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Abstract

The residual circulation pattern of Winyah Bay, the fourth largest estuary on the eastern coast of the US, is examined using

stationary and shipborne current measurements during periods of low freshwater discharge. The estuary has a complex morphology
with a single channel and narrow banks at the river entrance and the bay mouth, and a bifurcated channel system (main and western
channels, respectively) in the middle part that appears to affect the residual circulation.

Overall, the upper (single channel morphology) and middle (dual-channel morphology) parts of the estuary exhibit a baroclinic
residual circulation. The presence of bifurcated channels in the middle part of the estuary modifies the typical gravitational
circulation. The near-bed landward-directed residual flow is stronger in the deeper main channel than the shallower western channel.
This is the result of the fact that the magnitude of residual flow scales with the water depth of the channel and it is also influenced by

the opposing patterns of channel alignment in the northern and southern junctions. Analytical modeling confirms that the observed
residual currents in the upper and middle estuary are density-induced. In the lower estuary, residual flow is directed seaward
throughout the water column of the channel while in the adjacent shoals the residual flow is directed landward, suggesting that in

contrast to the upper and middle estuary, the residual flow near the mouth is barotropic, controlled by the tides and the channel-
bank morphology.
� 2005 Published by Elsevier Ltd.
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1. Introduction

Residual circulation dominates the flux of salt and
other biological, chemical and geological materials in
estuarine environments. Even though tidal current speed
can be one order of magnitude greater than that of
residual current, the latter plays an important role in net
exchange of materials in solution or suspension. Un-
derstanding the processes that control patterns of
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residual circulation is a key element when considering
long-term management of estuarine environments.

Estuarine residual currents have been attributed to
well-known gravitational circulation, where a density
gradient drives a seaward flow in the surface layer and
landward currents near the bed (e.g., Pritchard, 1952;
Hansen and Rattray, 1965). Recently, tidal pumping
due to tidal asymmetry in turbulent mixing, which
results from the strain-induced periodic stratification
(Simpson et al., 1990), has also been suggested to cause
residual currents (Jay and Smith, 1990b; Stacey et al.,
2001). The relative importance of baroclinic (density
gradient) and barotropic (tidal pumping) components
0 August 2005 � 1/16
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on residual circulation depends on the particular
characteristics of the estuary such as tidal range,
freshwater input, and morphology. Circulation patterns
are more complicated when the actual bottom topogra-
phy is considered. Numerical work (Li and O’Donnell,
1997) has shown that for a simple v-shaped channel and
narrow bank morphology and under barotropic forcing
only, lateral variations in depth across the channel cause
net landward flow over the banks balanced by a return
seaward flow in the main channel. Furthermore, the
same work showed that the intensity of the residual flow
is controlled by the ratio between the depths on the
shoal and in the channel. Experimental results from
Chesapeake Bay (Valle-Levinson and Lwiza, 1995;
Valle-Levinson and O’Donnell, 1996) demonstrated that
when the barotropic forcing interacts with baroclinic
processes, the residual circulation can be reversed (i.e.,
landward flow in the channels and seaward flow over the
shoals). Furthermore, when the cross-section of the
channel exhibits an asymmetric profile, then the location
of the mean along-channel flow may be skewed toward
the gentle-sloped side of the channel section (Friedrichs
and Hamrick, 1996). When more than one channel is
present then the channel’s connectivity with the source
of freshwater can control the patterns of residual
circulation. For example, the North and South channels
of the Columbia River estuary (Jay and Smith, 1990a,b)
show different patterns of circulation. The North
Channel is governed by seaward surface residual flow
and landward bottom residual flow, while in the South
Channel a seaward residual flow exists throughout the
whole water column (Jay and Smith, 1990a).

Winyah Bay (WB), South Carolina, is the fourth
largest estuary on the eastern coast of the USA in terms
of discharge (Patchineelam et al., 1999) and is charac-
terized by a complex geometry. WB is a coastal plain
type estuary some 30 km long, extending from George-
town, SC, to the Atlantic Ocean. The morphology of the
estuary has a general S shape and it changes at various
parts of the system (Fig. 1). The middle part of the
estuary consists of bifurcated channels with different
depths. The two channels merge at the upper and lower
parts of the estuary. These locations of channel merge
are hereafter called the northern and southern junctions
and are bent to the west and east, respectively (see
Fig. 1). A number of studies have been carried out in
this area, but these have focused either on geochemistry
(Goñi et al., 2003, in press), long-term sediment budget
(Patchineelam et al., 1999), or suspended sediment
dynamics (Patchineelam, 1999; Ramsey, 2000; Patch-
ineelam and Kjerfve, 2004). Despite the importance of
this area for navigational and environmental issues, no
comprehensive study or data exist to-date that describe
the general circulation pattern in this estuary.

