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The circulation and salt balance in the Albemarle-Pamlico Sound (APS) are 

investigated using a 3D hydrodynamic model. Although stratification is weak, the 

mean flow features a two-layer gravitational circulation. At the seasonal time scale, 

the circulation is driven by seasonally shifting prevailing winds but also affected by 

the horizontal density gradients generated by geographically separated sources of 

freshwater and saline water. The wind-driven circulation in the northern Pamlico 

Sound shows a laterally sheared flow and is determined by the balance between wind 

stress and barotropic pressure gradient. In contrast, the circulation in the southern 

basin shows a vertically sheared flow and is affected by both barotropic and 

baroclinic pressure gradients. The salt budget in APS is controlled by river flows and 

salt exchanges through the inlets. The salt flux due to estuarine shear flows is much 

weaker than that due to tidal pumping and subtidal wind-driven barotropic transport. 
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Chapter 1: Background and introduction 

 

Estuaries are semi-enclosed coastal water bodies which receive freshwater from 

land drainage (Pritchard, 1967). They feature a wide range of topographic shapes, 

including coastal plain estuaries, fjords, and lagoonal/bar-built estuaries. Much 

progress has been made in understanding the tidally averaged circulation and 

stratification in estuaries (MacCready and Geyer, 2010). Width- and tidally averaged 

momentum and salt equations have been developed to investigate estuarine dynamics 

(Hansen and Rattray, 1965; Chatwin, 1976) and have led to a greater appreciation of 

the key role played by the time dependency of the length of the salt intrusion 

(MacCready, 2004; 2007). In the mean time, advances have been made in 

understanding detailed dynamics within the tidal cycle and across irregular channel 

cross-sections (e.g. Simpson et al., 1990; Stacey et al., 1999; Geyer et al., 2000; 

Valle-Levinson et al., 2000; Lerczak and Geyer, 2006; Scully et al., 2009).  

 

Most of the previous research in estuarine dynamics has focused on the effects of 

tides. Relatively little attention has been paid to the role of winds in estuarine 

circulation, despite predictions of first-order effects (Bowden, 1953; Rattray and 

Hansen, 1962) and observational evidence of strong wind driven flows (e.g., Wang, 

1979a, b; Goodrich et al., 1987; Wong and Moses-Hall, 1998; Wong and Valle-

Levinson, 2002; Winant, 2004). It has long been recognized that the wind-driven 

circulation in semi-enclosed estuaries depends on many factors, including wind-stress 

magnitude and direction, bathymetry, Earth’s rotation, density stratification, and 
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bottom friction. Csanady (1973) analytically solved for wind-driven transport in large 

lakes using a dynamical balance of wind stress, an opposing sea level gradient, and 

bottom stress. This work was later expanded (e.g. Hunter and Hearn, 1987; Mathieu 

et al, 2002) and extended to estuaries (Wong, 1994). Winant (2004) presented an 

analytic model that includes the previously neglected Coriolis effects. In these steady-

state models, there is no net volume flux through an estuarine cross-section. In a flat-

bottom channel, the downwind flow occupies the surface layer and the upwind flow is 

below (Heaps, 1984). Pronounced across-estuary depth variations (e.g. shallow flanks 

with a deep channel) lead to lateral alignment of inflows and outflows, with surface-

intensified downwind jets along the coasts flanking a central bottom-intensified 

upwind flow over the deepest areas. Wind-driven flow patterns consistent with 

analytic solutions have been observed in some shallow well-mixed estuaries (e.g. 

Gutierrez de Velasco and Winant, 2004; Valle-Levinson et al, 2004).   

 

Meanwhile, stratification, which affects vertical momentum exchange processes 

and therefore the circulation, has been widely investigated. The wind has been treated 

as a source of kinetic energy that promotes mixing. However, Scully (2005) 

demonstrated that the along-channel wind plays a dominant role in governing the 

increase or decrease in vertical density stratification and the corresponding estuarine 

exchange flow via wind straining effect on the along-channel estuarine density 

gradient. Down-estuary (up-estuary) winds enhance (decrease) the tidally-averaged 

vertical shear, which interacts with the along-channel density gradient to increase 

(reduce) vertical stratification. So at subtidal time scale, in addition to estuarine 
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density gradient, the along-channel estuarine flow is also affected by the wind 

straining as well as direct wind mixing.  

 

Additionally, in a shallow and wide system, the friction from bottom boundary 

layer and the Earth rotation effect have been shown important (Valle-Levinson, 

2007). Basin’s width, friction, and Earth’s rotation are used to determine the 

conditions under which the density induced exchange flow is vertically sheared or 

laterally sheared. 

 

Since horizontal density gradient is the key factor for the estuarine response to 

wind forcing, the salt exchange processes at the estuary mouth and the redistribution 

of salt inside the estuary have also been intensively studied. The salinity intrusion in 

an estuary is maintained by a competition between two opposing longitudinal salt 

fluxes—an advective flux resulting from freshwater outflow, tending to drive salt out 

of the estuary; and a downgradient salt flux, tending to drive salt landward. 

Determining the mechanisms that drive the downgradient salt flux in different 

estuarine classes is a fundamental objective in estuarine research. Both circulation 

models and measurements have been made to study the tidal as well as subtidal flows 

and material exchange processes (Churchill et al., 1999; Luettich et al., 1999; Brown 

et al., 2000; Hench and Luettich, 2003; Vennell, 2006; Waterhouse and Valle-

Levinson, 2010). By using observations in the Hudson River estuary, Lerczak and 

Geyer (2006) studied the salt balance and determined the mechanisms that drive the 

landward salt flux. Vertical shear dispersion was found to be the dominant 
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mechanism driving the downgradient salt flux while tidal oscillatory salt dispersion is 

negligibly low. However, tidal oscillatory salt flux has been found dominant at certain 

localities where topography changes sharply (Stommel and Farmer, 1952; Wong, 

1991; Geyer and Signell, 1992).  

 

Most of the previous studies in estuarine dynamics focus on narrow and long 

estuaries, such as the James River (e.g. Pritchard, 1955; 1956), Hudson River (e.g. 

Geyer et al., 2000; Peters, 1999) and Columbia River (e.g. MacCready et al., 2009; 

Jay and Smith, 1990). Few studies have been devoted to wide and shallow lagoonal 

estuarine systems having restricted connection to the open ocean through narrow 

inlets (e.g. Noble et al., 1996; Smith, 2001; Huang et al., 2002). These systems are 

found on all continents and compose about 13% of the world coastline (Cromwell, 

1973). Previous investigations of lagoonal systems have mainly focused on tidal- and 

wind-driven exchanges across the inlets (Stommel and Farmer, 1952; Wong, 1991; 

Geyer and Signell, 1992; Churchill et al., 1999; Luettich et al., 1999; Hench and 

Luettich, 2002; Hench et al., 2003). No comprehensive investigations have been 

conducted regarding the circulation dynamics inside the lagoonal estuaries. 

 

Albemarle-Pamlico Sounds (APS hereafter) is the largest coastal lagoonal estuary 

in the United States (Fig. 1.1a). Little attention has paid to its salt balance, 

stratification and mixing, and circulation.  It consists of two major water bodies: 

Albemarle Sound to the north and Pamlico Sound to the south. Pamlico Sound has 

two pronounced basins (southern and northern basins) separated by the shallow Bluff 
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Shoals. Croatan and Roanoke Sounds are two shallow narrow waterways connecting 

Albemarle and Pamlico Sounds. Compared with its broadness, APS is shallow with 

an averaged depth of 4.5 m, varying from <2 m on the shoals to over 7.5 m in the 

center of Pamlico Sound. Neuse and Pamlico Rivers drain into Pamlico Sound while 

Chowan River and Roanoke River drain into Albemarle Sound. The North Carolina 

Outer Banks separate APS from the Atlantic Ocean, with three major inlets 

(Ocracoke, Hatteras and Oregon Inlets) serving as the main passage of saline oceanic 

water into the estuary (Pietrafesa et al., 1986; Lin et al., 2007).  

 

Previous studies have indicated that the circulation in APS is primarily wind 

driven (Pietrafesa et al. 1986). Xie and Pietrafesa (1999) developed a 3D baroclinic 

model for APS (based on the Princeton Ocean Model), and examined APS’ response 

to a sudden shift of wind direction from southwesterly to northwesterly. Xie and 

Eggleston (1999) used the model to investigate how the circulation and salinity 

distribution in APS respond to idealized winds in eight different directions. In another 

modeling study, Luettich et al. (2002) found that winds generate 13.2-h seiching 

within APS and Neuse River estuary.  

 

Several questions concerning the circulation and salt balance of APS remain 

unanswered. While it is well known that the stratification is weak in APS, the nature 

and spatial pattern of the mean circulation are not known. Although baroclinic forcing 

has been suggested to play a role in APS (Pietrafesa et al., 1986), it is unclear if the 

mean circulation is driven by the winds or by the gravitational force created by 

geographically separated sources of freshwater (rivers) and salty water (inlets). 
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Previous modeling studies have shown that winds are the major mechanism driving 

the circulation in APS at short time scales (daily to weekly). On the seasonal scale, 

winds over APS shift from southeastward winds during winter to northeastward 

winds during summer. How does the seasonal shift of prevailing winds affect the 

circulation pattern? Since APS is representative of a class of shallow and wide 

lagoonal estuaries, understanding its circulation dynamics has wide implications. APS 

generally lacks stratification which, however, varies dramatically from time to time. 

How does the seasonal shift of prevailing winds affect the stratification? How does 

fresh water input which brings large amount of buoyancy affect the stratification? 

APS receives freshwater from four rivers and exchanges salt with the Atlantic Ocean 

through the three inlets. How do the river flows and salt fluxes through the inlets 

affect the seasonal evolution of salinity distribution in APS? What is the contribution 

of the wind-driven flows to the salt flux into APS? 

 

In this study we conduct hindcast simulations of APS estuary using year 2003 

and year 1999 as examples. Our objectives are three-fold: (1) to examine the flow 

response to winds in characteristic wind directions and investigate the short time scale 

to seasonal- mean circulation patterns and seek their driving mechanisms; (2) to study 

the effects of wind and fresh water input on stratification; (3) to determine the major 

driving mechanisms that influence the salt exchange of APS. In Chapter 2, we 

introduce the ROMS model for APS and describe the validation of model results 

against observations. Chapter 3 is devoted to the analysis of three idealized cases and 

wind driven circulation in this wide and shallow lagoonal estuary. Chapter 4 is 
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devoted to determine the effects of wind and fresh water input on stratification. In 

Chapter 5, analysis of salt flux through inlets and salt balance in the whole system is 

conducted.  Concluding remarks are made in Chapter 6. 
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Figure 1.1 (a) Map of Albemarle-Pamlico Sound (APS): Chowan, Roanoke, Pamlico 

and Neuse Rivers discharge freshwater into APS while oceanic water enters it 

through Oregon, Hatteras and Ocracoke Inlets at the Outer Banks. Model-data 

comparisons of salinity are conducted along two ferry routes (blue and green lines) 

and at three stations (black open circles). (b) The rectangular model domain and 

bathymetry. The black dashed line indicates the location of Bluff Shoal which divides 

Pamlico Sound into the southern and northern parts. Open triangles show locations 

across the three inlets used for the water-level analysis.  
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Chapter 2: Model configuration and validation 

 

To answer those questions raised in Chapter 1, we develop a 3D hydrodynamic 

model for APS using ROMS (Regional Ocean Modeling System; Haidvogel et al., 

2000). ROMS is a hydrostatic, primitive equation model using a 

curvilinear/rectangular grid in the horizontal directions and a stretched, terrain-

following coordinate in the vertical direction (Song and Haidvogel, 1994). It has been 

successfully applied to several estuaries, including the Hudson River estuary (Warner 

et al., 2005a), Chesapeake Bay (Li et al., 2005; Li and Zhong, 2009), Columbia River 

and Oregon shelf (MacCready et al., 2009), and Puget Sound (Sutherland et al., 

2010).  

