
Little Paint Branch creek is significantly hightah the reference reaches. For the
ten square kilometer example, bankfull dischargatie Paint Branch Creek is over
seventy percent greater than the Coastal Plairergfe streams. The equations that
describe the relationships between discharge asid heea are compared in table 1.
These equations predict that streams with this atnofuurbanization (11-20%
impervious surfaces) will have higher bankfull dianges for watersheds of 1,000
km?or less in area (the average Coastal Plain Watiisteeveral hundred

kilometers in area).

Table 1. Comparison of channel dimensions verssmlzaea for the urbanized Paint Branch Creek
with non-urban reference reaches from Prestegdaaid €001

Site Bankfull Q Bankfull Area (A)  Bankfull Width (W)
Urban Paint Q = 1.45DA"" A =1.32 DA% W = 3.33 DA**
Branch, 2008

Non-urban

reference reaches Q = 0.18DA*® A =0.98DA%>* W= 1.64 D.A%4
of Western

Coastal Plain.
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Figure 10. Relationships between Drainage areahadnel area for a) Little Paint Branch 2008s(thi

study) b) Western Coastal Plain non-urban datestfgaard et al., 2001)
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Figure 11. Relationship between drainage basinamdaankfull discharge A: Little Paint Branch

Creek; B: Non-urban Western Coastal Plain Stref@restegaard et al., 2001). Note the much larger

bankfull discharges for Little Paint Branch, pautarly for smaller drainage basin areas.
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2.4.2 Downstream Hydraulic Geometry for Little Ré@manch Creek

The downstream hydraulic geometry describes tleeafaincrease in width, depth
and velocity in the downstream direction to accordate the downstream increase in
bankfull discharge. Widening of Little Paint Bréincreek has affected the
downstream hydraulic geometry relationships. TheLPaint Branch Creek
downstream hydraulic geometry relationships ar¢ tmsstrained for channel width;
these are shown in fig. 12. Note that the urbahreach data plot generally within
the trend of the non-urban data, suggesting tlastitam accommodate to the
discharge by widening to the size of a stream exgpleio a larger watershed. The
depth and velocity relationships were derived ftbm original regression equations
and further constrained by the regression relatipnsf discharge to width and the
continuity equation.

The exponents for the downstream hydraulic geonmretagionships for the
Paint Branch Creek, Western Coastal Plain (Preatdg al., 2001) and Midwestern
United States (Leopold and Maddock, 1953) are shawrable 2. The largest
exponent in the hydraulic geometry relationshipdates that the corresponding
stream dimension increases at a faster rate dayamstthan the other dimensions.
Little Paint Branch primarily accommodates to a detkeam increase in discharge
by channel widening (probably due to base-levetrois). Coastal plain streams of
similar watershed area increase in width and vsi@most equally, and the

Midwestern streams both widen and deepen in thengtveam direction.
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Figure 12. Downstream Hydraulic Geometry in thel&iPaint Branch and Maryland Coastal Plain
Streams, Bankfull Discharge vs. Bankfull Width. Thegression equation for the Little Paint Branch

sites is W = 2.48%* and for the Coastal Plain is W = 3.836

Table 2. Downstream Hydraulic Geometry Exponents

Region width depth velocity
L. Paint Branch, 2008  0.64 4R .80) 0.17 0.19
W. Coastal Plaih 0.40 (R=0.90) 0.20 0.40
Midwestern U.S. 0.5 0.4 0.1

! Prestegaard et al., 2031Leopold and Maddock, 1953
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2.4.3 Little Paint Branch Sediment Data

Surface and subsurface grain size analyses wetkictad for each station.
Coarse surface sediment can act as a mobile arrfayred which then regulates the
mobility of the finer subsurface material (Parkeale, 1982). Streams with mobile
armored beds are usually threshold channels tmat@mly only move bed sediment
during bankfull or larger flood events (Parker, @97This mobilization of the
surface allows subsurface material to move, antbbddnaterial becomes a mixture
of surface and subsurface grain sizes (Parker dingdfman, 1982; Dietrich, et al.,
1989).

The surface grain size distribution data are showiy. 13. These data
indicate that the upstream site, Fairland Parkdoadse surface material, but the
surface grain size was similar to that found attéte furthest downstream locations
(Sellman and CHU). This suggests that coarsersedimay be mobile at many sites
throughout the watershed and its presence on theléace is related primarily
availability and the history of transport eventdthough Greencastle Road is only a
kilometer downstream from Fairland Park, it consdtime finest surface sediment
distribution. The region upstream of Greencastégrhas recently been
suburbanized. This fine sediment may reflect redesturbances in both the

watershed and the channel.
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Figure 13. Surface Sediment Distributions measatddttle Paint Branch sites.

The range of subsurface sediment is much smaber the range of surface

grain sizes and there does not seem to be a r&dhtpbetween surface grain size

and subsurface grain size (fig. 14). DownstreararytHill (CHD) has the coarsest

subsurface sediment distribution but among thelestadurface grain size

distributions. Sellman Road had one of the coama$ace sediment distributions,

but has finer subsurface sediment than most ottesr. SA summary of the data can

be found in Table 3.
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Figure 14. Subsurface Sediment Distributions meskfrom Little Paint Branch sites.

In most sediment transport theory a charactengm size is used to

calculate bed mobility rather than the grain siwgridbution (e.g. Dietrich, 1989).

Grain sizes that are commonly used for flow resistaand sediment transport

equations are the mediand®r Dgs, One standard deviation above the mean. The

median grain size is often used in sediment tramsplationships, while B} has a

large role in bed roughness and is sometimes wse€etérmine stability for channels

with mobile armored beds. Table 3 and Fig. 15 stimsurface and subsurfaceyD

and 34 values for every site in the watershed. Thesa iddicate that there is not a

systematic downstream increase in median surfaselmurface sediment size.
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Table 3. Watershed scale sediment data (mm).

Site D50s D50ss D84 D845
FP 60 14 80 22
GCR 17 10 34 16
BCR 30 12 47 21
SR 60 15 80 27
CHU 55 8 78 17
CHD 20 15.7 52 34

The graphs of surface to subsurface grain sizesatdicate that the size of
subsurface material decreases downstream, perbfégading an increase in the
amount of sand derived from bank erosion in thesstfbce (Fig. 16). This regional
trend rapidly changes over the gravel bar reactwgen CHU and CHD). The high
ratio of Surface to subsurface material at CHUdats the possible role of sand in
gravel bar formation, while the low ratio at CHDalwes near one) indicates a
depletion of fine-grained subsurface material atdbwnstream Cherry Hill site,
which might lead to channel bed stability at CHChe role of gravel bar formation
in sediment supply and bed sediment characterisiitbe examined in more detail

in the next chapter.
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2.4.4 Dimensionless Hydraulic Geometry Relationship

In a 1979 paper, Gary Parker first introduced disie@nless hydraulic
geometry relationships for gravel-bed rivers. Aligh Parker has made several
revisions to the original relationships, he usesrgsize to generate dimensionless

numbers to evaluate width, depth, and dischardmydinaulic geometry expressions:

* QBF H*: HBF W*:WBF U*: Q* (32)
4/ 905, Dszo Dy, Dy, (H *W *)

where Q* is dimensionless discharges@@ the bankfull discharge, H* is
dimensionless depth, W* is dimensionless width, dhds dimensionless velocity.
These analyses are useful for qualitatively assggbe amount of change has

occurred in the sediment composition of the LiRknt Branch. For the data sets
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used by Parker for several gravel bed rivers ardbedvorld, an average relationship
between W* and Q* was found to be W* = 4.87%*. Fig. 12 shows the equation
for the Maryland Coastal Plain streams to be vanjlai: W* = 3.9Q¥* In

contrast, the regression equation for the sitélsarLittle Paint Branch in fig. 11 is

W* = 10.95Q°%,

The two sets are plotted together in fig. 17 whizhcates the difference in
the dimensionless hydraulic geometry equationslaitger surface sediment
composition of the Little Paint Branch causes timethsionless values to be much
lower than those of the coastal reference stredrhs.impact of the sediment size is
more visible when fig. 17 is compared with fig. 1de dimensional hydraulic

geometry width plot.

1000

Dimensionless Width (W?*)

Dimensionless Discharge (Q%*)

Figure 17a. Little Paint Branch (urban) dimensisalbydraulic geometry
. W* =10.95Q%3° R? = 0.88.
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2.4.5 Determination of Critical Dimensionless Shetiess and Bed Mobility

Evaluation of Bankfull shear stress ratios

The bankfull shear stress ratiyi/t* it can be used to determine whether the
channel is mobile at the bankfull stage. Theaaltdimensionless shear stregs;i
is the ratio betweenyq (pPgRS) anddrain ((pSpW)gDsp)at the initiation of motion
(Shields 1938). Shields (1938) found that theaaitdimensionless shear stress for
homogenous sediment is 0.06. For heterogeneousldrad streams with naturally
sorted bed material, the critical dimensionlessasb#&ess for sediment transport has
been found to be around 0.045 (Neill, 1978), Withh amounts of sand in the
bedload, the critical dimensionless shear stresslogp as low as 0.01 (Wilcock,
2001). Table 4 shows the bankfull dimensionlegasktress ratios for the Little
Paint Branch study sites. Values of critical disienless shear stress values based
upon the percentage of subsurface sand found atsetas are also indicated in this

table

Table 4. Bankfull Dimensionless Shear Stress areh8t Gradient of Little Paint Branch Sites. T*crit

is based on percent sand content, these numbeesdedved from Wilcock (2001).

Distance
% Downstream

Site sand T*crit T*max T*/T*crit Gradient (km)
FP 15% 0.038-0.042 0.023 0.58 0.0104 0

GCR 26% 0.013-0.017  0.007 0.47 0.0063 1.06
BCR 15%  0.028-0.032  0.007 0.23 0.0037 3.20
SR 17% 0.023-0.027 0.036 1.44 0.0122 6.02
CHU 22%  0.018-0.022  0.015 0.75 0.0055 8.60
CHD 5%  0.043-0.045 0,016 0.36 0.007 9.14
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Sediment Supply and Bed Mobility

As mentioned previously, Dietrich’s g* the ratibtbe excess shear stress
calculated based on mean surface grain size texitess shear stress calculated using
the mean subsurface materidhe g* value ranges from zero to one. Near #ezoe
is likely to be little bedload sediment supply daehannel armoring , values near
one indicate that surface and subsurface grais simesimilar, indicating either little
armoring or very little subsurface material. Fig§.shows the g* value versus the
distance downstream. The furthest upstream s#@lwg value close to zero, but the
value increases to near 1 at Greencastle (whicfif@asediment in the subsurface
and on the bed). Most of the values for other sitesconsistent with values for
mobile armor, but values between CHU and CHD gmfr®ar zero to near 1, due to
the depletion of fine-grained material at CHD. $hg* is not a very accurate

measure of sediment supply in this reach.
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Figure 18. g* values versus distance downstreathdriittle Paint Branch.