The objective of this study is to present field
hydrodynamic data describing the residual circulation
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of Winyah Bay. In particular, the role of the complex
channel geometry and bifurcation on controlling re-
sidual circulation is examined. Spatially varying residual
current pattern is revealed on the basis of hydrodynamic
and hydrographic data collected during periods of low-
river discharge conditions. A simple one-dimensional
analytical model is applied to verify the effect of
differences in water depth and bottom morphology on
modifying residual circulation pattern in bifurcated
channels. This work, although limited to low-river
discharge conditions, establishes the general physical
characteristics of the system and provides the back-
ground for any subsequent ecological or other environ-
mental study in the area. Furthermore, the data provide
a solid basis for the development and verification of
numerical simulations that are underway but beyond the
scope of this paper.

1.1. Study area

Winyah Bay (WB), South Carolina, is located
approximately 70 km northeast of Charleston, SC. The
estuary, seaward of the confluence of the Pee Dee and
the Waccamaw Rivers, is 29 km long and encompasses
a total area of 157 km2, of which 92 km2 are intertidal
areas (South Carolina Sea Grant Consortium, 1992).
WB has a narrow bay mouth and estuary head (1.2 and
2 km wide, respectively) but the middle, main estuary
widens up to 7.2 km (Fig. 1). The bay is a microtidal
system, subjected to semidiurnal tides with a mean tidal
range of 1.4 m at the mouth and 1.0 m at the Sampit
River entrance (NOS, 1995). There is a phase lag of
approximately 2 h in the tide between the bay entrance
and the head of the estuary at the confluence of the Pee
Dee and the Waccamaw Rivers.

The total of mean freshwater input to WB is
approximately 557 m3 s�1 and is derived from a drainage
area of 47,060 km2. This discharge rate makes WB the
fourth largest estuary on the east coast of North
America, after St. Lawrence Waterway, Chesapeake
Bay and Hudson River (Patchineelam, 1999). River
discharge exhibits seasonal variability with the highest
discharges occurring during late winter and early spring
in response to snowmelt within the drainage area. The
majority of the freshwater input is from the Pee Dee
(w55%) and Little Pee Dee River (w20%), with smaller
contributions from the Waccamaw (w8%), Black
(w7%), Lynche (w7%), and Sampit (w1%) Rivers,
which are typical low discharge coastal plain rivers
(Patchineelam, 1999).

Sedimentation within the estuary is still extensive,
although the construction of 20 dams on the Pee Dee
River limits the delivery of eroded materials. A sediment
budget study by Patchineelam et al. (1999) showed
the input of sediments from the rivers reach up
to 43! 104 ton yr�1. Three quarters of the delivered
ugust 2005 � 2/16
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Fig. 1. (a) Map showing the study area, survey lines and locations of measurement stations. Transects I and II (solid and dashed lines, respectively)

indicate shipborne ADCP surveys. CTD casts were carried out on stations AeF. Stationary current profile data were collected on locations CA, TA,

BM1 and BM2 while a tidal gauge was installed on TG. The 3.5 and 6.5 m bathymetric contours are shown as solid and dashed lines, respectively. (b)

Location of measurement stations as a function of along-channel distance from the mouth of the bay (BM). Gray arrows indicate the locations of

western and main channel junctions (referred to as northern and southern junctions, respectively).
282
283
284
285
286
287
sediments are accumulating in the estuary, including
channels, adjacent marshes or mud flats. Approximately
10.7! 104 ton yr�1 of fine-grained sediment is dredged
from the main navigation channel in order to maintain
a shipping route to GeorgetownHarbor (USACE, 1997).
YECSS1719_proof � 1
Ramsey (2000) presented data showing that WB is
characterized by a partially- and well-mixed estuary
during high and low freshwater discharge period,
respectively. The salinity front is located near the bay
mouth during periods of high river discharge, whereas
0 August 2005 � 3/16
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during periods of low discharge the salt wedge reaches
up to 25 km upstream from the confluence of the Pee
Dee and Waccamaw Rivers (South Carolina Sea Grant
Consortium, 1992). The average depth of the bay is
4.2 m, with the deepest portions (w9 m) located in the
artificially maintained shipping channel. The shallowest
areas are located on its eastern flank of the middle
estuary. Here, a large mud flat (Mud Bay) exists with
water depths less than 0.5 m at low tide and extensive
intertidal areas.