2.1. Model configuration 

Bathymetry is extracted from high-resolution Coastal Relief Model data archived 

at NOAA’s National Geophysical Data Center. The model domain covers Albemarle 

Sound, Pamlico Sound, four major tributaries (Neuse River, Pamlico River, Chowan 

River and Roanoke River), and a part of the coastal ocean to facilitate free exchange 

between the estuary and adjacent shelf (Fig. 1.1b). Coastal boundaries are specified as 

a finite-discretized grid via land/sea masking. The total number of grid points is 

142x162. The grid spacing is about 1.4 km in most places, but finer resolution (about 

200 m) is placed inside the three inlets that connect APS to the Atlantic Ocean (8x2 

grid points in each inlet). The model has 20 vertical layers. A quadratic stress is 

exerted at the bed, assuming that the bottom boundary layer is logarithmic over a 
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roughness height of 1 mm (Reyns et al., 2006; Xu et al., 2008). The vertical eddy 

viscosity and diffusivity are computed using the k-kl turbulence mixing scheme with 

the background viscosity and diffusivity at 10-5 m2s-1 (Warner et al. 2005b). 

Coefficients of the horizontal eddy viscosity and diffusivity are set to 1 m2s-1.  

 

The model is forced by freshwater inflows at river heads, tidal and non-tidal 

flows at the offshore boundary, and winds, heat and freshwater exchanges across the 

water surface. At the upstream boundary in the four tributaries, daily freshwater 

inflows with zero salinity and time-varying temperature are prescribed. The river 

flows obtained at USGS gauging stations are multiplied by the ratio of the entire 

river’s drainage to the drainage area of the monitoring station (Lin et al., 2007). 

Figures 2.1c and d show the time series of river flows in 2003: Chowan and Roanoke 

Rivers which drain into Albemarle Sound; Neuse and Pamlico Rivers which drain 

into Pamlico Sound.  

 

At the offshore open boundary, the condition for the barotropic component 

consists of a Chapman’s condition for surface elevation and a Flather’s condition for 

barotropic velocity. The boundary condition for the baroclinic component includes an 

Orlanski-type radiation condition for baroclinic velocity and a combination of 

radiation condition and nudging (with a relaxation timescale of 1 day) for temperature 

and salinity (Marchesiello et al., 2001). Tidal forcing at the open ocean boundary is 

decomposed into ten constituents (M2, S2, N2, K2, K1, O1, P1, Q1, Mf, Mm) using the 

harmonic constants linearly interpolated from Oregon State University global inverse 

tidal model of TPXO7 (Egbert et al., 1994; Egbert and Erofeeva, 2002). For non-tidal 
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forcing at the open-ocean boundary, we use monthly sea levels constructed from 

Simple Ocean Data Assimilation (SODA) (Carton et al., 2000a; b). De-tided daily 

sea-level observations acquired at NOAA Duck and Beaufort stations are added to the 

monthly SODA boundary conditions at the northern and southern boundaries, 

respectively. The baroclinic velocity is prescribed using the monthly data from 

SODA. The salinity and temperature fields at the open boundary are obtained from 

monthly Levitus climatology (Levitus, 1982). 

 

Air-sea fluxes of momentum, heat and freshwater across the surface of APS are 

computed by applying standard bulk formulae (Fairall et al., 2003) to NARR (North 

America Regional Reanalysis from National Center for Environmental Prediction) 

products (Mesinger et al., 2004). Hourly winds are interpolated from NARR 3-hour 

winds and have been validated against observations at 14 weather stations scattered 

across APS (see www.wunderground.com). Figure 2.1e shows weekly mean wind 

vectors in 2003. Southeastward winds dominate during the winter whereas winds are 

predominately northeastward during the summer. Wind directions are variable during 

the spring and fall transition periods.  

 

Given APS’ wide surface area, local precipitation (P) and evaporation (E) may 

affect salinity concentrations inside the sound. High resolution P and E are also from 

NARR 2003. Although throughout a whole year local P and E are nearly cancelled 

out, large seasonal fluctuations happen. 

 

http://www.wunderground.com/�
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We conducted hindcast simulation for both 2003 and 1999. To initialize the 

model for 2003 (1999), we ran the model for 2002 (1998) using the observed forcing 

data. Model outputs at the end of 2002 (1998) were used to set the initial condition 

for the salinity and temperature fields. The initial velocity field was taken to be zero, 

and the water surface was set at the mean sea level.  

 

As simplified scenarios of the realistic, idealized numerical experiments are 

conducted to unveil the fundamental mechanisms driving circulation dynamics in 

APS. Three sets of idealized winds with persistent speed and direction, mimicking the 

seasonal prevailing winds, are used to drive the model for idealized numerical 

experiments. The three dominant wind directions are northeastward, southwestward 

and southeastward indicated by the statistics of annual wind direction of year 2003 

(Fig. 2.1a).The wind speeds are set to 5ms-1 (Xie et.al., 1999). Speed histograms lead 

to the confirmation of this typical speed (Fig. 2.1b). They are applied to the model 

from the annual mean condition of 2003 simulation.  To ease analysis, all the other 

forces including tides, rivers and precipitation rate as well as offshore boundary 

conditions are annually averaged and then used to drive the model until steady states. 

2.2. Model validation 

The model results from 2003 simulation have been validated against salinity 

measurements acquired by the Ferry Monitoring program (FerryMon hereafter). The 

state of North Carolina uses the Department of Transportation Ferry Service to record 

water-quality parameters (such as salinity) aboard ferry boats (Buzzelli et al., 2003; 

Paerl et al., 2009). Two routes span across Pamlico Sound, connecting the Outer bank 
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posts to the mainland locations, as shown in Fig. 1.1a. The salinity data collected 

from FerryMon were processed for quality control according to NDBC’s (National 

Data Buoy Center) standard procedures (NDBC Technical Document 09-02). Three 

stations (marked in Fig. 1.1a) were selected for comparing the salinity time series 

(Fig. 2.2). They occupy different salinity regimes: Station #1 lies half way between 

the mouth of Pamlico River and Ocracoke Inlet; Station #2 is located in southern 

Pamlico Sound; and Station #3 is in the lower Neuse River. Due to operational 

constraints of ferry boats and applications of data-quality control, the observational 

data were sparse during some periods. Nevertheless, there are reasonable agreements 

between the observed and modeled salinity time series. In particular, the model 

captures spring freshening at Station #1 really well. It also reasonably reproduces the 

seasonal variation at Station #2, although the model overpredicts salinity in the later 

half of the year. At Station #3, the few available data points fall onto the modeled 

salinity time series.  

 

We have also used the FerryMon data to test model predictions for the horizontal 

salinity distribution (Fig. 2.3). The ferry route between Ocracoke Inlet and Swan 

Quarter (marked as the blue line in Fig. 1.1a) connects Pamlico River to the Outer 

Bank. Since ferries traveled back and forth several times in a day, multiple lines of 

observed salinity were shown. As a preliminary comparison, we plotted the model-

predicted salinity distribution at noon. There are reasonable model-data agreements 

during the two days with contrasting conditions: the horizontal salinity gradient was 

relatively weak on day 121 but very strong on day 192. 
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In addition to the salinity comparison, we compared the model-predicted subtidal 

sea-level fluctuations against observations near tidal gauges inside and outside APS: 

NOAA station at Duck, North Carolina; USGS station at Washington, North Carolina 

in Pamlico River; and USGS station Fort Barnwell, North Carolina in Neuse River. 

There are very good agreements on the predicted and observed sea level at the three 

stations (figure not shown). The correlation coefficient is 0.98 and the root mean 

square error is 5 cm. 
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Figure 2.1 The statistics of wind direction (a) and wind speed (b) in 2003. Discharges 

from (c) Chowan (dotted) and Roanoke (solid) Rivers, (d) Pamlico (dotted) and 

Neuse (solid) Rivers during 2003. (e) Weekly mean wind speed vector at a central 

location in APS. 
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Figure 2.2 Comparison of model-predicted (grey lines) and observed (open circles) 

salinity time series at (a) station #1 close to the mouth of Pamlico River, (b) station 

#2 near Ocracoke Inlet, and (c) station #3 in the lower Neuse River. 
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Figure 2.3 Comparisons of model-predicted (black lines) and observed (grey lines) 

salinity distributions along the northern FerryMon route [blue line shown in Fig. 1.1a] 

on day 121 (a) with weak horizontal salinity gradient and on day 192 (b) with strong 

horizontal salinity gradient. Distance is measured from the Ocracoke end of the 

FerryMon route. 
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Chapter 3: Circulation dynamics in APS 

 

Csanady (1973) and Winant (2004) analytically solved the wind-driven transport 

in large lakes, which are then extended to estuaries. Wind-driven flow patterns 

consistent with analytic solutions have been observed in some shallow well-mixed 

estuaries (e.g. Gutierrez de Velasco and Winant, 2004; Valle-Levinson et al, 2004).  

What’s the basic circulation pattern in APS? What’s the driving mechanism for this 

mean circulation? How does the wind change this circulation? What’s the role the 

horizontal density gradient playing? To answer these questions, in this chapter we 

will discuss the mean circulation pattern and its driving forces, the wind-driven 

circulation and density-driven circulation in APS, and their seasonal evolution. 

3.1. Annual mean circulation 

Previous investigations have shown that the stratification in APS is weak except 

in and near the tributaries (e.g. Roelofs and Bumpus, 1953; Pietrafesa et al., 1986). 

However, the mean circulation pattern in this weakly stratified estuary is not well 

known. It is not clear if the circulation is driven by the winds or by the horizontal 

density gradients set up by geographically separated freshwater (rivers) and saltwater 

sources (inlets). In this section we investigate the dynamics of the mean circulation 

and seek for its driving mechanism.   

 

To begin with, we plot the annual-mean surface salinity distribution in Fig. 3.1a. 

Albemarle Sound receives freshwater from Chowan and Roanoke Rivers and does not 
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have direct exchanges with the Atlantic Ocean. Hence salinity in Albemarle Sound is 

low (less than 1 psu) but increases sharply across narrow Croatan and Roanoke 

Sounds. In contrast, salinity is much higher in Pamlico Sound since three major inlets, 

Oregon, Ocracoke, and Hatteras, connect it to the Atlantic Ocean. Not surprisingly, 

highest salinities are found close to the inlets. The 13-psu isohaline reaches as far in-

land as the mouths of Neuse and Pamlico Rivers. Salinity distribution in Pamlico 

Sound reveals two different geographic patterns. The salinity gradient is aligned in 

the east-west direction in southern Pamlico Sound (between Neuse-Pamlico Rivers 

and Outer Bank) since freshwater is discharged from Pamlico and Neuse Rivers. A 

north-south salinity gradient develops in northern Pamlico Sound (between Croatan 

Sound and Hatteras Inlet) since low-salinity Albemarle water enters Pamlico Sound at 

the northern end. As a measure of the vertical stratification, the surface-to-bottom 

salinity difference is plotted in Fig. 3.1b. The salinity difference is less than 2 psu in 

most places. Pronounced stratification is only found in Neuse and Pamlico Rivers, 

near the three inlets at the Outer Bank, and in a part of southern Pamlico Sound where 

freshwater spread seaward at the surface. As discussed in previous papers (e.g. 