Bedload transport and bed sediment supply charstitsr(g*, bedload per
unit width at bankfull, and percent fine sedimearg summarized in Table 5 for all
measured sites at the watershed scale. Bedlaaptd per unit width was
calculated using an equation developed by MeyerrRetd Muller in 1948. Theynas

bedload in kilograms per meter width per secondisudlculated as follows:

3/2

3/2
nI
0, = 8{%} % (E] pSD—0.047 p, - p) D50, (33)
gU2R2/3 ' D9051/6
where N, = T andN'= T , Dagosand DBypssare the 90th percentile of

the surface sediment and thé"§gercentile of the subsurface sediment, respegtivel

and V is the flow velocity in meters per secondalc@lated values of bedload
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transport are shown in fig. 19, which indicatesiginvalues at all locations, with an
exception of Sellman road reach. The Sellman Reach recently underwent a
channel stabilization procedure due to the adjustmoegradient along Interstate 95
which concentrated elevation changes in the rebolieaSellman Road. This
increases shear stresses within this reach ancbliged significant erosion
downstream of 95 and some localized depositiorrafe) sediment.

In the bar complex reach, upstream Cherry Hilldasggher percentage of fine
sediment, but a lower g* value and a lowgth@n Downstream Cherry Hill. The
other sites with the highest g*, Greencastle and/ixtream Cherry Hill, are second
only to Sellman Road in bedload dischargge,Téne change in bed mobility and
sediment composition within the Cherry Hill Bar Galex is further investigated in

the next section.
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Figure 19. gversus distance downstream in the Little Paint Binan
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Table 5 Watershed Scale g%, @nd percent fine sediment.

Site g* b at Qur (kg/m/s) Percent Fine Sediment
(<2 mm)
Fairland Park 0.178 2.694 15%
Greencastle Rd 0.850 3.207 26.3%
Briggs Chaney Rd. 0.309 0.784 15.1%
Sellman Rd. 0.560 8.609 17%
Upstream Cherry Hill  0.124 1.786 21.9%
Downstream Cherry Hill 0.928 4,575 12.2%

2.5 Discussion

2.5.1 Effects of urbanization on channel dimensems hydraulic geometry

With increasing drainage area, the Little PaintrBraaccommodates
increased discharge dominantly by channel widerihrgyrate of which increases in
the downstream direction. The reference, non-uzedncoastal streams also did this,
but to a lesser extent. The increase in depth dviiinage area wasn’t significant in
either data set, though it slightly greater inltiide Paint Branch, but this is likely a
byproduct of the increased potential for channeliscaused by a greater bankfull
discharge.

The accelerated channel widening of the Little PBhanch results in a
greater relative channel area to non-urbanizedsj\and consequently it has an
increasingly greater bankfull discharge downstrelaon.the same ten square

kilometer drainage area in both data sets theeLRHint Branch has a thirty percent
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greater bankfull channel area than the referemearsts. Channel widening is
accommodated by bank erosion which introducesdiecoarse sediment to the
system and likely inhibits the effects of chanreglging caused by the greater shear
stress of a larger bankfull discharge.

Hydraulic geometry relationships show that in addito widening, the
reference coastal plain streams increase in vgldomvnstream, something that is not
nearly as significant in the Little Paint Brandbata from Midwestern streams show
that the dominant accommodating parameters toasorg discharge are both width
and depth. The dimensionless hydraulic geomeloulzions indicate the
significance of the difference in sediment composibf the urban and non-urban

channels of the area.

2.5.2 Fine sediment and bedload transport potential

Channels have widened and deepened as a direlttakestbanization. This
has changed the sediment supply to the entireraysBank erosion mobilizes both
sand and gravel to cobble sized sediment, butaseethe ratio of sand in the bed
sediment over most of Little Paint Branch Creeke Ehear stress at bankfull has
been increased at most locations due to an increat@nnel depth. There is some
indication that coarse grain sizes have been mdweaastream, which affects local
dimensionless shear stress.

The ratio of surface/subsurface sediment hadiaitte¢ increase downstream
until the bar complex. Within the bar complex,rthare significant changes in the

amount of sand in the subsurface. Surfaggadd 34 values are highest at Sellman
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Road, the most erosive site. .Values of subsuiiggand 3, values are at their
lowest at Upstream Cherry Hill. The fine subsuefataterial found at that site and
the surrounding reach could very well be instrurakint bar formation. This will be

examined in the next section.

2.5.3 Model and Parameter Limitations

The assessment of the usefulness of g* as a pagamehis study is affected
by two complications in the Little Paint Branch essthed. The Dietrich et al. (1989)
g* formulation uses 0.045 as the critical dimenkssa shear stress. Thus the
formulation is intended for channels with hetercegmrs gravel beds, but not
significant amounts of bed sand. The critical disienless shear stress was not
adjusted at each reach, although this could be.dbnaddition, g* values near 1 will
occur when the subsurface material has a size tdabeat of the surface. This can
occur for very different reasons, either due tgegaamounts of fine material in both
locations or due to depletion of subsurface mdtarid thus similar (coarse) size in
both surface and subsurface material.

The model developed by Barry, et al. (2004) dog¢sstimate channel
geometry and uses drainage area as a surrogdietfochannel slope sediment
supply within the watershed, which is not applieatol a watershed as altered from its
original condition as the Little Paint Branch. Tinaraulic geometry models of
Parker (1978) and Millar (2004) are designed foeshold, gravel-bed channels,
which limit the applicability of these models f@asons very similar to those of

Dietrich’s g* parameter. Because the watershedbas so removed from its natural
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threshold conditions and may not return to suctaie $or decades, empirical
approaches that were designed for natural streamsat be applied without
significant manipulation. As such, shear stresebapproaches remain a practical

and accurate means of assessment.

57



Chapter 3: Channel Changes, Sediment Storage, @hd B
Mobility within the Bar Complex Reach

3.1 Introduction

Many non-urban streams in the mid-Atlantic regiom threshold streams,
which commonly do not have significant sedimentage bars along or within the
channel. The lower reaches of Little Paint Bra@ckek contain both mid-channel
and alternate bars that cause flow divergence,nehandening, and bank erosion.
Processes that cause bank erosion are generafiidecsd to have negative impacts
on a river system. The process of bar formatiowdver, may be beneficial to the
long-term sediment budget of the channel by shgdhe reach and resulting in more
frequent overbank flooding and storage of sedimarthe floodplain. The purpose
of this chapter is to examine sediment and chamoephology changes that are

associated with bar formation.

Hypotheses

1. Gravel bar formation causes shoaling of the it;h decreases bed shear
stress and stabilizes channel sediment aroundévelgoars.

2. Fine-grained bed material is selectively stonegravel bars, while coarse-
grained sediment lines the channels around the bars

3. The limited amount of subsurface material inncteds adjacent to bars
decreases the sediment supply (Dietrich, 1989aqgd)the bedload transport

rate (Q) for a given discharge
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3.2 Previous Work

Research on the effects of gravel bar formatiool@nnel form and
hydraulics is primarily limited to flume studies loéir evolution. There is little to be
found on the sediment composition and hydrauliogratel bar reaches.
Observations of the conditions of gravel bar dgwelent and its consequences are
more common, however.

According to Church (2006), sediment accretion @nug the major bed form
features in a channel are controlled by the dontisadiment transport mode, which
can be either suspended sediment or bedload sediraesport. When the dominant
mode is bedload, as is the case with the Littl@tBianch, deposits within the
channel slowly accumulate and force flow aroundrth&ecause of this the channel
remains shallow as the channel width increasesualssibare eroded, giving rise to
lateral instability. Concurrently, suspended seita such as sand are deposited on
the accumulating bed forms and build verticallgjrig upward nearest the surface.
In the case of center channel bars, also knowmaad bars, Ashworth et al. (1992)
noted that these may form downstream of channedtdotions, as is the case with

site CHB in this study.

3.3 Sudy Reach and Methods

The study reach is in the lower portion of Littleift Branch Creek and it
contains a series of sediment bars (fig.20). Gaugiations were installed at the
upstream and downstream ends of the reach, whioh geeiged for turbidity and

depth. The general methods used to determinecguafad subsurface grain size,
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channel morphology, gradient, and the calculatiomydraulic variables are
discussed in the previous chapter.

The Cherry Hill Bar Complex was studied in detalth measurements of
sediment size distributions at seven sites evestyilouted through the bar complex
reach (fig. 20). The seven study sites are nundhiardescending order from
upstream to downstream. In addition, sedimentraobhological data were
collected at cross section locations distributexdiad the first gravel bar.

In the case of this study, particles directly oa sirface of the channel or
gravel bar are considered surface sediment. Rertome inch beneath the surface are
considered subsurface sediment; the one inch bisfterensure equal depth of
measurement at all sampling locations. Surfacepbsmwere collected using
Wolman Pebble Counts. In the case of the chanmigce, a ten meter long sample
area was used encompassing the entire width, andur@ments were made. On the
bar surface similar technique was used, thouglbdindoundary width was used
rather than that of the entire channel. No difieeewas made between subsurface
sampling in the channels and gravel bars. Thrbswstace sample replicates were

obtained for each sample site.
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Figure 20. Aerial photo of the bars measured withenCherry Hill Bar Complex. CHU and CHD are

included to aid orientation. Source: Google EABGS, Tele Atlas, 2009.
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3.4 Results

3.4.1 Channel Surface and Subsurface Grain Size& Dat

Analyses of the surface grain size distributionthanbar complex reach show
that there is a general fining of surface partiatethe downstream direction (fig. 21).
Fig. 21 indicates that Upstream Cherry Hill hasdbarsest surface sediment. The
two sites that, were the furthest downstream (Chtl@HD) had the finest grain size
of the sites measured. The downstream trendeimgdian (By) coarse ([gs) grain
size fractions are shown in fig. 22. The coarse B&ction (34) decreases more
rapidly downstream than the median grain sizee GH2 appears unusually coarse in

all of the grain size distributions.

Cumulative Percent

Grain Size (mm)

Figure 21. Bar Complex Channel Surface Sedimestributions Sites are organized from upstream to

downstream in the legend
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Figure 22. Downstream trend in channel surfacengiae.

The distributions of subsurface sediment size¢tierchannel sites in the bar
complex reach did not vary as widely as with théase sediment (fig. 23). The
standard deviation for the grain sizes are showirairie 6, and indicate that there are
higher standard deviations for surface grain sizas subsurface grain sizes. The
Upstream Cherry Hill site had one of the coarsedtse size distributions, but one
of the finer subsurface sediment distributionse €harsest subsurface sediment was
found at CH1, near the downstream end of the gtaaetomplex. This general
inverse relationship between surface size disiobund subsurface size distribution

is particularly evident for the §2 values of each, shown in fig. 24.
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Figure 23. Channel Subsurface Sediment Distribstior grain sizes in the bar complex reach.

Legend lists the sites in order, from upstreamawrnstream locations.