The morphology of the system is characterized by
a single channel with narrow banks both at the river
entrance (northern part) and the estuary mouth (Fig. 1).
In the middle part (main estuary), the channel is
subdivided into two tributaries: the main (located to
the east) and the western channels, respectively. The
main channel is dredged to 8.2 m below mean low water
level while the western channel is semi-natural with
a maximum water depth of 6 m. Both the northern and
southern channel junctions are gently curved in opposite
directions with west- and east-bent, respectively (see
Fig. 1). As a result, the axes of the main channel in the
middle and upper parts form an angle with each other in
the vicinity of the northern junction area. Near the
southern junction, the axes of the middle and lower part
main channels are linearly aligned with each other.

At this juncture we should note that the present
morphology of the estuary, as described above, is not the
product of a natural flow system. Examination of the
morphological development of the system, using 21
historical navigational charts covering the period 1854e
1987 (http://historicals.ncd.noaa.gov/historicals/histmap.
asp), revealed three development phases. The first phase
(prior to 1877) corresponds to natural conditions without
the influence of any anthropogenic modification. During
this phase the estuary consisted of one deep channel
(w6 m) in the upper part, three shallow (w4 m) channels
in themiddle part, and two distinctive (w5 m) channels in
the lower estuary near the mouth. During the second
phase (1877e1932),WBhad one channel in the upper and
lower part and two distinctive channels in the middle part
of the estuary. The latter two channels had similar water
depth of approximately 5 m. During the period
1948e1952, the main navigation channel in the center of
the estuarywas designed to be 28 km long, 8.2 mdeep and
100 m wide (Conservation Foundation, 1980). This
modification of the channels influences the present
residual circulation pattern that is discussed in this paper.

2. Methodology

The data used in this study were collected during four
different field measurement periods in 2001 and 2002.
Each field campaign corresponded to different stages of
YECSS1719_proof � 10 A
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the springeneap tidal cycle (Fig. 2). Data corresponding
to spring and neap tides were collected during the
periods of September 9e13, and October 29e30, 2002,
respectively. Another field campaign during October 3e
6, 2001, coincided with transitional conditions from
neap to spring. The most extensive field measurement
campaign was conducted during the period of May 13e
22, 2002, and included both transitional (neapespring)
and spring tide conditions. The Pee Dee River discharge,
which represents 55% of the total freshwater discharge
(see Section 1.1), ranged from 25.3 m3 s�1 in October
2001 to 190.9 m3 s�1 in October 2002 (see Fig. 2). These
flow rates are 10% to 75% below the mean annual river
discharge and represent low discharge conditions.
During each field campaign shipborne and/or stationary
data on currents, temperature, salinity, and water level
were collected. Table 1 lists details of the field
measurement program.

2.1. Shipborne data collection

The upper and middle section of the estuary
(encompassing stations AeD; see Fig. 1) was surveyed
during the periods of October 3e6, 2001, and May 13e
17, 2002. The survey line (hereafter called Transect I)
was limited to the main navigational channel due to the
size of the vessel. Continuous mapping of the three-
dimensional current structure along the channel axis was
carried out using a ship-mounted, downward-looking
RDI 1200 kHz acoustic Doppler current profiler
(ADCP). The survey speed was less than four knots.
The routine survey track consisted of sailing from
station D to A with stops for CTD casts at each station
and back to D without any stops at the stations. A full
repetition of the survey track (i.e., from D to A and back
to D) lasted 2e3 h. A total of 38 and 60 survey loops
were conducted during October 2001 and May 2002,
respectively. The first bin of the ADCP was located at
0.9 m below the water surface and the size of each bin
was 0.25 m. One-second instantaneous current data
were recorded on an on-board computer together with
the ship’s position and gyro data. These data were later
averaged to 10-s mean velocities and corrected for ship
movement and heading using the sensor’s tilt meters and
the ship’s gyro output. Bottom-tracking correction was
carried out using the data from the on-board differential
GPS system.