Luettich et al., 2002), this weak stratification is a result of strong wind-induced 

mixing over shallow water. The average eddy diffusivity inferred by volume 

averaging from the model reaches about 3105.2 −× m2s-1 in APS. 

 

Next we investigate the mean circulation pattern. Figure 3.2 shows the annual-

mean current patterns at the surface and bottom of APS. The surface current flows out 

of Albemarle Sound, with maximum speeds in the narrow Roanoke and Croatan 
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sounds. This current bifurcates. One branch turns left and exits the Sound through 

Oregon Inlet. The other branch continues its southward path into Pamlico Sound. 

Strong surface outflows are also seen to come out of Neuse and Pamlico Rivers. A 

convergence zone develops around Bluff Shoals (see Fig. 1.1b) where the eastward 

flows from Pamlico and Neuse Rivers meet the southward flows from Albemarle 

Sound. Over the inner shelf outside the Outer Banks, the flow is directed northward 

due to the effects of the Gulf Stream and the south-north sea-level pressure gradient 

established in the South Atlantic Bight (Werner et al., 1993; Werner and Brain, 1999; 

Savidge and Bane, 2001). Inside APS, the bottom currents generally move in the 

opposite direction as the surface currents. Westward flows are directed into Pamlico 

and Neuse Rivers. The bottom water flows northward in the northern half of Pamlico 

Sound and intrudes into the narrow Roanoke and Croatan sounds. With nearly fresh 

water, Albemarle Sound behaves like an extended river so that the bottom current 

moves in the same direction as the surface current. Therefore, despite the weak 

stratification, APS features a vertically sheared two-layer mean circulation with 

current speeds reaching several cm s-1.  

 

To understand what drives this two-layer circulation, we plot the sea-level 

distribution as well as the pressure distribution at 3-m depth (Fig. 3.3). Sea level is 

highest in Albemarle Sound due to the inflows from Chowan and Roanoke Rivers. It 

is also high in Neuse and Pamlico Rivers. In comparison, the sea level is relatively 

low in the middle part of Pamlico Sound. Therefore, a north-south sea-level slope 

develops in the northern part of Pamlico Sound and a west-east sea-level slope 
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develops in the southern part of Pamlico Sound. These sea-level slopes can drive a 

southward surface flow in the northern Pamlico Sound and an eastward surface flow 

in the southern Pamlico Sound. The pressure at 3-m depth shows a pattern of high and 

low pressure centers that are opposite to the sea-level distribution (Fig. 3.3b). Since 

high-salinity Atlantic water enters APS through the inlets at the Outer Banks, the 

hydrostatic pressure is higher in the central part of Pamlico Sound than that in 

Albemarle Sound as well as in Neuse and Pamlico Rivers. This horizontal pressure 

gradient is directed westward in the southern part of Pamlico Sound and northward in 

the northern part of Pamlico Sound, thus driving the bottom return flows as seen in 

Fig. 3.2b. In contrast, the annual-mean wind speed is weak and has no apparent 

correlation with the circulation pattern (Fig. 3.3c). 

 

Further insights into the circulation dynamics can be gained by examining the 

along-channel momentum equation  
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along-channel velocity at two representative cross sections in the southern and 

northern Pamlico Sounds, respectively (figure not shown). The pressure gradient 

switches sign between the surface and bottom layers at both sections. 

Correspondingly, the circulation shows a vertically sheared two-layer flow pattern. 
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Integrating (1) from the bottom to the surface and averaging over time leads to 
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We analyze this momentum balance in the southern Pamlico Sound, as shown in Fig. 

3.4. The two largest terms are the barotropic and baroclinic pressure gradients which 

are of the opposite sign. The barotropic pressure gradient associated with the river-

induced sea level slope points eastward whereas the baroclinic pressure gradient 

associated with the horizontal salinity gradient points westward. The surface wind 

stress is significantly smaller than the pressure gradient terms. The bottom stress is 

even weaker, except near the Ocracoke Inlet where the bottom currents are strong. 

Both the depth-integrated Coriolis force and nonlinear advection terms are small, 

although the flow convergence/divergence amplifies the advection term near the 

Ocracoke Inlet. We have also examined the depth-integrated along-channel 

momentum balance for the northern Pamlico Sound and found essentially the same 

result. Hence the momentum balance analysis demonstrates that the gravitational 

force is the dominant mechanism driving the mean two-layer circulation in the 

weakly stratified lagoonal estuary of APS. 
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3.2. Dynamics of wind-driven circulation in a wide lagoonal estuary  

In semi-enclosed estuaries, the wind-driven circulation will be influenced by 

several factors including wind-stress magnitude and direction, bathymetry, Earth’s 

rotation, density stratification, and bottom friction. Figure 1.1b shows the bathymetry 

in APS.  The broad APS is very shallow so that bottom friction and Earth’s rotation 

are expected to be important. Both Albemarle Sound and northern Pamlico Sound 

show the classic lake bathymetry: a relatively narrow deep channel flanked by wide 

shallow shoals at the two sides. In comparison, the southern Pamlico Sound shows a 

wide deep channel and steep sides. Due to these bathymetric differences, different 

parts of the estuary may respond differently to the same wind forcing.  

 

APS has geographically separated sources of fresh and saline waters. Figure 3.1a 

shows the mean salinity distribution at the surface of APS. Albemarle Sound has low 

salinity almost everywhere. Salinity is much higher in Pamlico Sound since three 

major inlets, Oregon, Ocracoke, and Hatteras, connect it to the Atlantic Ocean. 

Salinity distribution in Pamlico Sound reveals two different geographic patterns. The 

salinity gradient is aligned in the east-west direction in southern Pamlico Sound 

(between Neuse-Pamlico Rivers and Outer Bank) since freshwater is discharged from 

Pamlico and Neuse Rivers. A north-south salinity gradient develops in northern 

Pamlico Sound (between Croatan Sound and Hatteras Inlet) since low-salinity 

Albemarle water enters Pamlico Sound at the northern end. Additionally, APS lacks 

vertical stratification. The annual mean surface-to-bottom salinity difference is 

plotted in Fig. 3.1b. The salinity difference is less than 2 psu in most places. A 
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question is if and how these horizontal density gradients affect the wind-driven 

circulation in the sound.  

 

To gain new insights into the circulation dynamics in APS, we have conducted 

process-oriented studies with idealized wind forcing. In the idealized experiments, we 

fixed the river discharges of the four tributaries at their respective annual averages. 

From the analysis of long-term measurements of wind speeds at a representative 

meteorological station (near Cape Hatteras), we found that the winds have a mean 

speed of 5 ms-1 and blow in three dominant directions: southwestward, northeastward 

and southeastward (Figs. 2.1a and 2.1b). Hence three numerical experiments with the 

wind-speed magnitude fixed at 5 ms-1 and the wind direction pointed in the three 

dominant directions are conducted. Because of its shallowness, APS responds rapidly 

to the wind forcing. After the application of idealized winds, APS reaches its quasi-

steady state in 10 days. The model results from day 10 to day 15 since the wind 

deployment are used for the following analysis. 

3.2.1. Circulation patterns under constant wind forcing 

 

The summer wind points toward northeast as shown in Fig. 3.5a. Under this 

strong wind, the sea level is redistributed (Fig. 3.5a). Water from Albemarle Sound is 

chocked in the eastern end setting up high sea level in that region. From Oregon Inlet 

to Neuse River, a basin-wide northeast-southwest sea level gradient exists (shown in 

Fig. 3.5a).  

 



 

 25 
 

Albemarle Sound and Pamlico northern basin behave more similarly. Fig. 3.5b 

shows the depth averaged currents. In the shallow portions of both basins, the 

currents go downwind while in the depth upwind. At any location, both surface and 

bottom currents follow the same direction (Fig. 3.5c and d). However, two-layer 

circulation, with seaward surface currents and landward bottom currents, develops in 

the Pamlico southern basin (Fig. 3.5c and d). Both surface and bottom currents are 

relatively strong.  

 

Similarly, the responses of three basins to strong winter southwestward wind and 

southeastward wind are different (Fig. 3.6). The southwestward wind drives strong 

surface outflows from Albemarle Sound penetrating farther to the south (Fig. 3.6a). In 

the shallow Outer Banks and west bank, both surface and bottom flows are in the 

wind direction. In the deep central portion, currents are generally in the opposite 

direction. In the Pamlico southern basin, two-layer circulation with surface landward 

and bottom seaward currents occupies the most area (Fig. 3.6a and b). 

 

The southeastward wind also drives strong surface outflows from Albemarle 

Sound as well as from Pamlico and Neuse Rivers penetrating farther to the east (Fig. 

3.6c). Two flow branches originated from Pamlico and Neuse Rivers converge and 

cross the Pamlico Sound towards the Outer Banks. The bottom currents generally 

move in the opposite direction to the surface currents (Fig. 3.6d). When the 

southeastward winds set up a higher sea levels along Bluff Shoal (figure not shown), 
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this east-west sea level slope works together with the already existing east-west 

density gradient driving a counter flow at the bottom.  

 

Our focus here is on axial wind effects. Therefore, the wind direction is either up-

estuary or down-estuary. The difference between the Pamlico southern and northern 

basin is the axial wind direction. Because of the alignment of Outer Banks, the 

summer northeastward wind is mainly up-estuary for the Pamlico northern basin but 

down-estuary for the Pamlico southern basin because the effective component of the 

northeastward wind opposes the east-west salinity gradient in the southern basin. 

 

Valle-Levinson (2007) studied the lateral current structure of density-driven 

exchange flow in an estuary (vertically sheared versus laterally sheared) using 

theoretical and analytic models based on Ekman and Kelvin numbers. The Ekman 

number is defined as  

(3.3)                                                                     
2fH

AE Z
k =  

where ZA  is the flow’s eddy viscosity, f is the Coriolis factor, H is the local water 

depth. kE can be interpreted as the square of the ratio of Ekman depth over the water 

depth.  

 

A basin’s width has been traditionally recognized to determine whether Earth’s 

rotation effects on water exchange are appreciable or not (e.g., Pritchard, 1952). If the 
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basin is wider than the internal Rossby radius iR , then rotation should be important 

(e.g., Gill, 1982). In a density induced flow, iR  is given by  

(3.4)                                                                     
'

f
hg

Ri =  

where h  is the depth of the buoyant part of the density induced flow, and f is the 

Coriolis parameter, 'g  is the reduced gravity which equals 0/ ρρ∆g , g is the gravity 

acceleration, 0ρ  is a reference water density, and ρ∆  is the contrast between the 

buoyant water density and the density underneath. The Kelvin number eK  compares 

the basin’s width B to iR  

(3.5)                                                                     
i

e R
BK =   

indicating the importance of Earth’s rotation effects which are supposed to be most 

prominent when 1>eK .  

 

The exchange pattern consisting of net inflows in the deep channel and outflows 

over shoals develops only under high frictional conditions ( 1>kE ) independently of 

the basin’s width (Valle-Levinson, 2007). This is a laterally sheared exchange pattern 

which is shown in Fig. 3.7b in the Pamlico northern basin where 5.0>kE  mostly 

(Fig. 3.7c). The lateral segregation is consistent with Csanady’s analytical solution for 

wind-driven flow over laterally varying bathymetry. The wind-driven circulation in 

lakes, lagoons, estuaries, or coastal embayments is described with a linear, steady, 

three-dimensional barotropic model in an elongated basin of arbitrary depth 
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distribution by Csanady (1973) and Winant (2004). Without rotation, Csanady (1973) 

has shown that the vertically integrated transport is proportional to total water depth. 