Table 6. Cherry Hill Bar Complex Channel Grain Sixsa

Dsas Dsass

Dsos Dsoss

Site

17
25
25

78
59
51

5
5
4

5
2
3

CHU
CH5
CH4
CH3
CH2
CH1
CHD
AVE
ST.Dev

13
14
13
7.5
16
9.5
11.6

24
15
26

49

28
40

63
37

23
20

32.1

19
21.6

53
55.7

12.8 4.5

3.2

12.2
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Figure 24. Relationship between D84 of channedbserand subsurface grain sizévalue is 0.52.

These two trends: a) the downstream finer in tiiiase grain size
distribution, and b) the downstream coarsenindnefsdubsurface size distribution
combine to generate a downstream increase intm&asty of the surface and
subsurface grain size distributions. The subsarfam surface sediment distributions
for the sites at the upstream and downstream dritie ceach (CHU and CHD) are
shown in figs. 25a and b. The difference betwé&ensurface and subsurface
sediment distributions is much smaller at the ddwelasn end of the reach (after the
gravel bar complex) than the site upstream of thgaj bar complex. The pattern
throughout the reach is shown as surface/subsurddios (fig. 26). Theskave

implications for sediment transport, which will Biscussed in the next section.
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Figure 25. Grain Size Distributions for surfacki@) and subsurface (red) grain sizes at a) the

upstream and b) downstream ends of the bar comeéeh.
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Figure 26. Ratio of surface to subsurface graia &z the median ( D50) and one standard deviation

above the mean (D84) size fractions.

Dietrich et al. (1989) introduced the concept of g* to describe the amount of

armoring in channel bed. This parameter is calculated as follows:

o {ﬂ} | (34)

Ty~ Tess
In generalthe value of g* increases within the bar compléx. @7), but this is due
primarily to a narrowing in the disparity of suréaand subsurface sediment sizes in
the downstream direction. The g* value increaseatty after the Upstream Cherry
Hill site, and stays elevated with the exceptiothef CH2 site. As was observed in
the watershed as a whole, g* may not be a usefahpeter in this river due to high
availability of sand-sized and smaller sedimenighHalues of g* are intended to
indicate low amounts of channel armoring, but tually reflects the condition when

similar grain size values are found in the surface the subsurface. This can result
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from fine sediment availability in both the surfaared subsurface, or depletion of fine
sediment in the subsurface; a condition that priybddécreases sediment mobility.
Due to this dual cause of high values of g*, itslaet correlate well with the
percentage of fine sediment (Table 7). The peaggnof fine material in the channel
sediment within tends to decrease in the downstiegntion. The lowest values
occur at the beginning of the complex, before tlagombar sites, but the lowest is

just before the end at site CH1 with a value ofy@gh#i4%.
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Figure 27. g* values for channel sediments vsadist downstream in the Cherry Hill Bar Complex.
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Table 7. g* and percent fine sediment values énCGherry HIl Bar Complex.

Site g* Percent Fine Estimated T*crit
Sediment values
(<2 mm)
CHU 0.124 19.43% 0.020
CH5 0.758 7.72% 0.037
CH4 0.605 6.80% 0.038
CH3 0.701 12.15% 0.035
CH2 0.437 17.64% 0.025
CH1 0.850 4.44% 0.040
CHD 0.839 11.0% 0.035

3.4.2 Comparison of sediment size between gravsldrad their adjacent

channels

The channel bed and gravel bars are potentially @stource and reservoir for
sediment moving through the system. The size @énah stored in gravel bars was
determined by measuring the surface and subsustaiment distributions of the
bars and comparing it to the adjacent channelge giiavel bars were chosen for
measurement based on location and the availabflithata. Four of them span the
length of the Cherry Hill Bar Complex (see Fig. 20 the fifth is located at the
Sellman Road (SR) site. Data was collected forghidy and additional data were
obtained from Dangol (2009).

Two different relationships were observed betwibensize of the sediment on
the bar and the size of the sediment in the chanrtedr the large, bankfull bars at
Sellman Road and CHB, the channel surface waseodan the bar surface. The

three lower level alternate bars or central baes (B 3, and 4) had coarser sediment
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than the adjacent channel bed. At all five loga&tidhe bar subsurface was
significantly finer than the channel subsurfacedjgating selective storage of fine
sediment in the channel bars. The amount of maatess than 2 mm stored in the
channel bed is significantly less than the amotared in the gravel bars (Table 8).
The ratio of the <2mm fractions in the channel back is also shown in Table 8.
These data indicate that there is significantlyerfore sediment stored gravel bars
than the adjacent gravel bed (on the average thdré times more fine sediment in

the bars than in the channel).

Table 8. Data Summary for gravel bars and adjadeeninels.

Fine Ratio Dsos Dsoss Dgas Dgass % <2mm
bar 38 4 55 15 32.33
SR 2.19 channel 58 15 80 28 14.73
bar 30 4 41 12 30.84
1.28 channel R 42 10 59 22 24.06
CHB 9.76 channel L 55 17 78.5 29 3.16
bar 49 2.2 63 16 49.04
Bar #4 6.35 channel 24 14 59 25 7.72
bar 38 7 54 23 32.47
Bar #3 2.67 channel 27 13 49 24 12.15
bar 45 10 59 24 22.93
Bar #1 5.16 channel 23 16 38 25 4.44

For central bar locations, there can be signifieantations in sediment
characteristics between the two distributary chinnat the CHB site, there is a
greater amount of fine material in the right chdrthen in the left (Figs. 25a and
25b). At the time the samples were collected faiysis, the left channel was the
“active” one in that it conveyed most of the wateough the reach. The sediment in
the left channel became far more coarsened asith of$he greater shear stresses it
endured. The right channel received only a fractibthe water, giving it a lower

depth and lower overall shear stress values.
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The selective storage of fine sediment in the drbaes is illustrated in fig.

29, which is a plot of the percentage of fine maték 2 mm) in both bar and

channel sites versus the distance downstream ibatheomplex. The highest values

of fine sediment storage in bars are at the upstierad of the system and they

gradually taper off towards the end of the comalsxthe size of the bars themselves

decrease (Dangol (2009); Fig. 30). The percentdfiee sediment stored in the

channel bed is considerably less throughout thedmplex and it ranges from 2-

12% of the channel sediment within the bar complex.
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Figure 29. Percent fine material (2 mm) in thersted and gravel bars in the bar complex. Error

variance plots within the data points.

These data indicate that the bars are built byrtagesand and gravel, with

total sand in the bars ranging from 22-50%. Thiggests that the bars were

deposited during bedload transport conditionsiti@dtided significant amounts of
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sand moving in the bedload (i.e. associated wittklgaosion events). This is
significant, because these high proportions ofdsdl are associated with
significantly lower critical dimensionless sheaess values (Wilcock, 2001). This is
consistent with field observations of bar accretionng multiple transport events

over a 2-year period.
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Figure 30. Gravel Bar area versus distance dowarstréom Dangol (2009). LB are left bank

bars and RB are right bank bars. The upstream bbavestores more fine-grained sediment..
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3.4.3 The influence of a gravel bar on channel ayiits and sediment

transport

Figure 31. Picture of Cherry Hill Bar near bankfidiw.

To evaluate the effects of central bar on flow bad mobility, detailed
analysis of sediment sizes and bed mobility weeduated at cross sections
distributed around the Cherry Hill Bar (just doweam of CHU), which is shown in
fig. 31. Eight cross section sites were locatedsscthe channel and bar over a reach
of 100 meters. At each site, cross sections waregead and surface and subsurface
sediment distribution of bar and channel sedimesrewneasured. Water surface
gradients were measured during high flow eventses€ data were used to determine
width, depth, gradient, shear stress, and dimelessrshear stress for bankfull events

within the reach.
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The width to depth ratio versus distance alongcttennel is plotted for the
bar reach in fig. 32. These data indicate the esipa of the channel around the
central bar (35-70 m). The increase in width tptdeatio is due to both width
expansion and shoaling of the channel bed. Theedse in depth reduces the shear
stress on the channel bed during storm flows are&$fowater out on to the
floodplain. This may increase bank erosion, tleedased shear stress on the channel
banks can be modeled using a shear stress partgiorodel by Flintham and

Carling (1988):

Srpank = 1.77 {(Pped/Ppan) + 1.5} 4 (35)

Thank = To* Fpank (B+ Pbed)/(2* Poank) (36)

whereSFpank is the shear force on the bafkgdenotes perimeter, aiis the surface
width. In the model, as the wetted perimeter efltank decreases the lateral stresses
of the river are concentrated on a smaller ard®e ificrease in shear stress on the
bank causes it to erode. The application of Fintland Carling’s (1988) model has
limitations though, as it was developed for strgitfapezoidal channels.

The surface grain size §k) values of the channels are significantly coarser

than the bar surface (fig. 32b).
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Figure 32. a) Width to Depth ratio in the Chernjl Bar reach. B) Q, Grain size in the reach. Error

is contained within the data points.

The dominant left channel is coarser than the saxyrright channel. Thedy
values of the channel bar are similar in size &atijacent channels at the upstream

end, but bar sediment becomes finer with distafmegahe bar.
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The channel morphology and sediment measurementswged to calculate
the dimensionless shear stress of each site waglat@d for bankfull flow
conditions. These data are summarized in tablEh& cross sectional average
dimensionless shear stresses are shown in figTB8.solid lines on the graph
represent a dimensionless shear stress of 0.046.@8da common range for critical
dimensionless shear stresses for gravel (0.045y v over sand (0.03). For high
amounts of sand in the bed, the critical dimensiesshear stress can drop to even
lower value (Wilcock, 2001). For this reach, thigical dimensionless shear stress is
probably much lower than 0.045.

These data indicate that the gravel bar surfacerendght distributary
channel are both stable at the bankfull stageegatifit* .,y andt* maxare near or
below 0.045, with the main exception occurringha teft channel. The
dimensionless shear stress over the channel bavaga value of 0.032, which is
near the threshold of motion for gravel that owslsand. As seen in fig. 28a,
however, the presence of sand on the bar surfdieeiied. In fig. 33b, the
dimensionless shear stress values for the maxinmamne! depths are shown. This
graph indicates that the channels can be mobilzdidese locations at bankfull
flows. Both maximum and average shear stressslggest that the downstream
portions of the left channel will be the most mebilThis result is consistent with

field observations and the resurveys of channedscsections.
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Table 9 Cherry Hill Bar Data.