The survey along the main channel of the middle
estuary (hereafter called Transect II, encompassing
stations from D to F; see Fig. 1) took place during
May 20e23, 2002. The same instrumentation and
procedure were used as described above. The survey
loop, from F to D and back to F, was completed 47
times.
ugust 2005 � 4/16
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Fig. 2. Top: time-series of daily mean discharge of the Pee Dee River, which contributes 55% of freshwater discharge in Winyah Bay for the period of

March, 2001 (day 82) to March 2003 (day 809). Bottom: time-series of hourly discharge for the Pee Dee River (dotted line) and water level for

Charleston Harbor, SC for the data collection periods: (b) October 2001; (c) May 2002; (d) September 2002; and (e) October 2002. Horizontal axes

represent year day of each year. (Discharge data from USGS station #02131000; water level data from, NOAA station #8665530).
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R2.2. Stationary data collection

During the period of May 13e22, 2002, current data
were collected at two stations (CA and TA, respective-
ly). Station CA (see Fig. 1) was located near the eastern
margin of the navigation channel in the upper estuary,
approximately 16.5 km from the bay mouth. A surface-
mounted, downward-looking ADCP (RDI Workhorse
1200 kHz) was temporarily attached to a US Coast
Guard navigational buoy. It recorded 6-min averaged
current data every 10 min for 9 days (May 13e22, 2002).
The first bin was located 0.75 m below the water surface
and the bin size was set to 0.2 m. The bottom-tracking
option was used to account for the movement of the
buoy. However, it was found that the buoy tether line
occasionally corrupted the near-surface bin data. Also,
the echo return from the bottom was used to estimate
water level variations on this site following the
methodology described in Li et al. (2000).

During the same period, a bottom-mounted, upward-
lookingDoppler current profiler (2 MHzNortekAquadopp
YECSS1719_proof � 10
Profiler) was used to collect current data in the western
channel (station TA, see Fig. 1). Current profiles were
collected at elevations greater than 1.2 m above the bedwith
a bin size of 0.5 m. Two-minute averaged current velocities
were recorded every 5 min. The instrument was originally
installed at the center of the channel (water depth ofw5 m),
but it was dragged onto the shoal 1.5 days after deployment.
The mean water depth on the shoal was around 1.5 m and
therefore current observations on the shoal consist of only 1
or 2 bin measurements. A CTD (Sea-Bird SBE37) was also
installedon the same tripod,measuringnear-bed salinity and
temperature at 1-min intervals.

Water level and temperature variation were collected
at the mouth of the bay (location TG1, see Fig. 1)
during the same period of May 2002. A self-recording
tide gauge (RBR, XR-420 TG) was installed on the
northern jetty of the mouth. These data were recorded
every 6 min.

One-tidal-day (25 h) measurements of currents were
conducted at each of the four stations (AeD) located in
the main channel of the upper and middle estuary
August 2005 � 5/16
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Table 1

Description of measurement stations (for locations see Fig. 1), instrumentation used, periods and tidal conditions during period of data collection

Station Instruments Period Location Tidal regime

Transect I (AeD) Ship-mounted ADCP Oct. 3e6, 2001;

May 13e17, 2002

Main channel in the upper and

middle estuary

Transitional

Transect II (DeF) Ship-mounted ADCP May 20e23, 2002 Main channel in the middle estuary Spring tides

A, B, C, D Downward-looking ADCP Sept. 9e13, 2002

(25 h for each station)

Main channel in the upper and

middle estuary

Spring tides

CA Downward-looking ADCP May 13e22, 2002 Main channel in the upper estuary Transitional/spring tides

TA-1 Upward-looking Aquadopp, CTD May 13e14, 2002 Western channel bottom Transitional

TA-2 Upward-looking Aquadopp, CTD May 14e22, 2002 Shoal of the western channel Transitional/spring tides

BM1 Downward-looking ADCP Oct. 29e30, 2002 (25 h) Channel bottom near the bay mouth Neap tides

BM2 Downward-looking ADCP Oct. 30e31, 2002 (25 h) Shoal near the bay mouth Neap tides

TG Tide gauge May 13e22, 2002 Bay mouth Transitional/spring tides
T
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during the period of September 9e13, 2002. A ship-
mounted, downward-looking ADCP (RDI Workhorse
Broadband 1200 kHz) recorded flow velocities continu-
ously with a bin size of 0.25 m. These 25-h stationary
data were used to verify the reliability of harmonic
analysis on shipborne measured data, which were
recorded at irregular time intervals.