With rotation, the vertically averaged velocity scales with the Ekman depth rather 

than the maximum depth as in the case without rotation (Winant, 2004). Since the 

Ekman number in Pamlico northern basin is very close to 1 (Fig. 3.7c), Csanady and 

Winant’s solutions yield very similar results in our study area. Not surprisingly, under 

both northeastward and southwestward winds, laterally segregated circulation also 

develops in Albemarle Sound which also has a high Ekman number and is frictionally 

controlled. 

 

In contrast, under weak frictional conditions ( 0→kE ), the exchange pattern is 

laterally sheared in wide basins ( 2>eK ). The internal Rossby radius of deformation 

in our system is about 5.5-8km, which is much smaller than the channel width (20-

30km). Therefore, the influences of rotation on currents could be significant (e.g., 

Sanay 2003). In APS, horizontally shared two-layer circulation develops under weak 

wind condition indicated by the positive vortexes (anti-clockwise) in both Pamlico 

southern and northern basins (Fig. 3.11b).  

 

As shown in Fig. 3.7c, kE is smaller in the Pamlico southern basin, suggesting a 

horizontally sheared two-layer flow under high Kelvin number. However, we see a 

more vertical shared two-layer flow in the southern basin (Fig. 3.7a). Large buoyancy 

inputs from the four rivers create stratification and baroclinic effects that modify the 

wind-event response. Wedderburn number (Monismith 1986), a nondimensional 
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parameter which shows the relative importance between wind stress and scaled 

baroclinic pressure gradient force, is introduced here to describe the effects of wind 

and density gradient on the circulation pattern in APS:  

(3.6)                                                                     
2gH

LW wx

ρ
τ

∆
=  

where wxτ  is the along-channel wind stress (positive is down-estuary), L is the length 

of the each basin, ρ∆ is the density change over L , g  is the gravitational 

acceleration, and H  is the averaged depth. Under 0.03 Pa wind (5 m s-1), for the 

Pamlico northern basin where L  is around 50 km with an averaged depth of 4 m and 

a S∆ (horizontal salinity difference) of 5 psu, the Wedderburn number is around 2.  

 

The Wedderburn number may also be interpreted as the relative strength of wind-

driven and gravitational circulations on estuarine residual flows (Geyer 1997). Scully 

et al. (2005) proposed that in shallow estuaries down-estuary (up-estuary) wind can 

enhance (reduce) exchange flow (i.e., stratifying subtidal vertical shear) through 

straining effect on along channel density gradient. However, direct wind mixing 

favors decreases in exchange flow as wind stress generates a turbulent boundary layer 

that propagates downward to erode exchange flow. The competition between the two 

processes determines the wind’s effect on density-driven gravitational circulations.  

 

The most effective wind stress for the Pamlico southern basin is roughly in west-

east direction. During northeastward wind, this component is 0.2 Pa and down-

estuary yielding a Wedderburn number around 0.8 indicating a wind-driven flow as 

strong as and in the same direction with the density-driven flow. The water column is 
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more stratified because the tendency toward increasing stratification by wind 

straining dominates over direct wind mixing (Scully, 2005). Compared with weak-

wind condition, N2 doubles in most region and exchange flow increases from 0.1 to 

0.2m s-1 (Fig. 3.8a). However, the southwestward wind which induces a westward 

wind (up-estuary) tilts the isopycnal reducing the stratification. W is as large as -1.5 

indicating wind driven flow overpasses and then reverses density driven flow, so a 

reversed the two-layer circulation is shown in Fig. 3.8b. If the wind (both down- and 

up-estuary) keeps increasing up, the surface mixed layer will be deep enough and 

quickly overcome the wind straining which finally decreases exchange flow.  

 

For the Pamlico northern basin, although the density effect is weak, the 

Wedderburn number is also helpful to understand the circulation. The currents under 

both wind conditions are less complicated (Fig. 3.8c and d). The strong northeastward 

wind (5 m s-1) yields a Wedderburn number around -2.3 indicating that wind-driven 

axial flow dominates over gravitational circulation. As a result, the current and 

salinity structures are radically different from those under the non- or weak- wind 

condition. The northern basin is almost vertically homogenous which favors 

decreases in stratification and then feeds back to decrease exchange flow through 

increased vertical momentum exchange. Meanwhile, wind straining which opposes 

the density gradient also tends to reduce exchange flow farther. This leads to 

decreasing vertical shear and finally a laterally segregated circulation in the northern 

basin. As aforementioned, under high Ekman number, the circulation features wind 
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driven and frictionally controlled so that Csanady’s solution applies. In Fig. 3.8d, 

similar response shows under southwestward wind [ 7.1=W ]. 

 

In summary, in the Pamlico northern basin and Albemarle Sound, under both 

northeastward and southwestward winds, wind-driven axial flow dominates over 

gravitational circulation [ 2±≈W ]. The Ekman depth roughly equals the total water 

depth [ 1≈kE ]. Under such high frictional condition, laterally segregated circulation 

develops and is consistent with Csanady’s analytical solution for wind-driven flow 

over laterally varying bathymetry (Fig. 3.8c and d). Density-driven flow is much 

weaker. However, in the Pamlico southern basin, large horizontal density gradient 

modulates the flow’s response to the wind. During northeastward wind, the vertically 

exchange flow is strengthened because wind-driven flow and density-driven 

gravitational circulation are in concert (Fig. 3.8a). During southwestward wind event, 

the competition between wind-driven and gravitational circulation is evident when the 

exchange flow decreases and then reverses sign [ 1−<W ] (Fig. 3.8b).  

3.2.2. Momentum balance and vorticity dynamics 

 
How does Pamlico southern basin respond so differently from the northern basin 

and Albemarle Sound? Further insights into the circulation dynamics can be gained 

by examining the along-channel momentum equation (3.2). We first analyze this 

momentum balance in the southern Pamlico Sound, as shown in Fig. 3.9. The two 

largest terms are barotropic pressure gradient and surface stress which are of the 

opposite sign. Nonlinear advection also plays a role in the vicinity of river mouths 
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and inlets where the flow convergence/divergence amplifies the advection. It is not 

surprising that friction and rotation are important since surface and bottom currents 

are both strong in the Pamlico southern basin. It is surprising that two pressure 

gradients, both barotropic and baroclinic, are of the same sign against the surface 

stress. An eastward wind component is applied to the southern basin by the 

northeastward wind. It blows surface water down-estuary opposing the large east-

west salinity gradient. Water is piled up around Bluff Shoal by this down-estuary 

wind. Two-layer circulation is still maintained by the competition between wind 

stress and total pressure gradient (barotropic plus baroclinic). At the surface where 

pressure gradient is small, currents follow the direction of surface wind and fresh 

water from rivers spreads seaward. However, pressure gradient increases with depth 

and becomes big enough to drive a return flow at the bottom shown in Fig. 3.5a. The 

current switches sign vertically which depicts perfectly a two-layer flow as shown in 

Fig. 3.7a. Hence the momentum balance analysis demonstrates that the wind force is 

a dominant factor driving the circulation. Gravitational force which is in concert with 

wind strengthens the vertical shear. Additionally, the other factors like earth rotation 

and friction also play roles in the development of the circulation (Fig. 3.9d and e). 

 

We have also examined the depth-integrated along-channel momentum balance 

for the Pamlico northern basin and found very different mechanisms. Fig. 3.10 shows 

the depth integrated momentums in the Pamlico northern basin. The balance is mainly 

maintained by the along-channel barotropic pressure gradient, surface wind stress and 

friction. Horizontal density gradient and earth rotation play very minor roles. Since 
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the Pamlico northern basin is aligned with the wind direction, the efficiency of 

surface stress is high enough to mix up the whole water column and push the water 

towards Oregon Inlet until steady state is achieved. In the shallow areas immediately 

inside the Outer Bank and along the west coast, wind overcomes the sea surface slope 

driving downwind currents. However, in the central region of the basin where water 

depth increases up to 7 meters, pressure gradient introduced by the sea surface slope 

overwhelms the wind stress. Upwind flow develops as shown in Fig. 3.7b. From the 

pattern of friction which changes sign from shallow regions to deep channel (Fig. 

3.10d), we can also find the signature of this current pattern. We have also checked 

momentum balance on the northern section (figure not shown). Currents change sign 

along the section. But pressure gradient, towards the same direction, is relatively 

small in the shallow and increases gradually with depth. In Albemarle Sound, similar 

mechanism determines the circulation dynamics. 

 

Vorticiy analysis tells more. We show depth averaged equations of motion and 

continuity 
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where xN and yN  are two nonlinear advection term. The continuity equation is 

used to substitute the term )(
y
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∂

+
∂
∂ . Then we will get the vorticity equation 
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Vorticity in Fig. 3.11a and b demonstrates the flow pattern in the Pamlico northern 

basin very well. Under northeastward wind, positive vorticity occupies the eastern 

part of the northern basin while negative in the western part, indicating a Csanady 

type circulation. A reversed pattern shows under southwestward wind. Under both 

winds, the two main terms in vorticity equation are the surface wind stress curl and 

the bottom stress curl, which is consistent with the momentum analysis as shown in 

Fig. 3.12. From the sign in Fig. 3.12, we find wind stress curl is the driving factor 

while the bottom stress curl performs as resistance. Understandably, baroclinity is 

important in the southern basin but negligible in the northern basin and Albemarle 

Sound, since large buoyancy input exist in the southern basin while strong mixing in 

the northern basin and Albemarle Sound. 

3.3. Seasonal evolution of circulation 

At seasonal and shorter time scales, winds are a major force driving the currents 

in APS since astronomical tides are negligible. As shown in Fig. 2.1e, southeastward 

winds dominate during the winter whereas winds are prevailing northeastward during 
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the summer. Winds are variable and relatively weaker during the spring and fall 

transition periods. Now we investigate how currents in APS are influenced by 

seasonal shifts in the prevailing wind patterns. Are the seasonal mean currents mainly 

driven by prevailing winds or horizontal density gradient? How can the idealized 

cases in the previous section be applied to the explanation of circulation under the 

realistic wind forcing? Figures 3.13-16 show the surface and bottom distributions of 

seasonal-mean currents: winter (Dec.-Feb.), spring (Mar.-May), summer (Jun.-Aug.), 

and fall (Sep.-Nov.). For easy comparison, we also plot the frequency distribution of 

wind directions and seasonal-mean sea level distribution.  