Avg. Max
Site | Distance | Channel | D84 | Gradient | Depth | Depth | Avg.T* | Max T*
1 0 78 0.007 0.68 1.00 0.037 0.054
2 11 80 0.007 0.58 0.96 0.031 0.051
3 18 80 0.007 0.44 0.94 0.023 0.050
Left 63 0.001 0.89 1.44 0.009 0.015
4 35 Right 63 0.007 0.89 1.44 0.060 0.097
Left 65 0.001 0.54 0.81 0.006 0.008
5 46 Right 60 0.008 0.45 0.61 0.035 0.047
Bar 55 0.004 0.13 * 0.006 *
Left 76 0.022 0.50 0.67 0.088 0.118
6 58 Right 59 0.008 0.67 0.84 0.052 0.066
Bar 39 0.008 0.27 * 0.032 *
Left 76 0.011 1.20 1.84 0.106 0.163
7 72 Right 59 0.004 0.76 1.06 0.030 0.042
Bar 39 0.004 0.34 * 0.020 *
8 97 65 0.007 0.77 1.25 0.051 0.082

In summary, the data indicate that although engrgdient increases due to
the formation of the gravel bars, the decreaséamoel depth prevents shear stress
values from exceeding the threshold of motion urcimof the channel and on the bar
surface. The formation of the gravel bar serves storage reservoir for fine
sediment. It also has resulted in the shoalinfp@ithannel bed, which serves to
promote overbank flow during bankfull and higherills events, which reattaches

the stream to its flood plain.
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3.5 Discussion

3.5.1 Sediment distribution in the Bar Complex

In this chapter, | examined the distribution ofisgeht grain sizes for surface
and subsurface material at both gravel bar andn&ldocations. Sediment sizes of
the channel surface gradually decrease over thedmaplex reach while the
subsurface sediment shows little variation. Th®&utts in a general decrease in
surface to subsurface grain size ratios in theejraar reach. The downstream site,
CHD does not contain gravel bars and it is depletdohe sediment in the subsurface
material. The combination of these two factorsvtes further evidence of the
storage of fine sediment within the gravel bars.

The g* values do not appear to be useful in theaelhres with varying amount
of sand in both the surface and subsurface graedsstributions. The g* parameter
is intended to identify armored reaches, but sitiés depleted subsurface material
can generate high values of g*. The measure adutheunt of sand in the reach and
its effect on critical dimensionless shear stregghtrbe a better way of identifying

local channel mobility.

3.5.2 Gravel bars as sediment reservoirs

It is quite clear from the gravel bar sediment ddtewn that gravel bars are major
storage sites for fine sediment. The average baiveen the percentage of fine
material(<2mm) in bars and in the channels isvltich suggests that the gravel bars

store on average 4.57 times more fine sedimentttiohannels adjacent to them.
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The sequestration of this material from the activannel has the effect of increasing
the critical dimensionless shear stress for chasites, which limits the mobility of
the sediment in the channels. The shoaling ob#rdocations serves to limit the

mobility of sediment stored in the bars.

3.5.3 The role of bar formation in sediment moyilit

The upstream gravel bar CHB was examined in defaibund the gravel bar,
channel widths are 2-3 times wider than adjacestrapm single thread reaches. The
channel initially widens at the bar head, and wiitbreases downstream. The
upstream portion of the divided reach has averag&fhll shear stresses at or below
critical, but the bar tail is a zone of active lzed bank scour and sediment transport.
Shear stresses over the bar top are significamtrgll than in the channels. These
data suggest that channel bars may initially ireedzank erosion, but they also
provide a place for the storage of fine sedimemd, iacrease overbank flooding onto
the floodplain. Additionally, the storage of fisediment from reduces the mobility
of the coarse sediment that initially forms gravats, which may prevent the growth
of more gravel bars further downstream.

These data suggest that the geomorphic respongbarf stream channels to
urban runoff is more complex than earlier envistb(eg. Hammer, 1972). In Little
Paint Branch Creek, bank erosion has resultedeimibbilization of fine sediment.
This fine sediment has increased the mobility efghavel bed, which has facilitated
the formation of gravel bars, which in turn hasalbd the gravel bed and locally

stabilized the channel bed. These change patharaysummarized in fig. 34.
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Figure 34. The effects of urbanization on chamnetphology with the assumption that an increase in
the magnitude of bankfull flow affects flow depthdathus shear stress, this generates bank and bed

erosion which affects bedload transport rate. Metgative feedback loop.
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Chapter 4: Effects of urbanization on storm resparsd
sediment load in the Northeast Branch watershedaind

Complex reach

4.1 Introduction

As part of the Chesapeake Bay Program, local egidmal governments
have set goals to limit the discharge of sedimadtassociated toxic substances from
the Northeast Branch watershed into the tidal read the Anacostia. These goals
are part of the Total Maximum Daily Load (TMDL) rdgtions enforced by the EPA.
Because of this, two major objectives of streanorasion plans are to implement
measures to prevent bank erosion and to reducauipeended sediment load (Prince
George’s County DEP, 20R9To achieve these goals the traditional apprash
been to either shore up eroding banks with riparaie completely channelize the
stream by lining the channel with concrete or ldvgalders. Channelization can also
be used as a flood control method by speeding @pdhveyance of water through
the channel during high flows, preventing it fropilleng into the floodplain.

While these methods do effectively inhibit ban&ston and sediment
transport in some cases, it may also initiate cebimgision and remove the stream
from its flood plain (Church, 2006 This hinders or eliminates riparian function
necessary for a healthy stream, reduces the pertarsthetic and natural value, and
may actually cause further erosion due to increatedm power (Church, 2006
Most important, however, is that this approach catgty ignores the other major

source of sediment in urbanized streams and riggwem runoff. To successfully
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reduce the sediment load and the associated torieiwt we need to know: A)
Where the sediment is coming from, and B) timinghef sediment from various
sources, and whether there are sites of sedinnaiget in the watershed that could be

enhanced.

Objectives

1. To determine the timing and amount of turbidity suspended sediment load at
three regions within the Northeast Branch watershdthe headwaters, B) the

mouth of a major tributary, Little Paint Branch €keand C) near the mouth of the
Northeast Branch..

2. To determine whether gravel bar formation, Whiesults in channel widening and
an increase in overbank flooding, significantlyeatts the suspended sediment load of
the stream.

3. To determine the characteristics of storm runoff rise time in the Anacostia

River watershed.

Hypotheses

1. Bank erosion is a significance source of suspesdddnent load. Therefore,
turbidity and suspended sediment loads are hidbestibutaries, such as

Little Paint Branch tributary that are experiencaignnel widening.
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2. The formation of gravel bars causes flow divergearod bank erosion.
Therefore, turbidity and suspended load are sicpnifily higher at the
downstream of the bar complex than upstream ob@neomplex.

3. Storm runoff production will be greater in the maréanized Northeast
Branch drainage area, but peak discharge delaybevdimilar to those of the

Little Paint Branch.

4.2 Previous Work

4.2.1 Empirical observations on sediment loadglran watersheds

In 2007 a study was done by Allmendinger et atldtermine the sediment
budget of the Good Hope Tributary in Montgomery QgurThe Good Hope
Tributary is a third order stream in the AnacoRiger watershed with a drainage
area of 4.05 kithat has been progressively urbanized since thimhieg of the 28
century. The study used historical tax recordseti@rmine land use data,
computations of historical peak discharges, staéisinodels derived from short-term
channel surveys, and ergodic assumptions to estithatcomponents of the sediment
budget.

The sediment budget showed that upland erositimeinvatershed and the
enlargement of the channel’s area contributed Bogmitly to the overall sediment
flux in the watershed. The two each produced apprately 70 and 80% of the
overall sediment yield. Around 50% of the totalisgent yield was accounted for by
floodplain deposits. In total floodplains storedund one-third of the total sediment

production between 1951 and 1996, demonstratingithportance in sediment
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retention in urbanizing watersheds. Remobilizatblegacy sediments deposited in
the 19" and early 26 century made up between 0 and 20% of the totéd,yie
indicating that they are not a significant sourcghie region.

In 2000, Pizzuto et al. conducted a study of ejgtits of urban and non-urban
gravel bed watersheds in southeastern Pennsylvahia pairs were matched by
drainage area and the urban watersheds were beBSemm 50 percent impervious.
The main differences found were in the median hahifidths and areas, pool
depths, and sediment distributions. Median bankfidths and areas ranged
between being 26% and 180% larger in urban chajwalte the median pool depths
of urban watersheds were 31% smaller than the chiainels.

The overall median grain sizes did not differ sligaintly between the sets of
watersheds, but the characteristic secondary mbgiexeel bed rivers was lacking in
the urbanized streams. A primary mode existed éatvé64 and 256 mm, but the
secondary mode found between 2 and 64 mm in theurizan watersheds was
completely lacking in the urban ones. This indsahat the urban streams were
depleted of sediment within that size range in cangpn to the non-urban streams.
The researchers concluded that the urban chantjelsted their areas and roughness
to more efficiently transmit the increased peakloisges caused by the impervious
surfaces. They also speculate that the erosion fhe@ bed and upstream sources
must be significant in order to supply the streaith wnough sediment to maintain a

bed sediment composition similar to that of the-ndvan streams.
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4.2.2 Suspended Sediment Theory

An estimate of depth integrated suspended sedioogrmentration can be determined
with a measurement of concentration at one poidtraodeling the vertical variation
of suspended sediment above the channel bed. efdegh sediment transport theory
is based on boundary layer theory (law of the wall) evaluates suspension as a
balance between the downward settling of partiatgsnst the upward motion of
turbulent eddies (Rouse, 1937). Simple versiorth@theory require uniform flow,
thus measurements should be made in straight reagdtiestable cross sectional
areas:
H__

UH = .[o udz (37)

UCH = IOH ucdz=q (38)
where z = height from bed of interest (m),= local stream flow velocity averaged
over turbulence (m/s); = local volume sediment concentration averagest ov
turbulence (liters), H = flow depth (m)s g volume transport rate of suspended
sediment per unit width, U = vertically averageeain flow velocity (m/s), and C =
vertically flux-averaged volume concentration aflisgent in suspension (liters).

To find the concentration, C, we can use the Rdisstein equation. The
Rouse-Einstein Equation is used to model the dipanicles that are moved as
suspended load for various discharge events. Thisdroumber defines the balance
between settling and turbulent suspension, itssmsally the ratio of the fall velocity
to the shear velocity. A high value of the Rousmher indicates that the fall
velocity is high and particles remain near the biethe shear velocity is increased

and the particle size (fall velocity remains congtathen turbulence will serve to
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keep the particles suspended in the flow. The Bdisstein equation is formulated
to evaluate the concentration of specified grazesiat various depths above the
channel bed.

C _[d-y a | (39)
C, y d-a

where, C is concentration, d is total deptig distance above the bed, and a is an
arbitrary distance above the bed where measuresiardde. The exponent Z is the
Rouse number, which is determined as:

w

"B )

Wherew is the settling velocity, B is a constant, k isiwarman’s constant 0.4, and

u'=.grRS (41)

The settling velocity is largely a function of graize and grain size distribution

3Cp 7

where, G is the drag coefficient, which is a function ofyRelds number, g is the
acceleration due to gravity,is the specific weight of water or sediment, &g the
median diameter of the grains.