Flow structure was also examined at two stations
near the bay mouth, one in the channel and the other on
the shoal, during each 25-h period in October 2002
(Table 1). Currents were measured continuously by
a ship-mounted, downward-looking ADCP. The bin size
was 0.25 m and the first bin was located at 0.9 m below
the water surface. The first 25-h measurement period
was carried out near the center of the main channel at
a water depth of 9 m (station BM1, see Fig. 1). The boat
was then relocated on the western shoal of the channel
during the second day (station BM2, see Fig. 1). The
mean water depth of station BM2 was approximately
4.5 m.

2.3. Data reduction and analysis

The three-dimensional current components from
both shipborne and stationary ADCP measurements
were converted to a channel-following orthogonal
coordinate system with x and y being the across and
along-channel axes, respectively. Positive signs represent
up-estuary (flood conditions) and eastward/northeast-
ward directed flows in the along- ( y) and cross-channel
(x) directions, respectively.

The survey lines along Transects I and II were
subdivided into 100-m long segments. All current data
collected within each segment were spatially averaged in
the horizontal dimension. This spatial averaging pro-
cedure resulted in obtaining the current field with
a 100 m and 0.25 m horizontal (along the main channel)
and vertical resolution, respectively.

Residual currents for the along- and cross-channel
components were estimated using a least-squares meth-
od that fits the raw data to the major tidal constituents
YECSS1719_proof � 10 A
E
D
P
R
O
O(e.g., Geyer and Signell, 1990; Valle-Levinson and

Lwiza, 1995). Although the short-term measurements
(at most 9 days) are not long enough to resolve between
the different semidiurnal (e.g., M2, S2, N2) or diurnal
(K1, O1, S1, P1) tidal constituents (Valle-Levinson and
Atkinson, 1999) the periods of the K1, M2 and M4 tidal
constituents are used as representative of the general
diurnal (di), semidiurnal (sedi), and quarterdiurnal (qdi)
tidal oscillations, respectively. These periods were fitted
to the time-series from each segment, and their
amplitudes and relative phases were estimated as well
as the residual flows as follows:

uðy; tÞZUoðyÞCUdiðyÞcosðuK1t�jdiðyÞÞ
CUsediðyÞcosðuM2t�jsediðyÞÞ
CUqdiðyÞcos

�
uM4t�jqdiðyÞ

�
Cu0ðy; tÞ ð1Þ

where u is the time-series of the current measured at
each segment location y along the channel, Uo is the
residual (subtidal) current at various segment locations
( y), and U, u and j are velocity amplitude, frequency
and phase of each constituent. The last term u#
represents signal from tidal constituents and other
transient flows not resolved by the harmonic analysis.
The tidally induced velocities predicted by the analysis
explain more than 90% of the variance of the along-
channel velocity component, while only 30e50% of the
measured variance in the cross-channel direction was
explained by the tidal signal. Hereafter, we focus mainly
on the along-channel residual component. Significance
intervals (95%) were estimated for the amplitudes of the
residual currents.

The harmonic analysis was carried out for each bin
throughout the water column and the results (ampli-
tudes, phases and mean flows) were vertically averaged
into two representative layers: surface (1e4 m below the
surface) and bottom (4 m to bed). The depth of surface
layer (i.e., 4 m) coincides with the average depth of the
pycnocline and also represents the depth of the shoal
margins.
ugust 2005 � 6/16



ARTICLE IN PRESS

624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679

680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735

7Y.H. Kim, G. Voulgaris / Estuarine, Coastal and Shelf Science -- (2005) ---e---
U
N
C
O
R
R
E
C

3. Results

The results of this study are organized in two
sections. Section 3.1 presents the analysis and results
of a 9-day time-series from the stationary data. These
include wind, water level, salinity, and tidal current data
from May 2002. The analysis aims at describing general
features of the study area and the effect of the coastal
ocean in controlling dynamics within the estuary. The
spatial variability of the residual currents is presented in
Section 3.2.

3.1. Temporal variability of water level, salinity,
and currents

The stationary measurements (for locations see
Fig. 1) conducted during May 2002 provided a 9-day
time-series of: (1) water level and temperature near the
bay mouth (station TG); (2) salinity and temperature at
the channel bottom in the middle part of the estuary
(station TA); and (3) and tidal current data in the upper
and middle estuary (stations CA and TA, respectively).
These data were collected during a period when the tides
were transitioning from neap to spring.