 

In the spring, wind directions shift and baroclinic effects are strongest. The 

spring circulation pattern is similar to the annual mean circulation pattern, with the 

surface water leaving Albemarle Sound, Neuse and Pamlico Rivers, and the bottom 

water leaving the Ocracoke and Hatteras Inlet (Figs. 3.13c and d). The total flows 

from the four rivers reached a high mean value of 2000 m3s-1 during the spring of 

2003. Sea level during the spring also shows a similar spatial distribution as the 

annual mean, although high river flows lead to even higher sea levels in Albermarle 

Sound, Neuse and Pamlico Rivers (Fig. 3.13b). Winds were highly variable during 

the spring transition period, although northeastward and southwestward winds were 

more frequent and stronger than winds in other directions (Fig. 3.13a). The seasonal 

mean wind speed was weak. Thus the spring circulation is primarily driven by strong 

horizontal density gradients between the rivers and inlets. Compared with wind, large 

amount buoyancy input generates much stronger density-driven flow. 
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The northeastward winds were exceptionally strong during the summer of 2003 

(Figs. 2.1e and 3.14a). They drive strong eastward surface outflows from Pamlico and 

Neuse Rivers while a westward flow return into Neuse and Pamlico River at the 

bottom. Strong two-layer flow develops because of the wind straning effect generated 

by the eastward components of summer winds. Water level is higher on the northern 

end of Pamlico Sound (Fig. 3.14b). In the shallow region of the Pamlico northern 

basin, very strong currents follow the wind direction at both surface and bottom. The 

northeastward winds also drive eastward flows in Albemarle Sound, leading to high 

sea levels at its eastern side and forcing a strong southward flow through the narrow 

Croatan and Roanoke Sounds. This southward current merges with the northward 

current along the Outer Banks before exiting to the Atlantic Ocean through Oregon 

Inlet. However, we see a southwestward flow in the deep region of the Pamlico 

northern basin which opposes the wind direction (Fig. 3.14d). These flows are mainly 

driven by the north-south sea level slope in Pamlico Sound that is set up by the 

northeastward winds (Fig. 3.14b), revealing a laterally sheared response to the wind 

forcing, which is the same as the Csanady type currents under idealized 

northeastward wind. Comparing the summer case and the idealized northeastward 

wind case (Fig. 3.5 and 3.14), we see high similarity. To the lowest order, the summer 

mean circulation in APS is controlled by the prevailing northeastward wind. Of 

course, due to the differences of mixing strength, some details, like the current 

strength in the middle part of the northern basin, are not exactly the same between the 

summer mean circulation and that in the idealized case. We also notice that on the 
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shallow side along the Outer Bank, the wind stress is so strong so that it forces a 

northeastward flow at all depths. It is interesting to note that the northward current on 

the inner shelf outside the Outer Banks is strongest during the summer as the Gulf 

Stream shifts northward and intrudes into North Carolina Coasts.  

 

Winds were variable and relatively weak during the fall transition (Fig. 3.15a). 

The southwestward and northeastward winds were more frequent, but southwestward 

winds slightly dominated, resulting in a seasonal mean wind pointing to the 

southwestward direction. This caused sea-level pile up at the southwestern part of 

Pamlico Sound, but the sea-level slope is only half of that reached during the summer 

(Fig. 3.15b). The surface current pattern looks similar to the spring pattern, although 

the prevailing southwestward winds generate southwestward current in the shallow 

eastern part of Pamlico Sound (Fig. 3.15c). The bottom current also looks similar to 

the spring pattern, although the northward current in Pamlico Sound is stronger and is 

probably driven by the sea-level slope (Fig. 3.15d).  

 

The prevailing wind direction during the winter was southeastward (Fig. 3.16a). 

This southward wind drives strong surface outflows from Albemarle Sound, Pamlico 

and Neuse Rivers (Fig. 3.16c). The bottom currents generally move in the opposite 

direction to the surface currents (Fig. 3.16d) in the southern basin, since the eastward 

components of winds push sea levels higher on the Outer Banks (Fig. 3.16b), which 

together with the east-west density gradient drives the counter current at the bottom. 

Water from Albemarle Sound moves southward along the Outer Banks while two 
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flow branches originated from Pamlico and Neuse Rivers cross the Pamlico Sound 

towards the Outer Banks. In the Pamlico northern basin and Albemarle Sound, the 

southeastward winds driven more lateral-sheared circulations with downwind flow in 

the shallow and upwind in the deep, which is very similar to the pattern under 

idealized southeastward wind (Fig. 3.6c and d). 

 

In summary, we have employed ROMS to develop a new 3D hydrodynamic 

model for APS and used it to investigate the circulation dynamics in this lagoonal 

estuary. Although the vertical stratification is weak, the geographic separation 

between the rivers and inlets generates large horizontal density gradients. Because of 

their layouts, the flow responses of three separated regions to the same wind are very 

different, depending on the relative importance of wind stress compared with 

horizontal salinity gradient. Using idealized wind stress, we introduced Wedderburn 

number and Csanady linear solution to explain the wind’s effects. Using year 2003 as 

an example, we conducted hindcast simulations. The seasonal circulation is driven by 

seasonally shifting prevailing winds but is also affected by the horizontal density 

gradients. The typical current response to the wind forcing in the shallow APS is a 

horizontally segregated flow as the winds generate the sea-level slope and pressure 

gradient which work against the wind stress. In the Pamlico southern basin where 

horizontal salinity gradient is large, the baroclinic effect and wind straining effect 

have to be considered.  
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Both flow pattern and momentum balance show very good agreement between 

the idealized cases and realistic simulation in two seasons (summer and winter), 

which confirms that the seasonal circulation is primarily driven by seasonally shifting 

prevailing winds. However, although basic patterns from idealized wind cases and 

realistic cases are similar, they differ in details. One reason is the different levels of 

mixing while will yield different eddy viscosities and sequentially different Ekman 

depth. Valle-Levinson (2007) discussed the estuarine exchange flow in terms of the 

Kelvin and Ekman numbers. When Ekman number is big enough (larger than 1), 

lateral exchange circulation will not show up no matter how wide the basin is. 

Idealized winds can reproduce the basic wind-driven circulation pattern but cannot 

represent the strength of mixing induced by realistic winds.  

 

One direct example is the comparison between no wind case and the spring of 

2003. In the Pamlico southern basin, we saw lateral circulation with inflow to the 

north while outflow to the south under no wind condition (Fig. 3.11b). However, in 

the spring of 2003, although the mean wind is very weak (very close to zero), the 

transitional wind produced high level of mixing deriving a deep Ekman depth. Under 

this big Ekman number (>0.5), we cannot see the lateral circulation during the no 

wind condition. Instead, a vertical two-layer circulation exists (Fig. 3.13c and d). The 

seasonal wind is the primarily driving force for the seasonal circulation. But wind 

induced mixing modulates the details of this circulation pattern.  
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Figure 3.1 Mean salinity (in psu) distribution at the surface of APS. (b) Distribution 

of mean bottom-to-top salinity difference. 
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Figure 3.2 Mean circulation patterns at the (a) surface and (b) bottom of APS.  
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Figure 3.3 Distributions of (a) mean sea level (cm), (b) hydrostatic pressure (Pa) at 3-

m depth, and (c) mean wind speed vectors (ms-1) over APS. 
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Figure 3.4 Distributions of depth-integrated (a) barotropic and (b) pressure gradient, 

(c) surface stress, (d) bottom stress, depth-integrated (e) Coriolis force and (f) 

nonlinear advection in the southern Pamlico Sound, all in the direction indicated by 

the arrow in (a). They are in the unit of m2s-2 and multiplied by 10-6.  

 
 



 

 44 
 

 
Figure 3.5 Mean circulation pattern under constant northeastward wind. Distributions 

of seasonal mean (a) sea level, (b), depth averaged (c) surface and (d) bottom 

currents.  
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Figure 3.6 (a) surface and (b) bottom currents under constant southwestward wind; 

(c) surface and (d) bottom currents under constant southeastward wind. 
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Figure 3.7 Distributions of cross-section [S1 and N1 in Fig.1.1a] (a) and (b) currents 

(in 10-2 ms-1), (c) Distribution of Ekman number in northeastward wind case.  
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Figure 3.8 Wind straining vs wind mixing effect. Distributions of currents and 

salinity on the two along-channel sections [S2 and N2 in Fig.1.1a] (a) and (d) during 

northeastward wind events, (b) and (e) during southwestward wind events, and the 

corresponding Wedderburn numbers. 
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Figure 3.9 Distributions of depth-integrated (a) barotropic and (b) baroclinic pressure 

gradient, (c) surface stress, (d) bottom stress, (e) Coriolis force and (f) nonlinear 

advection in the southern Pamlico Sound under northeastward wind, all in the 

direction indicated by the arrow in (a). They are in the unit of m2s-2 and multiplied by 

10-6. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 49 
 

 
Figure 3.10 Distributions of depth-integrated (a) barotropic and (b) baroclinic 

pressure gradient, (c) surface stress, (d) bottom stress, (e) Coriolis force and (f) 

nonlinear advection in the northern Pamlico Sound under northeastward wind, all in 

the direction indicated by the arrow in (a). They are in the unit of m2s-2 and multiplied 

by 10-6. 
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Figure 3.11 Distributions of vorticity in 10-5 s-1(a) during northeastward wind events, 

(b) without wind, (c) during southeastward wind events. 
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Figure 3.12 Distributions of PV balance terms in 10-10 s-2 under northeastward and 

southeastward wind conditions: (a) and (c) wind stress curl, (b) and (d) bottom stress 

curl. 
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Figure 3.13 Mean circulation pattern during spring. (a) Frequency distributions of 

wind directions. Distributions of seasonal mean (b) sea level, (c) surface and (d) 

bottom currents.   
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Figure 3.14 Mean circulation pattern during summer. (a) Frequency distributions of 

wind directions. Distributions of seasonal mean (b) sea level, (c) surface and (d) 

bottom currents.   
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Figure 3.15 Mean circulation pattern during fall. (a) Frequency distributions of wind 

directions. Distributions of seasonal mean (b) sea level, (c) surface and (d) bottom 

currents.   
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Figure 3.16 Mean circulation pattern during winter. (a) Frequency distributions of 

wind directions. Distributions of seasonal mean (b) sea level, (c) surface and (d) 

bottom currents.   
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Chapter 4: Wind’s effect on stratification 

 

APS receives freshwater from four rivers and exchanges salt with the Atlantic 

Ocean through the three inlets. The river discharges have a well-defined seasonal 

cycle: high flows during spring and low flows during summer. Stratification, which is 

the key to vertical momentum exchange processes, has been widely investigated in 

other estuary systems like Hudson River, York River and Chesapeake Bay. How do 

the river flows and rainfall affect the seasonal evolution of the stratification in APS? 

How does the wind affect stratification in this wide, shallow and highly frictional 

estuary? In this chapter effects of wind and strong rainfall events on stratification will 

be studied. 

4.1. Wind straining and mixing effects 

Wind’s effect on stratification is achieved by the competition between wind 

straining and direct wind mixing. Hereafter, the effect of axial wind will be mainly 

focused on. Since the vertical salinity difference is so low, the stratification in 

Albemarle Sound will not be studied.  

 

In the Pamlico southern basin, during moderate down-estuary wind, the 

horizontal salinity gradient is strained. Fresh water penetrates farther downstream 

towards Ocracoke Inlet at the surface while saline water intrudes farther landward at 

the bottom. Direct wind mixing is relatively weak compared with the straining effect, 

so the stratification is intensified. On the other hand, during moderate up-estuary 
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wind event, the isopycnal is tilted up as the fresh water at the surface is constricted at 

the river mouths and the saline water intrudes less at the bottom. Stratification is 

greatly reduced. As the wind speed increases and the mixing become strong enough, 

the water column becomes vertically homogenous (Fig. 3.10c). Stratification 

eventually disappears. A laterally segregated current which is consistent with 

Csanady’s analytical solution for wind-driven flow over laterally varying bathymetry 

develops, indicating that wind-driven axial flow dominates over gravitational 

circulation [W>1].   

4.2. Semi-durnal Seiching 

Luettich et al. (2002) found that over half of the along channel velocity variance 

associates with roughly the semi-diurnal frequency band. Velocity in this frequency 

range is episodic, has a typical magnitude of 10 cm s-1 and often reaches twice this 

speed. By using wavelet analysis which is a highly effective technique for 

discriminating times, they found the semi-diurnal motion was strong and identified a 

predominant 13.2-h period in the along channel component of both 10-week 

wintertime and 10-week summertime current meter records. The semi-diurnal signal 

was also captured by a barotropic model simulation using idealized wind forcing.  