If the constants are ignored, the Rouse exponemglifies to a ratio of the fall
velocity to the shear velocity. For a given seditsze, the smaller the exponent Z,
(i.e. the higher the value of U*), the more evetilstributed the suspended sediment
will be as a function of the flow depth. Thus, shal change may be driven by

suspended sediment deposition as well as by er@asifumction of shear stress).
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Dade and Friend (1998) used the ratio of theviicity to the shear velocity
as a measure of the amount of sediment carriece@pad and suspended sediment
load in rivers. They used field observations aflbed and suspended load transport
rates and found that if the Rouse number was hessdr equal to 0.3, suspended load
was the dominant process. For Rouse numbers gagaggual to 3.0, bed load was
the dominant transport mechanism. A river canaie@ ® be dominated by
suspended load if bedload is less than ten peote¢he total load.

Suspended sediment load is commonly evaluated teyrdming the sediment
load transported for a given discharge event,aiogiship known as a sediment
rating curve (Leopold and Miller, 1956). Availaldediment concentration data (C,
mg/l) and discharge measurements (Q, I/s) are tasealculate instantaneous load
(Qs, mg/s). The general equation for load is; =@QC.

A sediment rating curve is the relationship betwieaid and discharge:

Qs :ad) (43)

where Qis the total load (Leopold and Miller, 1956). T¢wefficient, a, and
exponent, b, can be used to interpret relationdbgpseen a variety of sediment
transport conditions and processes. The coefliceerand exponent, b, have no
relation to the hydraulic geometry equations déectiearlier. Sediment rating
curves have significant limitations. Most shovaage scatter in the relationship and

suspended load in rivers is almost always below#ngying capacity of the flow. As
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a consequence,s@ill change not only with Q, but with changeslie tupstream

sediment supply during a given storm.

4.3 Sudy Stes and Methods

4.3.1 Study Sites

A total of four sites were instrumented and usedfalysis of suspended
sediment load. The sites are distributed withinBt&nch of the Anacostia,
including sites in the headwater, at the mouthitifd_Paint Branch Creek, and near
the mouth of NE Branch, near the downstream erdeohon-tidal portion of the

Northeast of the Anacostia (fig 35). The instrutedrsites are described below:

Greencastle Road (GCR)ith a drainage area of 9.6 knGreencastle Road is the

furthest upstream site. It is the least urbaniaed, much of the urbanization is
mitigated with stormwater management. The sitedated in a forested stream
corridor downstream of Greencastle Road. The gandenstrumentation at this site

was installed for this project.

Upstream Cherry Hill (CHU) The Upstream Cherry Hill site is located 7.5 km

downstream of Greencastle Road and it has a deaimag of 25.9 kfn It is
immediately upstream of a 500 meter reach of tteast called the Cherry Hill Bar
Complex (CHBC) which, is characterized by a seofegravel bars. The gauge and

instrumentation at this site was installed for hrigject.

90



Downstream Cherry Hill (CHD) The CHD site is located at the end of the graael

reach, 500 m downstream of CHU. There are no iaddittributaries that enter the
stream between the two sites, therefore, CHD hmaestlthe same drainage area as
the upstream site. The gauge and monitoring eqempiat this was installed to
document the effects of bar formation on bank erand suspended sediment load

in the bar complex reach.

Northeast Branch (NEB)The Northeast Branch is a long-term dischargke an

sediment gauging station operated by the USGH.|dtated within the channelized
portion of the Northeast Branch of the Anacostral & 7.4 km downstream of the
CHBC with a drainage area of 188.6%nin addition to the discharge of the Little
Paint Branch, it also receives flow from Paint BfaiCreek, Indian Creek, and
Beaverdam Creek. Paint Branch Creek and Indiaakdrave amounts of
urbanization that are similar to that of Little aBranch Creek and Little Paint

Branch Creek has a watershed area intermediairamithe other two.

91



OJSIIuer Sprm f

J fGDIIege F'ark

\ e
Hya{;swlle s '.

Figure 35. Aerial photograph of the study areeated northeast of Washington, DC. Taken from

Google Earth, Source: DC GIS, USGS, Tele Atlas9200

4.3.2 Turbidity and Gauge Height Measurement Methods

For the three upstream sites, Hydrolab MS5’s weeslio measure
turbidity and gauge height during storms. The MSb&n under battery power and
have a timed, synchronized gauging interval ofriiidutes so data could be
compared directly with data from the Northeast Bhamwhich the USGS monitors at
an interval of 15 minutes. Turbidity was measureNephelometric Turbidity Units,
or NTU, and the gauge heights were measured inrmelde depth and turbidity
probes were protected in PVC pipe casing with hdigked into it to allow for
adequate water circulation. The casing was thehard to the stream bank with a

coated metal cable and placed in a flat, deep,gbdine channel. At the USGS
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Northeast Branch gauging station turbidity is meadun FNU. The differences
between FNU and NTU do not become significant warblund 500 NTU or FNU.
FNU data can be converted to NTU values.

The automatic sampling of depth and turbidity ed continuous
measurements during storm and flood events that werhazardous to be monitored
manually. Gao (2008) noted tHahis technique provides a cost effective way of in
situ monitoring of continuous variation of suspethdediment concentration, which
greatly improves the accuracy of determining trd#reent yields compared with the
traditional infrequent sampling.”

Although the monitoring equipment provides thegimfity for continuous
monitoring, the gauges would have technical problamd either stop recording or
record inaccurately. For this reason, not evasynsthas a complete or accurate set of
depth and/or turbidity data. In particular, coltemperatures affected the accuracy
of the gauge height readings. Therefore, wintmnstdata sets were not used for this
study, but similar late winter, early spring storwere included in this study as well
as fall and summer storm events. As previously mead, to verify accuracy the
gauge height readings from the MS5’s were checkathatfield readings of in-

channel staff gauges periodically during stormsvatry gauged site.

4.3.3 Field Techniques

Discharge and turbidity data for storm events caolitained directly from
the USGS web site for NE Branch storm events. dther locations were gauged by

the UMD team and required the measurement of digehemd establishment of a
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discharge rating curve. To do this, stream cressiens were surveyed at the three
UMD gauge locations. The measurement intervalercross-sections varied to fit
the unique morphologies of each site and varieioh 0al0 to 1.0 meters and at least
15 measurement points were included in each cext®r measurement. During a
range of flow events, discharge was determined égsurement of flow depth and
average velocity (at 0.4 depth) at 10-15 locatiwitkin a channel cross section
(Dunne and Leopold, 1978).

During individual storm events, the energy gradeemd surface velocity of
the stream was measured at each site. The enedigigt was measured by placing
flags level with the stream surface at one meteneiments into the bank. Elevations
of the flood stage water surface was surveyed ubiese flagged elevations.

During high flows, current meter velocities coulot be obtained and surface
velocities were measured by timing the travel oéfing particles over a set distance.
These surface velocities were made for 3-4 locatiorthe channel cross section at
bank and mid channel locations. Average velocig Waken to be 0.8 of the surface
velocity. These measurements were combined winmdl cross section of the flow

to determine high flow discharge values.

4.3.4 Data Analysis

Discharge rating curves were developed for theethi®ID sites using a
combination of theory and empirical field data. nMéarman’s boundary layer

equation has been modified with empirical obseovegtito determine the relationship
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between flow resistance u/u* (u* = (gRS) and relative depth (d/D84) to estimate

velocity for gravel-bed streams (Leopold and WolntE367)::

Y 284 575x Iog(ij (44)

ur 84
where u is the average cross sectional velocitg)(and d is average depth or
hydraulic radius (m). This equation solves for @éwerage flow velocity of the stream
at a given average depth. At gauged sites, taéaakhip between average channel
depth and cross sectional area is determined finermeasured cross-section.
Therefore, we can solve for dischargé/ghusing Q = VA.

Through the duration of recorded storm eventsyeMsS5 and USGS gauge
data point was used to calculate shear velocity. (rhe calculation used gauge
height data taken and water surface gradient vahstsvere derived from field data
for multiple storm events at each gauged site. gradients used for each site are as
follows: Greencastle Road 0.0063, Upstream CheilhyOH)055, Downstream Cherry
Hill 0.007, and Northeast Branch 0.0016. Theseéligrd values are representative of
flows at bankfull stage to moderate flow level§o ensure the accuracy of the gauge
height data taken from the MS5 gauges, manually-sesftigauges were placed in
the channels and the channel depth periodicallyrdex! during high flows. The staff
gauge data was then compared against the MS5 dhtaatatter was found to be

accurate to 9.5 cm.
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4.4 Results

4.4.1 Rating curves and discharge estimation

Field measurements of discharge were combinedmattiel values of
discharge derived using a flow resistance equatn@hfield data gauge height,
average flow depth, grain size and gradient. Restfiithese measurements and

estimations generated rating curves for each ofjthugied sites (figs. 36-38).

Q = 14.701(GH)*%®

Rating Curve GC RZ = 0.9697

©
[
I

Discharge, m3/s
o
=

P
[N
I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Gauge Height, m

Figure 36. Rating curve for GC. Field-calibragsdpirical curve shown in open circle,

rating curve relationship shown in black.
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Rating Curve CHU Q = 18.29(GH)? 6486
R? = 0.986

Discharge, m

Gauge Height, m

Figure 37. Rating curve for CHU. Field measuretner discharge are shown in triangles, discharge
calculated from field data and an empirical velpéitrmula are shown in open squares, and the solid

line shows the rating curve relationship given abov
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Figure 38. Rating curve for NEB, from USGS.
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4.4.2 Storm Hydrographs and Runoff Production

Sorm Hydrographs

The rating curves for each gauge can be used &becséorm hydrographs for
each gauge sites. Storm hydrograph data is treshtosdetermine total volume of
runoff from each site. Precipitation data from eather station in College Park, were
used to determine lag times (time interval betwaegks or centroids of rainfall and
runoff). The NE Branch watershed is large enaihgih some storm events do not
affect the entire basin. Storm response can vaeytd both the temporal intensity
and spatial size of individual storm events. Itura humid temperate watersheds,
the lag between peak storm precipitation and peak® discharge is fairly long--
from hours to days-because most runoff takes subsurface flow pattizetgtream
(Dunne and Leopold, 1978). Urbanization shortaggilnes. This is evident in
comparisons of the lag times for the Greencaster@ Hill, and Northeast Branch
gauges.