The water level signal recorded near the mouth is
dominated by a semidiurnal tidal oscillation with
a diurnal inequality (Fig. 3b). The tidal range varies
from 1 to 1.5 m. A diurnal inequality is more pro-
nounced during the first 5 days (transitional tide) of the
time-series. The mean water level increases by approx-
imately 0.5 m after calendar day 139. This increase was
also observed in the water level data from the ADCP on
station CA (upper part of the estuary; data not shown
here). Furthermore, a similar increase was observed in
sea surface elevation records from Charleston, SC,
located some 70 km to the south of the study area
(NOAA/NOS tide gauge #8665530, shown as gray line
in Fig. 3b). Wind data measured by NOAA National
Data Buoy Center (NDBC) on Folly Island (Station
FBIS1) near Charleston show an abrupt change of wind
direction from southwest to northeast at day 139
(Fig. 3a). This change created a coastal setup along
the coast of SC that resulted in the observed elevated
water levels inside the estuary, as it has been observed
elsewhere (e.g., Wong and Garvine, 1984; Paraso and
Valle-Levinson, 1996; Wong and Moses-Hall, 1998).

Near-bed salinity in the middle part of the estuary
was recorded at station TA (Fig. 3c). The frame-
mounted CTD was located in the middle of the western
channel until day 135.7 (vertical dotted line in Fig. 3c),
and then it was dragged on the shoal. A distinctive
diurnal inequality was observed in the salinity variation
when the sensor was located in the middle of the
channel, especially during high tide (Fig. 3c). Salinity
reached 22 and 29 during consecutive high tides, while
the salinity during low tide ranged between 13 and 15.
YECSS1719_proof � 1
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Salinity during high tide was lower on the shoal (days
135.7e139) than at the channel bottom (before day
135.7). However, salinity during low tide was in a similar
range regardless of whether it was in the channel or on
the shoal. Assuming that the salinity measured on the
shoal is in similar range as that of the surface layer, the
water masses are mixed well during low tide and rather
stratified during high tide. The mean (subtidal) salinity
on the shoal increased by approximately 3 after day 139
(see gray dashed line in Fig. 3c), which corresponds to
the period of mean water level increase. During the same
period, the mean water temperature at station TA and
the bay mouth (black and gray lines in Fig. 3d,
respectively) also decreased from 25 to 21 �C. Both the
increase in salinity and decrease in temperature are
supported by the notion of open ocean water of higher
salinity and lower temperature being introduced in the
estuary in response to the coastal setup.

Time-series of surface and near-bed current velocities
from station CA at the upper part of the estuary are
shown in Fig. 3. In the surface layer, the current speed
reached 80 and 90 cm s�1 during flood and ebb,
respectively (Fig. 3e). The bottom currents reached no
more than 70 cm s�1 during maximum flood and ebb,
which is approximately 20% lower than the surface
current speed (Fig. 3f). Tidal asymmetry is more
pronounced in the bottom layer than the surface layer.
Both surface and bottom current velocities were
generally higher during the first 3 days of the record
and then decreased to 50 cm s�1 during days 137e139.
The magnitude of ebb flow was even smaller (less than
50 cm s�1) at the bottom layer during days 139e140.
This reduction of the magnitude of the ebb current,
which coincided with periods of stronger flood current,
was related to the coastal setup that occurred at day 139.
After day 141, the magnitude of ebb current increased
up to 70 cm s�1 again.

The along-channel velocity data from the first bin
(1.2 m above the bed) at station TA, which was located
on the western channel, are shown in Fig. 3g. The data
before day 135.7 (vertical dotted line in Fig. 3g) are
representative of bottom flows at the channel thalweg
that reached maximum speed of 70 and 60 cm s�1 during
flood and ebb, respectively. Ebb flow was dominant on
the shoal (station TA, after day 135.7) reaching speeds
of up to 50 cm s�1 while current speeds during the flood
never exceeded 40 cm s�1.