 

Since the astronomical tide in APS is negligible, owing to the APS’s virtual 

isolation from the coastal ocean by the North Carolina Outer Banks barrier island 

chain, the episodic nature of the velocity signal suggests that the semi-diurnal signal 

is generated within the APS, presumably due to meteorological forcing.  
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Hutchinson (1957) summarized that a half-wavelength seiche had been observed 

frequently in lakes. The propagation of such a seiche in shallow water is governed by 

(4.1)                                                                   2 gh
T
L
=  

where L  is the basin length, T is the oscillation period, g  is the acceleration of 

gravity and h  is the water depth. This kind of seiche also exists in APS. However, 

due to the irregular geometry and bathymetry of the APS, appropriate values of the 

basin length and the water depth are not immediately clear. From the idealized model 

simulation, Luettich et al. (2002) confirmed that semi-diurnal signal was introduced 

by the resonance to oscillatory wind and indentified an average ‘‘seiche depth’’ of 

3.5m and a ‘‘seiche length’’ of 139 km. This length is close to that of the long axis of 

Pamlico Sound, although the depth is approximately 25 percent less than the sound’s 

4.5m mean bathymetric depth.  

 

Given the absence of a tidal current, this motion plays a significant role in 

determining the position and strength of the salt wedge, the thickness of the diffusive 

bottom boundary layer and the overall dispersion characteristics of the system 

especially in the Pamlico southern basin. This semi-diurnal seiche generates strong 

mixing which reduces the total stratification level in APS. We applied 13.2-h and 48-

h rotating winds of the same speed (5m s-1). The 13.2-h wind excites a resonance of 

APS while no seiche responds to the 48-h wind. In Fig. 4.1, the 2N  during 13.2-h 

wind is significantly smaller than that during 48-h wind indicating stronger mixing 

when the seiching is excited.  Rotating wind with prevailing eastward or westward 

direction is more efficient to mix the water column. One reason is that the fetch is 
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longer in east-west direction. The seiche can even be found 5 days after the wind 

stops. And 2N is also significant smaller after 13-h wind event.  

 

Bottom friction plays an important role in generating mixing and dissipating the 

seiching energy. In order to study the nature of mechanics, we conducted two 

numerical experiments under 13-h winds: one with high bottom stress coefficient 

(bottom roughness height of 1mm), the other with very low one (0.01mm). We find 

the thickness of the diffusive bottom boundary layer is the key to the overall 

dispersion and stratification characteristics of the system. With high bottom stress 

coefficient, a thicker bottom boundary layer generated by the seiche merges with the 

surface mix layer, reducing the stratification even farther during wind events. Short 

time (less than 5 days) after the idealized wind, the bottom boundary layer still exists. 

Because of the existence of this bottom boundary layer, stratification is noticeably 

lower under high bottom stress. 

4.3. Effects of fresh water input on stratification  

Although freshwater inflows from the rivers and salt exchanges across the inlets 

are the two dominant terms affecting salinity in APS, it has been suggested that local 

precipitation and evaporation over APS may influence salinity in APS (Roelofs and 

Bumpus, 1953; Pietrafesa, 1983). Although the evaporation and precipitation are 

nearly in balance over a year, precipitation exceeds evaporation during spring and 

winter whereas the reverse is true during the summer. To investigate the effects of 

local precipitation and evaporation, we plot the time series of the total river discharge 

Q and compare it again the time series of the precipitation minus evaporation (P-E) 



 

 60 
 

integrated over the surface area of APS (Figs. 4.2b and c). Understandably, P-E time 

series shows higher frequency temporal fluctuations than Q. Nevertheless, short peaks 

in P-E reach as high as 50% of the peaks in Q. During early spring precipitation 

causes a small increase of APS volume whereas evaporation causes a decrease in the 

volume during the summer and early fall. By the beginning of October of 2003, the 

total evaporation exceeds the total precipitation by 1.6x109 m3 (about 50% of the total 

volume variation), which persists until the year end even though EP ≈  in the final 3 

months. Hence, the local evaporation and precipitation play very important role in 

changing the volume and sequentially the salinity and stratification in APS. 

 

Climatic perturbations by drought-flood cycles, tropical storms, and hurricanes 

are increasingly important in Mid-Atlantic estuaries, leading to ecosystem-scale 

responses of the plankton system with significant trophic implications.  Six major 

hurricanes, magnitude 2 or greater on the Safford–Simpson scale, have made landfall 

in North Carolina between 1996 and 1999. Hurricanes Dennis (September 4–5) and 

Floyd (September 16), which passed through North Carolina during a 12-day period 

in September 1999, and Hurricane Irene, which passed near the North Carolina coast 

on October 17, 1999 inundated the region with unprecedented rainfall (up to 1 m), 

causing prolonged record flooding (50- to 500-year flooding) in the watershed of 

APS. Floodwaters from the three sequential hurricanes inundated coastal rivers and 

impacted the hydrologic.  
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The central part of the Pamlico River basin received 96 cm of rain during 

September and October, 1999, or about 85% of the average annual rainfall. 

Freshwater inflow to PS during September and October 1999 was equivalent to about 

83% of the total volume of the Sound. Typically, mean inflow volume for these two 

months is 13% of the Sound volume. The amount of fresh water input in short time 

greatly freshened the whole system. One monitoring station in western Pamlico 

Sound observed a drop of 19 psu of surface salinity and 15 psu of bottom salinity 

after the event. 

 

Simulation of year 1999 is started from the end of year 1998 simulation. Fig. 4.3a 

and b shows the daily river discharge in 1999. Late September and early October 

show unprecedented high fresh water amount compared with the rest time of the year. 

Wind condition is similar as that in 2003 with transitional winds in the spring and fall, 

prevailing northeastward wind in the summer, and southeastward wind in the winter. 

 

The model simulation is validated against the observations in Paerl et al. (2001). 

A comparison of pre- and post-hurricane salinity regimes throughout these estuaries 

can be found from the Neuse River Modeling and Monitoring (ModMon) program 

data. Historic late summer salinities are typically at their maximum of 10–13 psu near 

the mouths of Pamlico and Neuse Rivers, whereas surface salinities in southwestern 

Pamlico Sound also reach maximum values from 15 to 20 psu in September (19) (Fig. 

4.4a). The week before Hurricane Floyd, surface salinities at stations in the western 

Pamlico Sound ranged from 18 to 20 psu. Two weeks after the passage of Hurricane 
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Floyd, surface salinity averaged 8.96±1.4 psu, or less than half of typical values. Our 

model captures the post-hurricane freshening very well as shown in Fig. 4.4a.  

 

As a result of this high amount of buoyancy input, the stratification at the 

monitoring station shown in Fig. 4.4b was dramatically increased. The averaged 

vertical salinity difference (bottom salinity minus surface salinity) is 1.5 psu two 

weeks before Hurricane Floyd. It increased up to 12.5 psu after the hurricane passage. 

 

By comparing Fig. 4.5 and Fig. 4.6, we can find how the whole system responded 

to the freshwater input. Fig. 4.5a shows the mean surface salinity two weeks before 

the hurricane event. The 13-psu isohaline reaches as far as the mouths of Pamlico 

River and Neuse River. As mentioned in Chapter 3, the APS lacks vertical salinity 

difference. Fig. 4.5b shows the mean vertical difference which is mostly lower than 2. 

However, after the event, the 13-psu isohaline is pushed seaward reaching the middle 

of Pamlico Sound with strong stratification spread from the river mouth to almost the 

whole basin indicating by the 2-psu vertical salinity difference contour line in Fig. 

4.6b. 

 

In an estuary, exchange flow is always associated with stratification. Naturally, 

surface currents become strong due to high amount of fresh water input. As a result of 

the increased stratification and strengthened surface currents, the return flow at the 

bottom also increases, leading to a strong two-layer gravitational circulation in APS 

(Fig. 4.7a and b). 
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Figure 4.1 Basin-wide mean N2 in Pamlico Sound under 5 and 10 ms-1 wind 

condition. 1 to 4 stand for four prevailing directions. 
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Figure 4.2 (a) Time series of total volume (grey) in APS, integrated volume flux 

(open circles) including river flows,  precipitation minus evaporation (P-E) and 

transports through the inlets, and integrated volume flux (triangles) including river 

flows and inlet transports only. Time series of (b) total discharges from the four rivers 

and (c) net precipitation minus evaporation integrated over the surface of APS. 
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Figure 4.3 Discharges from (a) Chowan (dotted) and Roanoke (solid) Rivers, (b) 

Pamlico (dotted) and Neuse (solid) Rivers in 1999. (c) Weekly mean wind speed 

vector at a central location in APS. 
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Figure 4.4 (a) Comparisons of both surface and bottom salinity, and (b) comparison 

of vertical salinity difference, between observations and the model simulation. 
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Figure 4.5 Distributions of mean (a) surface salinity, (b) vertical salinity difference 

two weeks before Hurricane Floyd. 
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Figure 4.6 Distributions of mean (a) surface salinity, (b) vertical salinity difference in 

October 1999. 

 
 
 



 

 69 
 

 
Figure 4.7 Distributions of mean (a) surface currents, (b) bottom currents in October 

1999.  
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Chapter 5: Salt budget and salt balance 

 

We have investigated the mean salinity distribution and mean circulation pattern 

in APS. The salinity in APS not only shows large spatial variations but also 

experiences large seasonal variations due to seasonal variations of the river 

discharges. Moreover, high-salinity water from the Atlantic Ocean enters APS 

through the inlets at the Outer Banks. In this section, we examine the salt budget in 

APS and analyze salt fluxes through the inlets.  

 

APS receives freshwater from four rivers and exchanges salt with the Atlantic 

Ocean through the three inlets. The river discharges have a well-defined seasonal 

cycle: high flows during spring and low flows during summer. How do the river 

flows and salt fluxes through the inlets affect the seasonal evolution of salinity 

distribution in APS? Salt flux in an estuary can be decomposed into tidal pumping, 

subtidal shear dispersion and subtidal barotropic components. In long coastal-plain 

estuaries, subtidal vertical shear dispersion, resulting from the estuarine exchanges 

flow, is the dominant mechanism driving the salt flux (e.g. Lerczak and Geyer, 2006). 

However, tidal dispersion/pumping may dominate in regions of abrupt topographic 

changes such as headlands and inlets (Geyer and Signell, 1992). What are the relative 

importance of tidal pumping and shear-dispersion mechanisms in supplying salt to the 

lagoonal estuary? Wind-driven flows have been shown to be an important mechanism 

for the estuary-shelf exchange at the mouth of some estuaries (e.g. Valle-Levinson et 

al., 2001). What is the contribution of the wind-driven flows to the salt flux into APS? 
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5.1. Annual Salt Balance 

Figure 5.1 shows the seasonal evolution of the surface salinity distribution in 

APS. During the winter month of February, salinity is high throughout APS, reaching 

over 23 psu in the central region of Pamlico Sound and 13 psu at the mouths of Neuse 

and Pamlico Rivers (Fig. 5.1a). High river discharges during the spring dramatically 

reduce the salinity in APS. Low-salinity water originated from Neuse and Pamlico 

Rivers spreads eastward and covers most of the southern Pamlico Sound, as shown by 

the location of 13-psu isohalines (May, Fig. 5.1b). Similarly, freshwater is pushed out 

of Albemarle Sound and enters the northern Pamlico Sound. Salinity in the central 

Pamlico Sound drops to 19 psu. In contrast, salinity shows a strong rebound over the 

summer: low-salinity water retreats to Neuse and Pamlico Rivers while high salinity 

(19 psu and higher) water occupies a large part of northern and central Pamlico Sound 

(August, Fig. 5.1c). During the fall, salinity shows relatively smaller changes: 

isohaline patterns around Neuse and Pamlico Rivers are almost the same while 

salinity in the central Pamlico Sound increases by about 2 psu (November, Fig. 5.1d).  