Storm hydrographs for NEB and Cherry Hill show dymmmeity of peak
runoff for some storm events. The storm that het\Washington, D.C. metropolitan
area on April 28, 2009 produced hydrographs with similar respommsing for both
sites. Fig. 39 shows the storm hydrographs oCH&) and NEB gauges, as well as
the rainfall rate and cumulative rainfall over timiuring this storm, the peak
precipitation rate was 0.23 inches per hour anddtase rainfall was 1.13 inches. The
lag time between the peak discharge at CHU and W&Bonly fifteen minutes, but
the travel time between these two stations shoelddout 90 minutes for the

measured velocity values. This suggests thatreiéiie began in the lower watershed
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first or that rapid flow to the stream from the Wigaurbanized lower portions of the
NE branch watershed generated much of the NEB lgydph peak (or a combination

of these processes).
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Figure 39 a) Initial gauge height (m) and hyetpbréin/hr) for the. April 28 Storm . b) Discharge
hydrographs for the same storm; Orange is Norttgrasich discharge (its), Blue isCherry Hill

discharge (rfis) note the synchroneity of the discharge peak
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Similar synchroneity of peaks was observed betvieeiGreencastle gauge
and the Cherry Hill gauge during another similarst on March 28, 2009, seen in
fig. 40. In this case, the upstream GC gaugedgabdk minutes after the CHU
gauge. This may have been due to the spatialistyn of storm rainfall. This
storm event was similar in intensity to the Apiif"storm, with a peak precipitation
rate of 0.24 inches per hour and a total rainfall.64 inches. The synchroneity of
GC and CHU runoff peaks suggests that the storitihé@ihorthern locations prior to
the southern locations. For this storm, the NE8 experienced a longer hydrograph
peak than the CHU site during this storm. Lag tbeeaveen CHU and NEB peaks

was 45 minutes lag in peak discharge between tég. si
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The largest duration storm event measured wasidabtorm Hannah (fig.
41), which produced intense rains in the area quieBeber &, 2008. Total storm
rainfall was 2.26 inches of rain, and for a perwddime, the rainfall rate exceeded an
inch (2.5 cm) per hour. Shortly after the peakfiall intensity of the storm, the NEB
site peaked in discharge about 30 minutes befer€tU site. These data suggest
that the rapid transmittance of water from impengigurfaces and storm sewers in
the lower watershed cause NEB to peak earlier ttzevel time from the upstream
tributaries can allow.

Lag times between rainfall and runoff events caly be defined when
the timing of the rainfall is well-known. The ragauge location for the watershed is
located in College Park, which is near the centéh@watershed, but may not define
the timing of storm events for localized stormdefiefore, rise time was used to
determine hydrological response time at all locstioThese data are shown in fig. 42
and they indicate that hydrograph rise time, threetfrom the start of precipitation to
the peak discharge of the storm, is very similatGblU and NEB and the rise times
do not incorporate the travel times between thedines. These data suggest that the
initial peak of the hydrograph at the NortheastrBragauge is generated by runoff
from the local impervious surfaces, storm sewetesys, and channelized stream
beds near the NEB gauge. Contributions from ttetrepm tributaries arrive at the
downstream station later and contribute to thedbscharge peaks at the NEB

gauge.
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Figure 42. Hydrograph rise time for runoff evefatsboth CHU and NEB. Runoff is calculated as
total runoff volume divide by catchment area. Btd&ise Time v. Storm Runoff for CHU and NEB.

Excluding the outliers, Rise Time increases withaffi volume and is similar for both sites.

Sorm Rainfall-Runoff Relationships

Rainfall-runoff ratios are used to determine th@ant of storm precipitation
that immediately enters the stream system duristgran event. A high rainfall-
runoff ratio can be caused by a precipitation eteatt wasn’t absorbed into the
ground due to intense rainfall, rapid transmittaoceater to streams due to
impervious surfaces and/or storm drains, or fromgion’s steep topography leading
to nearby streams. To determine the total amoustosim runoff, streamflow
hydrographs were used to obtain the total rundffime at each gauged site. This
can be done by calculating the total volume of wat@ storm hydrograph and

subtracting out the volume of the baseflow, thelibsge that existed before the
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storm event. This runoff volume was converted tmia value of runoff by dividing
total volume () by basin area (fn Stream runoff is the surface and groundwater
that is delivered to the stream during a storm evéable 10 summarizes the rainfall,
runoff, runoff as a percent of the total storm vo&j and rise time of seven storm
events in the Anacostia River watershed that cbaldheasured at both the CHU site

and at the NEB gauge.

Table 10. Rainfall-runoff relationship data summary

Rainfall Runoff Rise Time

Storm (cm) Site (cm) Ratio (minutes)
6/27/2008 1.45 CHU 0.20 0.14 90
NEB 0.27 0.19 75
7/14/2008 1.65 CHU 0.47 0.28 165
NEB 0.41 0.25 90
7/27/2008 2.29 CHU 0.28 0.12 105
NEB 0.21 0.09 90
9/6/2008 5.74 CHU 1.18 0.20 265
NEB 0.79 0.14 310
10/1/2008 1.12 CHU 0.32 0.29 165
NEB 0.09 0.08 195
4/20/2009 2.87 CHU 2.42 0.84 450
NEB 1.74 0.61 450
6/5/2009 1.80 CHU 0.28 0.15 990
NEB 0.43 0.24 960

The relationship between runoff and rainfall iswhan fig. 43 and the ratio
is given in Table 10. These data indicate thattineff ratio for Little Paint Branch
Creek (CHU) is 0.20 £ 0.07; that stream runoffbeat 20% of storm precipitation.
The amount of runoff generated from the entire NiBershed is very similar; the
average runoff ratio is 0.17 £ 0.07. This sugg#sis stream runoff is about 17% of
precipitation. The difference in runoff ratios mag due to rainfall measurement
accuracy over the basin. The April"26torm generated unusually high runoff values

at both locations. This storm event occurred aftseries of large storms, which
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generated very high antecendent moisture conditidnsng this storm event, runoff
was generated from lawns and other grassed suifaeeslition to streets and
impervious surfaces. For this event, runoff rates 0.84 for CHU and 0.61 for
NEB.

The significance of runoff is not only its voluni®jt also what the runoff
carries. The studies by Allmendinger et al. (2087 Pizzuto et al. (2000) suggested
that a sizeable portion of the sediment budgetenurban streams that they studied
was due to the erosion of upland areas in thefreeis/e watersheds. In the NEB
watershed, the timing of runoff and erosion camsed to identify potential sources

of sediment to the stream channel.
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Figure 43. Storm Runoff v. Storm Rainfall at CHWadEB. The average runoff ratio for CHU is

0.20 and the average runoff ratio for NEB is 0.The 4/20/09 storm generated much higher runoff.
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Precipitation is a point measurement and it isefuge hard to determine
accurately for large watersheds. Therefore, theffwolumes for NEB and its
tributary Little Paint Branch Creek were directiyngpared. The relationship between
runoff at CHU and NEB is illustrated in fig. 44.itidicates that the total runoff
volume for NEB gauge is about 72% of the runoffumoé for CHU for all of the

measured storm events.
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Figure 44. Relationship between storm runoff (can)CHU and NEB
Rnes = 0.72 (Ruu); R? value = 0.95.

4.4.3 Watershed Scale Turbidity

Water shed scale variations in turbidity
Continuous measurements of storm turbidity weszlie examine the

distribution of turbidity with time during a storavent. The previous examination of
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the timing of runoff illustrated that proportionalinore runoff was generated from
the Little Paint Branch Tributary than the watershs a whole, but that the timing of
runoff at the NEB gauge illustrated that a sigmificrunoff response was generated
from the lower portions of the watershed. Simgescedures can be used to examine
the timing of peak turbidity and total turbidityluones at each of the gauge locations.
Turbidity measurements for all four gauged sitessiwown in fig. 45. For
these two storms, the Greencastle Road site hgdiiférent turbidity values when
compared to the other sites. This may be duecaliled storm intensity in this small
watershed or variations in sources of sedimenndwstorms. In general, turbidity
data are the flashiest for the GC and the CherllySttes. NEB often shows an early
turbidity flux that is probably associated with ts&rly runoff from urban sites in the
lower watershed. The total turbidity fluxes forfalur sites in Table 11 and they

indicate that the basin outlet, NEB, consistendyg the largest turbidity flux.

Table 11. Comparison of Turbidity data for 4 stasio

Turbidity
Storm Site Flux Avg.Turb.
12/19/2008 GCR 2541.7 8.92
CHU 2991.1 9.44
CHD 4351.1 13.73
NEB 7540 23.79
1/28/2009 GCR 839.8 8.75
CHU 3708.7 38.63
CHD 2783.8 28.99
NEB 4116 42.88
3/27/2009 CGCR 13500.5 87.67
CHU 11903.6 77.3
CHD 13857.5 89.98
NEB 17873 116.06
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Figure 45. Turbidity at all gauges: A) 1/28/091&t. Total Rain: 0.38 inches. Average Rainfall
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A comparison of the Cherry Hill and the NEB gaugeshown in fig. 36. The
NEB gauge often has two turbidity peaks: a bshafrt peak, that is associated with
the heavily urbanized lower watershed that deliveter rapidly to the gauge and a
broad peak, which is associated with tributary tspurhe two Cherry Hill gauges
show very similar turbidity curves, with slightlygher peaks associated with the
downstream gauge. Sources of sediment betweenttheggmuges is limited to bank
and bed erosion; there are no tributary or stonves@&puts between the two sites.
This suggests that bank erosion in the bar conmglagh does provide an additional
input of sediment.

Peak and total turbidity data at the two Cherry Bauges and NEB for seven
storms is summarized in Table 12. The total tutypnblues indicate that the total
flux of sediment is greater at the downstream NE® $eak turbidity values are
often similar for both sites, with an average o6 38U for the CHU site and 290
FNU for NEB. This is significant because of theaimgreater stream power
available at the NEB site to move sediment in campa with the CHU site.

Despite smaller shear stresses during storms, tighedity values are recorded at
CHU than at NEB. This is probably due to a varigtgauses. High turbidity values
are likely associated with bank erosion in thel&iRaint Branch drainage area, while
bank protection in much of the lower watershedtsniank erosion processes. In
addition, although the initial runoff from urbanizareas generates a turbidity peak,

the contributed runoff also dilutes sediment cotregions.
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Figure 46. Comparison of Storm Turbidity Curvestfue Cherry Hill and NEB sites. A) 10/1/08

Storm Turbidity Curve. B) 6/5/09 Storm Turbidity@e
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Table 12. Turbidity for NEB and CHU sites

Peak Discharge Peak Total
Storm Site (m3/s) Turbidity Turbidity
6/27/2008 CHU 6.3 514 6867.9
NEB 45.3 460 11362
7/14/2008 CHU 3.6 180.5 2595.9
NEB 19.3 180 8731.7
7/27/2008 CHU 10.1 270.5 3296.3
NEB 16.9 340 9793.7
9/6/2008 CHU 16.9 386.2 6787.7
NEB 53.8 370 11390
10/1/2008 CHU 5.38 364 5311.3
NEB 10.1 150 5797
4/20/2009 CHU 10.8 520 23356.2
NEB 48.4 410 29859.7
6/5/2009 CHU 5.38 113.7 7721
NEB 334 120 9248

The relationships between turbidity and dischdogeéhe Cherry Hill and
NEB gauges are shown in fig. 47. The diagram @il toirbidity versus discharge
indicates that although discharge values are migtitehfor the downstream end of
the reach, that total turbidity values are simitarboth NEB and CHU. The tributary
CHU has higher peak turbidity than NEB, this sug¢gegher storage of sediment

within the system and dilution of sediment concatndns.
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4.4.4 Bar Complex Turbidity

Gauges were placed up and downstream of the CHdffgar Complex to
examine whether bank erosion in the gravel bartreasulted in a significant input in

turbidity.