3.2. Residual currents

In this section, the residual (subtidal) currents
analysis for the data collected during the shipborne
surveys of May 2002 and October 2001 are presented,
followed by the results from the analysis of the current
data collected at stations A, B, C, D, TA, CA, BM1 and
BM2 (see Fig. 1).
0 August 2005 � 7/16
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Fig. 3. Time-series of: (a) wind speed (gray) and direction (black) as measured at the NOAA/NDBC meteorological station located on Folly Island

SC; (b) water level near the bay mouth (black line) and at Charleston Harbor (gray; data from NOAA/NOS station #8665530); (c) salinity measured

at station TA in the western channel; (d) sea water temperature measured at station TA (black) and near the bay mouth (gray); (e) along-channel

current velocity measured near the surface (2.1 m below the surface) in station CA; (f) along-channel current velocity measured near the bed at

station CA; (g) bottom (1.2 m above the bed) current velocity observed at station TA in the western channel. Vertical gray dotted line represents the

time of being dragged up to the bank. (Note: gray dashed line in (b), (c), (e), (f) and (g) represents 33-h filtered data).
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periods: one was focused on the upper estuary (13e
20 km from the bay mouth) and the other was for the
middle estuary (7.5e12.5 km from the mouth; Fig. 4).
Overall the residual current pattern resembles that of
a density-driven circulation (i.e., landward bottom
currents and seaward surface flow). At the 15 km
location, which is near the northern junction of the
main and western channels, the landward-directed
residual flow extends throughout the water column.
The strongest landward residual current (up to
33 cm s�1) occurs near the bed at 14.5e16 km from the
mouth. The magnitude of the bottom landward-directed
YECSS1719_proof � 10
current initially decreases toward the upper part of the
estuary to almost zero, then increases again at a distance
19e20 km from the mouth. This increase of the land-
ward-directed flow in the upper part of the estuary
might be balanced by a seaward-directed flow in the
adjacent shallow channel at the eastern side or the
shallow parts of the estuary. The seaward-directed
residual currents in the surface layer showed a peak of
w20 cm s�1 around the area 16 km from the mouth
(Fig. 4). The surface residual currents range from 0 to
10 cm s�1 in the middle part of the estuary. The surface
landward-directed flows at the 12 km and 15 km loca-
tions create zones of residual circulation convergence
August 2005 � 8/16
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Fig. 4. Along-channel and vertical variability of the residual currents in the upper (13e20 km) and middle (8e13 km) parts of the estuary. Positive

signs represent up-estuary or landward-directed flows.
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and divergence on the surface layer (see Fig. 4). The
convergence area occurs at the channel junction, which
implies a possible net outflow to the western channel.
The divergence occurs at location 13.5 km and might be
related to the broad shallow area in the middle part of
the estuary, including Mud Bay.

The consistency of the residual current circulation
pattern observed during May 2002 is examined by
comparing the results with measurements from other
periods. The harmonic analysis results from the May
2002 data (Pee Dee River discharge of 65 m3 s�1) are
first compared with those from October 2001 data (Pee
Dee River discharge of 50 m3 s�1) and shown in Fig. 5.
The vertically averaged residual currents from the two
surveys show similar magnitudes and directions and
almost identical spatial variability (solid and dashed
lines in Fig. 5). In the upper and middle parts of the
YECSS1719_proof � 10
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Restuary, the bottom residual currents are always directed

landward (black lines in Fig. 5). Landward-directed
currents attain their minimum speed (!10 cm s�1) in the
region of 17e19 km from the mouth and their magni-
tude increases at both down- and up-estuary directions.
The maximum landward-directed bottom residual cur-
rent speed (w40 cm s�1) occurs near the junction of the
western and main channels (14.5e15.5 km from
the mouth; Fig. 5). The surface residual currents in the
upper part of the estuary are directed seaward with
a maximum residual velocity of 20 cm s�1 at 16 km from
the mouth of the bay (gray lines in Fig. 5), which
corresponds to the location where the main and western
channels merge together. Down-estuary from the
junction of the two channels, some 14e15 km from the
mouth, the along-channel surface residual current is
directed landward with a speed of 10 cm s�1. The surface
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Fig. 5. Along-channel variability of the residual current velocities for surface (1e4 m) and bottom (4e8.5 m) layers. Solid and dashed lines represent

data from the May 2002 and October 2001 surveys. Gray lines denote surface layer while black lines indicate conditions in the bottom layer. Error

bars indicate 95% significance interval. Open circle and square represent surface and bottom current at station CA. Filled circle and square are

results from surface and bottom current data at location TA. Symbols of x and plus denote surface and bottom residual currents on each CTD

station during September 2002 (AeD). Upward-oriented and downward-oriented open triangles represent results from the surface and bottom layers

in the navigation channel near the bay mouth. Filled triangles show flows over the shoal near the bay mouth.
August 2005 � 9/16
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residual current further downstream (7.5e11 km from
the mouth of the bay) is directed seaward again with
a speed of 5e10 cm s�1.