 

We calculate the total salt content ∫= SdVMs in APS where S is salinity and V 

the volume, and plot its temporal evolution in Fig. 5.2a. Ms averages to about 4x1011 

psu m3 during Jan. and Feb. Due to large river discharges, the salt content decreases 

rapidly during the spring and reaches a minimum of 3 x1011 psu m3. In contrast, Ms 

experiences substantial increases during the summer months and reaches a maximum 

of about 5x1011 psu m3 in early September. Runoff in early fall reduce Ms to 4x1011 

psu m3. The salt content hovers around this value during the rest of year. Over the 
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course of 2003, the salt content in APS is about the same between the beginning and 

end of the year, even though it experiences large seasonal variations.  

 

To understand how Ms changes over time, we integrate the salinity equation over 

the whole volume of APS and obtain 

              

(5.1)                                                                   S
S F

t
M

=
∂

∂  

 
where Fs is the salt flux through the inlets given by  

 
(5.2)                                                              >=< ∫∫ uSdAFS  

 
in which the angle bracket represents a low-pass subtidal filter (with half-amplitude at 

33 hours), u is axial velocity, S salinity, and A cross-sectional area. Figure 10b shows 

the total salt flux from all the inlets. We calculate the monthly averages of Fs to 

highlight seasonal variations of the salt flux. Fs is negative between February and 

April, indicating that salt is transported out of APS during the high runoff season. In 

contrast, Fs is positive over the summer (June – August), indicating that APS gains 

salt. We integrate Fs over time and find that its integral matches the total salt content 

Ms very well (see Fig. 5.2a).  

 

To understand how various physical processes contribute to the salt flux through 

each inlet, we decompose the salt flux 

 



 

 73 
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in which u and S are decomposed into tidally and cross-sectionally averaged (u0, S0), 

tidally averaged and cross-sectionally varying (uE, SE), and tidally and cross-

sectionally varying (uT, ST) components, as in Lerczak et al. (2006). The first term F0 

is the salt flux due to subtidal cross-sectionally averaged transport, including the salt 

loss due to river discharge and subtidal salt flux fluctuations due to winds. Without 

wind forcing, 00 SQF f−=  is negative and equal to the product of the river discharge 

and oceanic salinity, but will be different if the wind-driven transport is important 

(Chen and Sanford, 2009). The second term FE is the subtidal shear dispersion 

resulting from gravitational circulation. The third term FT is the tidal oscillatory salt 

flux owing to temporal correlations between uT and ST. To aid the salt-flux analysis at 

the inlets, we will decompose the flow and density fields in APS into the subtidal and 

tidal components: the subtidal component is obtained by applying a 33-hour low-

passed filter (Li et al., 2005) while the tidal component is the difference between the 

total and subtidal components. 

 

Figure 5.3 shows the salt flux decomposition using Hatteras Inlet as an example. 

FT is always positive so that tidal pumping supplies salt into APS. In a partially mixed 

estuary, FE due to estuarine exchange flows is usually larger than tidally oscillatory 

flux FT (Simpson et al., 2001; Lerzack et al., 2006). However, the baroclinic flow in 

the inlet is very weak such that FE is nearly zero. In contrast, the barotropic subtidal 
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flux F0 is much larger. The flows in Hatteras Inlet are predominantly barotropic. 

Pietradesa and Janowitz (1988) postulated and presented evidence that the flow 

through the narrow North Carolina barrier inlets, e.g. Oregon, Hatteras and Ocracoke 

Inlets, as being essentially bi-directional, i.e. either “in” or “out” throughout (Logan 

et al., 2000). Our analysis confirms their result. The subtidal barotropic salt flux F0 is 

of either sign and shows large fluctuations at daily time scales. When averaged over 

the whole time period, however, F0 is positive at Hatteras Inlet, indicating a net salt 

gain into APS. 

 

Compared with the classic estuaries, the barotropic inlets are characterized by 

negligible salt flux due to exchange flow. In Fig.5.3, at the Hatteras Inlet, FE is 

always positive but 100 times smaller compared with the other terms. Because of the 

very strong mixing generated by tidal currents, two-layer flow is rare. Vertically 

homogenous barotropic flow is dominant, so the dispersion of salt caused by vertical 

share is very weak compared with the tidal dispersion. 

5.2. Salt flux mechanisms 

5.2.1. Tidal pumping 

 

Temporal correlations between the currents and salinity at the tidal time scale 

lead to a net salt flux into APS. Figure 5.4 shows the time series of the tidal salt flux 

through Ocracoke, Hatteras and Oregon Inlets. For comparison, we plot the tidal sea-

level time series at a nearby coastal station. Although tides are weak inside APS, tidal 

flows are strong inside the narrow inlets (Roelofs and Bumpus, 1953; Imasato et al., 
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1994; Hench et al., 2002). FT is weakest in Ocracoke Inlet and averages to about 0.4 

x104 psu m3s-1. In contrast, FT reaches a high mean value of 1.5 x104 psu m3s-1 in 

Oregon Inlet, due to stronger tidal flows there. The tidal salt flux through Hatteras 

Inlet falls to a middle ground, with the mean value of 0.75 x104 psu m3s-1. It is 

interesting to note that the tidal salt fluxes at the three inlets are generally higher 

during the spring tides than during the neap tides. The spring fluxes at Hatteras and 

Oregon Inlets are twice as large as the neap fluxes. 

 

The tidal oscillatory salt flux FT is due to the tidal pumping where flood–ebb 

asymmetries in the spatial structure of tidal currents near the inlet result in a net salt 

flux into the estuary, as originally proposed by Stommel and Farmer (1952) and 

discussed in Geyer and Signell (1992). We can examine the tidal pumping 

mechanism in more detail. Figure 5.5a shows that tidal velocity uT and salinity ST at 

Oregon Inlet are in-phase most of times over a tidal cycle. The net transport resulting 

from differences between the flood and ebb tidal currents leads to a salt flux into the 

estuary (Fig. 5.5b). In Figs. 5.5c and d, we show two snapshots of the current vector 

uT and salinity ST distributions near Oregon Inlet at the peak flood and ebb tide during 

the spring tide. The incoming flood tide creates a jet-like motion, injecting high-

salinity water into APS. A semi-circular salinity/density front develops to separate the 

higher-salinity shelf water from the lower-salinity estuarine water. This density front 

propagates into the estuary during the flood phase of the tide. Since the tidal currents 

are strong, the salinity is nearly uniform behind the front. In comparison, the flow 

associated with the ebb tide is like a potential flow toward a sink, drawing low-
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salinity estuarine waters from all directions to the inlet. Since Oregon Inlet is located 

close to Abermarle Sound, salinity increases from the northern side of Oregon Inlet to 

the southern side. Figures 5.5c and d reveals striking differences in the flow and 

density fields between the flood and ebb tides during the spring tide. A similar flood-

ebb asymmetry is seen during the neap tide, although the tidal currents are weaker 

and the salinity difference between the flood and ebb tides are smaller. We have 

examined the momentum balance near the inlet and found a dominant balance 

between pressure gradient, horizontal advection and bottom stress, in agreement with 

the earlier studies of idealized and realistic inlets by Hench et al. (2002) and Hench 

and Luettich (2003).         

 

Further insights into the tidal pumping mechanism can be gained by plotting the 

spatial distributions of depth-averaged horizontal salinity advection 

∫− 
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∂
∂

=
η

HHh dz
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SuFs 1 and vertical diffusive salt flux  ∫− ∂

∂
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η

H sHv dz
z
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near the inlet, as shown in Fig. 5.6. During the flood tide, Fsh is mostly concentrated 

around the semi-circular salinity front whereas it is weak behind the front since the 

strong flood current homogenizes salinity there (Fig. 5.6c). Both vertical stratification 

and vertical diffusive salt flux drop to nearly zero (Figs. 5.6b and 5.6d). In contrast, 

the stratification and vertical diffusive salt flux are strong in the vicinity of the inlet 

during the ebb tide. Since the ebb current is relatively weak, the low-salinity estuarine 

water spreads over the more saline water that was injected into APS during the 

previous flood tide. Consequently, there is significant vertical diffusive flux acting on 

the stratified water. Fsh during the ebb tide is distributed broadly but is weaker than 
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the flood tide. Over a flood-ebb tidal cycle, the volume-integrated horizontal salt 

advection ∫∫A hdAHFs , or equivalently the net salt flux through the control volume 

near the inlet, is larger during the flood phase than the ebb phase (Fig. 5.6a). The total 

salt gained during the flood phase dtdAHFs
T

A h∫ ∫∫
2/

0
is 39 m psu 1025.1 × while the 

total salt lost during the ebb phase is 39 m psu 1001.1 ×− . Hence, the net gain of salt in 

the control volume due to tidal pumping is 38 m psu 1040.2 × . This compares with the 

net tidal salt gain of 38 m psu 1088.5 × through the cross-section at the inlet and shows 

that the remaining salt is pumped into the estuarine region outside the control volume.  

5.2.2. Wind driven barotropic salt exchanges 

 

Next we investigate the barotropic subtidal salt flux F0 for the three inlets. As 

shown in Fig. 5.7, the short-term fluctuations in F0 are due to barotropic transports 

across the inlets. The inlets have small surface areas so that local wind stress is not 

important. Instead the flows inside the inlets are driven by the sea-level 

difference/slope between APS and the adjacent shelf: the flows are directed into APS 

when the coastal sea level is higher than APS and vice versa (compare the 2nd and 3rd 

rows in Fig. 5.7). Let us take Oregon Inlet for an example. On day 312, the sea level 

is higher outside APS, the flow in the inlet is directed westward, and salt is supplied 

to APS from the adjacent Atlantic Ocean. On day 316, in contrast, the sea level is 

higher inside APS, the flow in the inlet is directed eastward, and salt is lost from 

APS. Due to the freshwater outflow from Albemarle Sound, the sea level is generally 
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higher on the APS side of Oregon Inlet such that salt is exported onto the shelf most 

of time. However, there are strong reversals of salt flux on day 255, 260, 312 when 

the sea level becomes higher on the shelf. The strong correlations between the time 

series of the sea-level difference, barotropic current and F0 at all the three inlets 

demonstrate that the subtidal salt flux F0 is carried by the subtidal barotropic flow 

driven by the sea-level slope across each inlet.  

 

However, the sea-level height differences across the inlets do not bear simple 

correspondence with the wind speed, as shown in Figs. 5.7a-d. Winds modulate water 

levels on both sides of each inlet. Although wind-driven setup and set-down over a 

straight open shelf are easy to understand, the water level inside APS responds 

rapidly to wind forcing due to its shallowness and exhibits large spatial variations. 