Storm Turbidity Curves

Comparison of storm turbidity curves measured atugbstream and
downstream Cherry Hill sites indicates that CHDegelly has a larger turbidity flux
and a slight delay in peak turbidity. Turbidityi@es for a variety of storms are
shown in fig. 46 and fig. 48. Most of the data gade that the CHD gauge
consistently peaking later and at a higher NTU timenCHU gauge.

In addition to showing increased peak turbidities/dstream of the bar
complex, the gauges have shown evidence of mdasefapf the banks after major
storms such as the one between Juffeadd 38", 2008 (fig. 49). Over a period of a
couple days after the storm the turbidity readioigdhe downstream gauge started
peaking in comparison with the upstream gaugese®s on the turbidity curve, this
phenomenon occurred no less than three times mgtieasing intensity. Banks
weakened by the bank erosion of major storms ketylto succumb more easily to

the increased pore water pressure caused by sabsuldw during and after storms.

114



200

180 - * CHD
160 +- ¢ CHU
140 .
’
120 - . Temgan " ‘P‘L'.
[] N --l L . l‘.
wol RV - 2 o, s
804 - ,,l!.i.:,‘:,,,,,,o,g,‘! ,,,,,,,, ’,9 ..,,‘,,‘!,,-,,..‘
LI Sy o ¢ o% s % - .

0 - AR SR SRR ’:% R
40 ,m‘ [] X

20 -

00:8
0€:6

700

600 -

500 -

400 -

NTU

300 -

200 -

100 -

9:45 11:07 12:30 13:52 15:15 16:37 18:00 19:22 20:45 22:07 23:30 0:52 2:15 3:37 5:.00 6:22 7:45 9:07

Time

Figure 48 a) 6/5/09 Storm Turbidity Curve: CHU &idD; b) 9/6/08 Storm Turbidity Curve: CHU
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Figure 49. Turbidity measurements showing probaidss failures after 6/27-6/30/08 Storm

A gauge was temporarily placed downstream of itiselfar in the bar
complex in order to evaluate turbidity changes rgash and downstream of the bar.
The data showed that in two out of three storm®ttegall turbidity flux decreased
between CHU and the gauge downstream of the gbavetitlied CHGB (see fig. 50).
This effect may have been caused by the positianitige channel, but it also
suggests single bankfull gravel bars can atterfustesediment during storm events.
When in place, CHU and CHGB appeared to experidiffterent peak timings, but

shared a similar overall shape of the turbidityveur
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Turbidity Fluxes, Lag Times, and Peaks within the Bar Complex

Table 13 shows the turbidity fluxes and peaks betw@HU and CHD. Of

the nine storms analyzed, the net flux of CHU esleeeCHD only once. On average,

the measured turbidity at CHU is ninety percerthat measured at CHD (see fig.

51). The magnitude of the peak turbidity measurémappear to correlate with the

peak gauge height for each storm, as does thetpdadity delay. This may be

caused by the increase in stream velocity witheased depth and discharge. The

size of the turbidity flux was directly proportidria the length and intensity of the

particular storm events.
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Figure 51. CHU Total Storm Turbidity as a perceetafCHD total storm turbidity. On average

CHU'’s total turbidity is about 90% of CHD's.

The timing of peak turbidity varied with storm et®rand at times was
indistinguishable at the 7.5 minute gauging intervidherefore, the gauging interval
was decreased to 3:45 minutes to determine theltiave of turbidity though the
system. For the Jun& Storm (see fig. 48) the peak turbidity delay coutd be
determined. This was because of how scatteretithelity data points were
between gauging intervals. Unfortunately it is kikbwn at this time if that
scattering was a product of the individual stormjust something more easily
observed with the smaller gauging interval of 3céfpared with 7:30.

During the flow recession of a couple of the stqrfakigs” of turbidity

flowed through the bar complex. The slugs weremetaly foreign to the system
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and probably originated as a bank failure upstreaother point source further
upstream. The instance where these were obsamnthad data allowed for it to be

determined if the bar complex attenuates fine sedtrafter storms.

Table 13 Turbidity flux data for CHU and CHD.

Peak

Average Peak Peak Turbidity Gauge Turbidity Net

Storm Site Turbidity  Turbidity Delay Height (m) Flux Flux
CHU 26.67 180.5 0.54 4721.3

7/14/2008 CHD 31.70 154.7 7:30 0.44 5610.9 889.6
CHU 60.44 304.8 0.81 6346

7/27/2008 CHD 64.35 364.8 7:30 0.70 6756.8 410.8
CHU 71.27 430 1.00 13754.8

9/6/2008 CHD 85.14 623 0 0.86 16432.7 2677.9
CHU 33.62 161.4 0.61 6488

9/10/2008 CHD 31.48 130.6 15:00 0.47 6076 -412
CHU 74.94 334 0.74 24055.1

12/11/2008 CHD 91.98 537 7:30 0.70 29526.2 5471.1
CHU 70.85 505 0.68 24947.6

3/27/2009 CHD 81.30 480 7:30 0.50 28049.2  3101.6
CHU 153.17 656 0.64 19605.3

4/3/2009 CHD 169.77 1062 7:30 0.52 21730.3 2125
CHU 96.49 525 0.82 37150.4

4/20/2009 CHD 107.57 546 0 0.68 41415 4264.6

6/5/2009 CHU 74.68 118.4 NA 0.63 19193 2031.8

During the recession of a storm event on Juf?c 2008 a pair of distinctive
bumps can be seen on the storm turbidity curvg. 32 shows the slug of sediment
in greater detail. The overall shape of the sh@nges from trapezoidal upstream to
a bell curve downstream. Between the two sitéstad of 10 NTU was reduced in
the total flux, which cannot be regarded as sigaift due to potential gauging error

and the small number of data points.
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Another natural slug was measured during the stordune 8 2009 (fig.
52). The slug of turbidity began shortly after@@during the storm recession, and it
produced the turbidity curve seen in fig. 52c. Tieeflux between the sites was
129.5 NTU’s. Twenty-two minutes and thirty secoetigosed between the start of
the slug upstream and down, allowing the speetsahovement to calculated as 0.39
m/s. The elapsed time before the start and etiteaglug at each site was 1:22:30 for

CHU and 1:15:00 for CHD.

4.4.5 Potential Confounding Factors

For most storms the gauges were programmed taatakeasurement of depth
and turbidity every 7.5 minutes. This number wassen so that the data obtained
could be easily matched with data taken at the UB@MNortheast Branch gauge
further downstream which has 15 minute measuremanvals. The speed and
composition of water flowing through any channeii@s constantly with turbulence
and mixing, and because of this the turbidity isstantly changing. Depending on
flow conditions, the actual stream conditions magnge faster than the gauges take
measurements. During especially intense stornak pebidities and depths may be
missed entirely.

The velocity of water flow is dependent on the bdaage of the stream. While
some turbidity is being picked up within the bamgex, the ambient turbidity from
upstream sources will have varying speeds of mouwetheough the complex,

depending on the magnitude of flow. Because &f thie peak turbidity lag times are
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entirely dependent on the flow depth and duringgisnd falling limbs of the
hydrograph the source of turbidity cannot be deteechabsolutely.

The gauges are located on the bed of the streantheebank. They are
located in the deepest part of the stream, but@netheless influenced by bank and
bed roughness. The speed at which turbidity mtdwesigh the system is not
necessarily reflected accurately by gauged datdaldecreased flow velocity near
the bed and banks of the stream. The actual aéplie different gauges is never the
same and varies with discharge, so the near beditxelpstream will usually be

different than it is downstream.

4.5 Discussion

4.5.1 Summary and Implications

Storm events in the Anacostia River watershed causenplex chain of
events that can be traced from the headwatersghrmuthe outlet into the Potomac.
In this chapter I've determined that due to theeekbf urbanization in the watershed,
the storm response from the Northeast Branch hay pr@perties similar to that of
the Little Paint Branch. Their storm hydrograpbkofv a similar form, and lag times
between peaks at the two sites are often only regnapart when one could expect
them to be around ninety minutes solely from theel time of the water. This is due
to the effects of stormwater management practicé®ih watersheds. While the
practices may work to prevent flooding, they hale® @hanged the hydrology of the

area and provide a vehicle for the rapid transiftaurface erosion and its

122



associated particulate to the rivers, which co@déen in the initial turbidity
responses of some storms.

The proportions of storm runoff at NEB comparethviHU was surprising,
as | expected that NEB, with its greater imperviatesa and many tributaries, to have
a much higher proportion. This result was posssinyply due to the sheer size of the
NEB drainage area in comparison with that of CHUiol would allow for more
time for the retention and/or infiltration of stomwater. Also, the overall gradient of
the NEB drainage area is smaller, inhibiting thevement of runoff in comparison
with the CHU drainage area which begins in the Rigat.

The CHU site produced much flashier (rapidly pegkistorm turbidity values
than the Northeast Branch gauging site did, indhgathat there are one or more point
sources upstream within the river or watershed.vBleime, the Little Paint Branch
appears to be a major source of sediment; howg\giprobable that much of this
sediment is stored before it reaches NEB as the W&Brshed has several tributaries
that are also considerable sources of sedimerit,asutndian Creek. The turbidity
flashiness was even more extreme at the GCR gauggesting that the source of
turbidity is storm runoff as there is no signifit@nosion upstream of the GCR site.

Within the Cherry Hill Bar Complex it was deterraththat during storms
turbidity increased by only approximately ten petdeetween CHU and CHD. This
was very likely due to bank erosion within the bamplex, as in Chapter 3 it was
established that the gravel bars appear to seddgttore fine sediment and the
decreased shear stresses over the bar tops itit@bititiation of sediment transport

during storms, and also a mass failure event wasded in the turbidity data after a
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storm. By studying the foreign “slugs” of sedimemving through system,
however, it appears that during flow recessiongifaarel bar complex reduces the
sediment concentration of the flow, though this rap be due to natural settling.
Above all else this study has demonstrated the oty of watershed storm
response and sediment transport measurement. fdestia River watershed has
been altered by urbanization such that the fundéheantrols of its hydrology and
morphology — water and sediment supply, are veficdit to model. Even given the
complexities encountered however, some regionafganéral relationships could be

established.

4.5.2 Future Work

The time series data on turbidity and depth caemi@lly be used to
determine threshold values for shear velocity amblidity. Preliminary analysis has
been performed and found some strong initial rehethips for sediment fall velocity
and shear velocity thresholds for certain storisth more refinement and water
sample collection during storms, a relationshipveein turbidity and TSS should also

be able to be determined.
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Chapter 5. Conclusions

The Little Paint Branch is responding to changdsyarology and sediment
supply caused by urbanization through the formatiogravel bars and channel
widening. Channel widening decreases flow depthtans shear stress for bankfull
and higher stages, thus flood discharges do noltliesexpected increases in
sediment transport within the system. The decreafiew depth caused by bar
formation causes more frequent overbank floodirdjiehas reattached the Little
Paint Branch to its floodplain. This last devel@mnhmay be crucial to the health of
the Anacostia River and the entire Chesapeake Bayéhole. Floodplains in
coastal rivers are the last opportunity for stoadisients and their associated
contaminants to be stored prior to discharge istaaine and coastal systems.

Rosgen has suggested that river processes catil@ted from stream
morphology. In the case of the Little Paint Bra@reek, the gravel bar reaches with
their relatively high rates of stream bank erosiauld be viewed as erosion
problems. Due to their lack of entrenchment, havethey would be viewed as
having higher stability than adjacent entrenchedhes according to Rosgen’s
classification scheme. This contradictory evideoicstability based on channel form
and recent bank erosion can only be evaluateddaith. This study provided an
estimate of the amount of additional turbidity cadi®y bank erosion in the bar
complex reach. The bank erosion caused a 10%aiseri@ turbidity during this
active phase of channel enlargement. The gravdbbaation, however, might
provide a mechanism for channel change that resultereased overbank flooding

and sediment storage on the floodplain.
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More work needs to be done on the relationship betvierbidity and
sediment load in the Little Paint Branch so thatermefined models of transport
within the Little Paint Branch can be developetiwduld also be beneficial for more
monitoring of headwater streams in NE Branch Watisand non-urban nearby
watersheds in order to understand channel changeban watersheds. Storm water
management practices in the area need to be esdlfattheir contribution of

suspended sediment to local streams.

126



Bibliography

Allmendinger, N.E., J.E. Pizzuto, G.E. Moglen, andldwicki. 2007. A Sediment
Budget for an Urbanizing Watershed, 1951-1996, Momigry County,
Maryland, U.S.AJournal of the American Water Resources Association
43(6): 1483-1498.

Arnold, C.L., P.J. Boison, and P.C. Patton. 19&2vi8ill Brook: An Example of
Rapid Geomorphic Change Realted to Urbanizatloar.nal of Geology 90:
155-166.

Ashworth, P.J., R.l. Ferguson, and M.D. Powell. 1992asurements in a braided
river chute and lobe: II. Sorting of bedload durergrainment, transport, and
deposition Water Resources Research 28: 1887-1896.

Barry, J.J., J.M Buffington, and J.G. King. 2004géneral power
equation for predicting bed load transport rategravel bed riverswater
Resources Research 40: W10401

Behrns, K. 2006. Evaluation of Channel Adjustméaterbanization on
the Paint Branch Stream System. Unpublished Sdimesis Paper,
University of Maryland College Park.

Bernhardt, E.S. and M.A. Palmer. 2007. Restoringastis in an urbanizing world.
Freshwater Biology 52: 738-751.

Bridge, J.S. 2003. Rivers and Floodplains: Formgcésses, and Sedimentary
Record. Blackwell Science Ltd., Malden, MA. 491pp.

Brierley, G. and K. Fryirs. 200%eomor phology and River Management:
Applications of the River Styles Framework. Oxford, UK: Blackwell
Publishing.

Brush, G.S. 1989. Rates and Patterns of Estuagder@nt Accumulation.
Limnology and Oceanography 34: 1235-1246.

Chesapeake Bay Program. Chesapeake Bay 2006 ldadlttestoration assessment.
<www.chesapeakebay.net>

Chin, A. 2006. Urban transformation of river lanases in a global context.
Geomorphology 79: 460-487.

Church. 2006. Bed material transport and the mdggyoof alluvial river channels.
Annual Review of Earth and Planetary Sciences 34: 325-354.

127



Cronin, T.M. and C.D. Vann. 2003. The Sedimentargdre of Climatic and
Anthropogenic Influence on the Patuxent Estuary@hesapeake Bay
EcosystemsEstuaries 26: 196-209.

Dade, W.B. and P.F. Friend. 1998. Grain size, sedirtransport regime and channel
slope in alluvial riversJournal of Geology 106: 661-675.

Dangol, A. 2009. Transport and Storage of CoarseFame Grained Sediment, Little
Paint Branch Creek. Unpublished Senior Thesis R&peversity of
Maryland College Park.

Dawdy, D.R. 1967. Knowledge of Sedimentation in&frtienvironmentslournal of
Hydraulics Division, ASCE 6: 235-245.

Dietrich, W.E., J.W. Kirchner, H. Ikeda, and | Fkgi 1989. Sediment supply and the
development of the coarse surface layer in gragdibd riversNature 340:
20.

Dunne, T. and L.B. Leopold. Water in Environmerkinning. W.H. Freeman and
Company, New York. 818pp.

Eaton, B.C. and R.G. Millar. 2004. Optimal alluvtdlannel width
under a bank stability constrai@eomorphology 62: 35-55.

EPA. Anacostia River Basin Watershed Sediment/TS&/lsiad Approval Letter.
PDF, Online.

Flintham, T.P. and P.A. Carling. 1993. Design ab# drainage
networks in upland forestry plantatiom$ydrological Processes 7(3): 335-
347.

Gao, P. 2008. Understanding watershed suspendedesgdransportProgressin
Physical Geography 32(3): 243-263.

Hammer, R.J. 1972. Stream channel enlargemeniodugbinizationWater
Resour ces Research 8(6): 1530-1540.

Hession, W.C., J.E. Pizzuto, T.E. Johnson, andHdowitz. 2003. Influence of
Bank Vegetation on Channel Morphology in Rural amddn Watersheds.
Geology 31: 147-150.

Hey, R.D. and C.R. Thorne. 1986. Stable Channels Mobile Gravel Bedslournal
of Hydraulic Engineering 112(8): 671-689.

128



Huang, H.Q., G.C. Nanson, and S.D. Fagan. 2002rddjid geometry
of straight alluvial channels and the principldezst actionJournal of
Hydraulic Research 40: 153-160.

Kemp, W.M., W.R. Boynton, J.E. Adolf, D.F. Boesch,&VBoicourt, G. Brush, J.C.
Cornwell, T.R. Fisher, P.M. Gilbert, J.D. Hagy, L.Warding, E.D. Houde,
D.G. Kimmel, W.D. Miller, R.I.E. Newell, M.R. Romag,.M. Smith, and J.C.
Stevenson. 2005. Eutrophication of Chesapeake IBigtorical Trends and
Ecological InteractiondMarine Ecology-Progress Series 303: 1-29.

Kosiba, A. 2008. Stability of Gravel Bars in PaBranch Creek. Unpublished Senior
Thesis Paper, University of Maryland College Park.

Leopold, L.B. and T. Maddock. 1953. The Hydraulio@etry of Stream
Channels and Some Physiographic Implicati@enlogical Survey
Professional Paper 252

Leopold, L.B. and J.P. Miller. 1956. Ephemeral StreaHydraulic Factors and Their
Relation to Drainage NeGeological Survey Professional Paper 282-A

Leopold, L.B. and M.G. Wolman. 1957. River Channatténs: Braided, Meander
and StraightGeological Survey Professional Paper 282-B

Mclean, S.R. 1991. Depth-Integrated Suspended-La@dcli@tions.Journal of
Hydraulic Engineering 117(11).

Millar, R.G. 2004. Theoretical regime equationsrarbile gravel-bed
rivers with stable bank&eomorphology 64: 207-220.

Morisawa, M. and J.E. LaFlure. 1979. Hydraulic Geamedtream Equilibrium, and
Urbanization Adjustments of the Fluvial System 10: 333-350.

Neller, R.J. 1988. A comparison of Channel Erosm8mall Urban and Rural
Catchments, Armidale, New South Walé&sarth Surface Proces and
Landforms 13(1): 1-7.

Parker, G. 1978. Self-formed rivers with equilibndanks and mobile
bed: Part 2: The gravel river. Jouro&Fluid Mechanics 89: 127-146.

Parker, G. 1979. Hydraulic Geometry of Active GiaReers.Journal
of the Hydraulics Division HY9: 1185-1201

Parker, G., P.C. Klingeman, D.G. McLean. 1982. Badland Size Distribution in

Paved Gravel-Bed Streandsurnal of the Hydraulics Division 108(4): 544-
571.

129



Paul, M. and J. Meyer. 2001. Streams in the urbasstzapeAnnual review of
Ecology and Systematics 32: 333-365.

Pizzuto, J.E., W.C. Hession, and M. McBride. 2000m@aring gravel-bed rivers in
paired urban and rural catchments of southeastmngylvaniaGeol ogy
28(1): 79-82.

Prince George’s County DER.
<www.princegeorgescountymd.gov/Government/AgencsxidER>

Prestegaard, K.L., S. Dusterhoff, K. Houghton, KarCy, and E. Stoner. 2001.
Hydrological and geomorphologic characteristicR@dmont and Coastal
Plain Streams, MDMaryland Department of Environment Report.

Rosgen, D.L. 1994. A classification of natural rsv€atena 22: 169-199.

Rouse, H. 1937. Modern conceptions of the mechafittgbulenceTrans American
Soceity of Civil Engineering 102: 436-505.

Simon, A., M. Doyle, M. Kondolf, F.D. Shields, B. Rits, and M. McPhillips.
2007. Critical evaluation of how the rosgen clasatfon and associated
“natural channel design” methods fail to integratel quantify fluvial process
and channel responskaurnal of the American Water Resources Association
43(5): 951-956.

Ward, J., K. Tockner, U. Uehlinger, and F. Malard02. Understanding natural
patterns and processes in river corridors as this lbar effective river
restorationRegulated Rivers. Research and Management 17: 311-323.

Wiberg, P.L. and J.D. Smith. 1987. Calculationshef Critical Shear Stress for
Motion of Uniform and Heterogeneous SedimeWiater Resources Research
23(8) 1471-1480.

Wilcock, P.R. 2001. Toward a practical method fetireating sediment-transport
rates in gravel-bed rivergarth Surface Process Landforms 26: 1395-1408.

Wilcock, P.R. and J.C. Crowe. 2003. Surface-basatport model for mixed-size
sedimentJournal of Hydraulic Engineering 129(2): 120-128.

Wolman, M.G. 1955 A method of sampling coarse rived-materialTransactions,
American Geophysical Union 35(6).

Wolman, M.G. 1967 A cycle of sedimentation and emosn urban
river channelsGeografiska Annaler 49A: 385-95.

130



Wolman, M.G. and A.P. Schick. 1967. Effects of Camgion on Fluvial Sediment,
Urban and Suburban Areas of Marylakithter Resources Research 3(2):
451-464.

Yang, C.T., C.C.S. Song, and M.J. Woldenberg. 1B&tiraulic

geometry and minimum rate of energy dissipatitater Resources
Research 17: 1014-1018.

131