Moreover, sea levels inside APS are affected by river discharges. For example, high 

river flows during the spring season raise the sea levels inside APS and promote 

outflows from the inlets. Sea levels also change at seasonal and longer time scales, 

due to thermal variability of the Atlantic Ocean (Roelofs and Bumpus, 1953; 

Pietrafesa et al., 1986) and shifts in the trajectory of the Gulf Stream (Blayo et al., 

1996). Nevertheless, there are statistically significant correlations between the sea-

level difference η∆  and wind speed components (UEW in the east-west direction and 

UNS in the south-north direction): the correlation coefficient r2 between η∆ and 

UEW/UNS is 0.06/0.42, -0.57/0.26 and -0.49/-0.68 for Ocracoke, Hatteras and Oregon 

Inlets, respectively.  
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To better understand the subtidal salt flux F0 through the inlets, we plot two 

snapshots of subtidal sea level, depth-averaged subtidal currents and subtidal salinity 

near the Oregon Inlet in Fig. 5.8. On day 312, the sea level is higher on the shelf than 

inside APS, driving a strong inflow through the inlet. Since the wind direction is 

southwestward, the incoming water moves southward inside APS, creating a large 

pocket of high-salinity water as shown in Fig. 5.8b. A salinity front separates this 

oceanic water from the lower-salinity estuarine water. This front looks similar to the 

salinity/density front seen during the flood tides, but its area extent is much larger 

(compare Fig. 5.8b with Figs. 5.5c or 5.5e) since the wind-driven subtidal current 

lasts much longer than the half of the tidal period. On day 316, the sea level is higher 

inside APS than on the shelf, driving a strong outflow through Oregon Inlet. The 

wind is northeastward and drives the plume on the shelf in the same direction. Inside 

APS, convergent flows carry low-salinity estuarine water towards the inlet. Again 

there is a salinity gradient in the north-south direction due to the presence of fresh 

water in Albemarle Sound in the north. 

 

We analyze the depth-integrated momentum budget near Oregon Inlet during 

both days and find a primary balance between pressure gradient, horizontal advection 

and bottom stress, as shown in Fig. 5.9. On day 312, the pressure gradient is directed 

eastward since the sea level is higher on the shelf than inside APS. This drives an 

eastward inflow through the inlet so that the bottom stress is directed westward. The 

dominant advection term is 
x
uu
∂
∂

− (moved to the right-hand side) in the along-inlet 
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direction: outside the inlet, u is negative (westward) and 
x
u
∂
∂ is positive (convergent 

flows) such that 0>
∂
∂

−
x
uu ; inside the inlet, u is still negative but 

x
u
∂
∂ becomes 

negative (divergent flows) such that 0<
∂
∂

−
x
uu . We find a similar result in the 

momentum balance on day 315. The eastward-directed pressure gradient due to sea-

level slope drives an outflow and is balanced by the westward bottom stress. At first it 

may appear surprising that the advection term has the same distributions of 

directions/signs as on day 312 even though the flow through the inlet is reversed. 

Inside the inlet, u>0 and 0>
∂
∂

x
u  (convergent flows) such that 0<

∂
∂

−
x
uu . Outside the 

inlet, u>0 and 0<
∂
∂

x
u  (divergent flows) such that 0>

∂
∂

−
x
uu . These results on the 

momentum balance for the subtidal wind-driven flows are similar to those on the tidal 

flows through the inlets (Hench et al., 2002; Hench and Luettich, 2003). As the inlet 

is approached, the pressure gradient drives flow acceleration with the reminder 

balanced by the bottom friction. As the flow leaves the inlet, the bottom stress 

decelerates the current as well as balances the pressure gradient. Finally, we note that 

there are striking similarities in the flow patterns and salt fluxes between the tidal and 

subtidal/wind-driven flows (see Figs. 5.5 and 5.8). 

 

In the above analysis, we decompose the current and salinity fields into tidal and 

subtidal components. One might question if the tidal salt flux FT is influenced by the 

subtidal wind-driven currents or whether the subtidal barotropic salt flux F0 is 
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influenced by the tidal currents. We have examined the correlation between u0 and uT 

and found the correlation coefficient to be about 2% in all three inlets. We have also 

examined the correlation between u0 and Tη∆ , and again found the correlation 

coefficient to be about 2% in the three inlets. This compares with a high correlation 

coefficient between u0 and 0η∆ , which is 0.78, 0.94 and 0.97 for Ocracoke, Hatteras 

and Oregon Inlets, respectively. Therefore, the salt flux decomposition shown in (3) 

is valid.  

 

 

 

 



 

 82 
 

 

Figure 5.1 Monthly mean surface salinity distributions in (a) February, (b) May, (c) 

August, and (d) November.  
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Figure 5.2 (a) Time series of total salt content in APS (thick grey line) and integrated 

salt flux through all inlets (open circles). (b) Monthly averages of total salt flux 

through the inlets.  
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Figure 5.3 Salt flux decomposition at Hatteras Inlet: shear dispersion due to 

baroclinic exchange flow FE (dashed line), tidal pumping FT (black line), and wind-

driven barotropic transport F0 (grey line). 
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Figure 5.4 (a) Time series of sea level at Duck tidal gauge station. Time series of FT 

at (b) Ocracoke, (c) Hatteras, and (d) Oregon Inlet. 

 

 

 

 

 

 

 

 

 

 



 

 86 
 

 

Figure 5.5 Time series of (a) tidal velocity (black) and tidal salinity (green), and (b) 

the product of tidal velocity and tidal salinity (blue) at Oregon Inlet. Snapshots of 

depth-averaged velocity (vectors) and salinity (contours) distributions near Oregon 

Inlet on (c)/(e) peak flood (day 222/229.75) and (d)/(f) peak ebb (day 222.25/230) 

during the spring/neap tide. The shaded areas are discretized model representations of 

Outer Banks while the thick solid lines are high-resolution coastlines obtained from 

NOAA.    
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Figure 5.6 Time series of (a) integrated horizontal advection in the control volume 

[defined as the quadrilateral marked by red lines in (b)]. Distributions of (b)/(d) 

vertical salinity difference, (c)/(e) depth-averaged horizontal salinity advection term 

(in 10-4 psu s-1), and (d)/(f) depth-averaged vertical diffusion term (in 10-3 psu ms-1) 

on day 222 (flood) and 222.25 (ebb). 

 

 

 

 

 

 

 



 

 88 
 

 

Figure 5.7 (a) Wind speed vectors at Cape Hatteras. Time series of subtidal sea levels 

across (b) Ocracoke, (c) Hatteras, and (d) Oregon Inlet: red dashed lines correspond 

to stations inside APS and green lines to stations outside APS. Time series of the 

sectionally averaged barotropic current at (e) Ocracoke, (f) Hatteras and (g) Oregon 

Inlet. Time series of barotropic salt flux F0 at (h) Ocracoke, (i) Hatteras and (j) 

Oregon Inlet. The two days marked in magenta open circles are used in the 

subsequent analysis. 
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Figure 5.8 Distributions of (a)/(c) subtidal sea level and (b)/(d) depth-averaged 

subtidal currents (arrows) and salinity (contours) near Oregon Inlet on day 

312.5/316.125. Solid arrows in (a) and (c) indicate the wind directions.  
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Figure 5.9 Horizontal distributions of (a)/(d) pressure gradient, (b)/(e) horizontal 

advection, (c)/(f) bottom stress near Oregon Inlet on day 312.5/316.125.  
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Chapter 6: Final conclusion 

 

We have employed ROMS to develop a new 3D hydrodynamic model for APS 

and used it to investigate the circulation dynamics, stratification variations and salt 

balance in this lagoonal estuary. Although the vertical stratification is weak, the 

geographic separation between the rivers and inlets generates large horizontal density 

gradients.  The mean circulation features a two-layer gravitational circulation with 

speeds reaching several cms-1: the fresh surface waters leave the rivers and the saline 

bottom waters leave the inlets. Analysis of the depth-integrated momentum budget 

shows a primary balance between the barotropic pressure gradient due to sea-level 

slope and the baroclinic pressure gradient due to horizontal salinity gradients. The 

wind stress is not a major driver of the mean circulation. In our view, this is a 

significant result and demonstrates that substantial gravitational circulation can 

develop in shallow, wide and weakly stratified lagoonal estuaries. This two-layer 

mean circulation can play an important role in transporting nutrients, contaminants 

and fish larve in these estuarine systems (Paerl et al., 1998; Werner and Brain, 1999). 

 

Because of their layouts, the flow responses of three separated regions to the 

same wind are very different, depending on the relative importance of wind stress 

compared with horizontal salinity gradient. Using idealized wind stress, we 

introduced Wedderburn number and Csanady linear solution to explain the wind’s 

effects. Using year 2003 as an example, we conducted hindcast simulations. The 

seasonal circulation is driven by seasonally shifting prevailing winds but is also 
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affected by the horizontal density gradients. The typical current response to the wind 

forcing in the Pamlico southern basin is a two-layer baroclinic flow as the winds 

generate the sea-level slope and pressure gradient which work against the wind stress, 

although the winds generate down-wind currents at all depths in shallow shoals in the 

Pamlico northern basin and Albemarle Sound. Both flow pattern and momentum 

balance show very good agreement between the idealized cases and realistic 

simulation in two seasons (summer and winter), which confirms that the seasonal 

circulation is driven by seasonally shifting prevailing winds. 

 

Due to seasonal variations of river discharges, salinity distributions in APS show 

strong seasonal variations. The salt content in APS is determined by the balance 

between the river flows and salt exchanges through the inlets. We analyzed the salt 

flux decomposition to gain insights into the physical mechanisms controlling the salt 

exchanges through the inlets. While the salt flux due to estuarine exchange flows is 

weak, tidal pumping produces a net influx of salt into APS over a tidal cycle: strong 

flood currents push high-salinity oceanic water into the estuary through a propagating 

density front whereas convergent ebb currents advect lighter estuarine water over 

denser bottom water. The salt flux due to barotropic transport across the inlets shows 

large temporal fluctuations and can either be a source or sink of salt to APS. This salt 

flux component correlates well with the sea level difference across each inlet. The salt 

flux FT due to the tidal pumping averages to 4103.3 × psu m3s-1. The subtidal 

barotropic salt flux F0 consists of the salt loss due to river discharge and subtidal salt 

flux fluctuations due to wind-driven exchanges across the inlets. F0 averages to 
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4102.5 ×− psu m3s-1during the spring and to 4107.2 ×− psu m3s-1 during the summer. 

In comparison, the subtidal salt flux FE due to shear dispersion is much smaller: a 

mean value of 8.28 psu m3s-1for spring and a mean value of 296 psu m3s-1 for summer. 

Therefore, the seasonal change of the salt content in APS is primarily determined by 

the balance between FT and F0. However, it is impossible to separate the relative 

contributions of river discharge and wind-driven transports to F0 because there is an 

interconnected network of 4 rivers and 3 inlets in APS.    

 

The hydrodynamic model developed here could provide a useful tool for 

investigating how climatic variability and extreme weather events affect plankton 

productivity and water quality in APS. The fresh water from the rivers carries various 

forms of nutrients, organic matter, and toxic materials to APS. The combination of 

the hydrological and nutrient cycling characteristics makes it highly susceptible to 

nutrient inputs, leading to algal blooms, hypoxia, and anoxia. River discharge, winds 

and stratification have been recognized as the leading physical processes affecting the 

plankton system in APS (Paerl et al., 2001; Paerl et al., 2006a). Climatic perturbations 

by drought-flood cycles, tropical storms, and hurricanes are increasingly important in 

Mid-Atlantic estuaries such as APS. A biogeochemical model coupled to the 

hydrodynamic model developed here can be used to investigate the impact of climate 

variability/change on the plankton productivity in APS.  
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