Furthermore, residual currents were also estimated
from the 25-h stationary measurements on stations Ae
D. These data were collected during September 2002,
under low freshwater input condition (Pee Dee River
discharge approximately 40 m3 s�1) and they agree well
with those of May 2002 and October 2001 (see crosses in
Fig. 5). This implies that the harmonic analysis of
irregular-interval shipborne measured data is as reliable
as that of stationary measured data.

Residual currents were also calculated from the 9-day
long record at station CA during the same period as that
of the shipborne measurements. For easy comparison,
the estimated residual currents were averaged vertically
for the surface (open circle) and bottom (open square)
layers (Fig. 5). The results from this station show a good
agreement with the pattern of residual currents estab-
lished using the May 2002 shipborne data. A slight
difference (w8 cm s�1) was observed in the surface layer,
which is attributed partially to the contamination of the
data by the chain that connects the buoy to the anchor,
and partially to the fact that the station was approxi-
mately 100 m away from the survey track of the
shipborne measurement.

The residual circulation for the western channel was
examined using the 36-h record from station TA. The
surface layer shows relatively strong seaward flow up to
20 cm s�1 at 5 m above bed (filled circle in Fig. 5) and it
decreases with depth. The bottom residual current is
directed landward with a magnitude of 5 cm s�1 (filled
square in Fig. 5). Analysis of the 8-day long current data
collected on the shoal of the western channel revealed
a seaward-directed residual current of 3e5 cm s�1 (not
shown in the figure), which is smaller than that of the
surface layer in the channel.

The pattern of residual flow near the mouth of the
estuary is different from what has been described in the
upper and middle parts of the estuary. The results from
the bay mouth channel (station BM1) show a consistent
seaward flow throughout the water column. The velocity
of residual flow was larger in the surface layer
(40 cm s�1) and then decreased to 5 cm s�1 near the
bed (see filled triangle in Fig. 5). However, the residual
flow on the eastern shoal (station BM2) is directed
landward with a magnitude of w5 cm s�1 at the surface
that decreases to zero near the bed (see open triangle in
Fig. 5).

4. Discussion

When the density-induced gravitational current is
considered to dominate the residual circulation pattern,
the longitudinal momentum balance between tidally
YECSS1719_proof � 10 A
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averaged horizontal pressure gradient (both barotropic
and baroclinic) and vertical shear stress associated with
the gravitational currents can be expressed as:

g
vh

vy
� g

r0
z
vr

vy
Z�Az

v2u

vz2
ð2Þ

where g is gravitational acceleration, h is tidally
averaged surface elevation, r0 is tidally and depth-
averaged density, vr/vy is tidally averaged horizontal
density gradient which is assumed here to be indepen-
dent of depth, Az is eddy viscosity which is assumed to
be a constant, u is the longitudinal component of the
gravitational circulation, and y and z are positive to
down-estuary and to the bottom, respectively. Assuming
an estuary with a rectangular cross-section with flat
bottom, then the continuity equation can be written as:

RZ

Z H

0

u dz ð3Þ

where R is the freshwater discharge divided by the width
of the estuarine channel. The solution of Eqs. (2) and (3)
assuming no wind stress at the surface and no bottom
friction at the bed (i.e., vu/vzZ 0 at zZ 0 and zZH ) is
given by (Officer, 1976):

uðzÞZ gH3

24r0Az
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vx
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H2
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�
C
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2
VR

�
1� z2

H2

�
ð4Þ

where VR is the vertically averaged freshwater runoff
velocity per unit breath. The first and second terms in
the right hand side of Eq. (4) represent the velocity
induced by density gradient and freshwater runoff,
respectively. The solution produces a vertical distribu-
tion of the residual velocity that is described by a third
order polynomial, which represents opposite direction
of surface and bottom residual flows. The magnitude is
function of water depth, eddy viscosity, density, and
horizontal density gradient.

Eq. (4) was fitted to residual current profiles for the
upper and middle estuary collected during the May 2002
cruise. During this period the tidally- and depth-
averaged density (ro) was estimated to be 1010.8 kg m�3

while the value for vr/vy was found to be
76.8! 10�6 kg m�3. Setting a mean channel depth of
HZ 9 m the least-square fitting analysis produced an
eddy viscosity (Az) value of 0.002 m2 s�1 and a freshwa-
ter runoff velocity of 0.041 m s�1 (equivalent to river
discharge of 124.1 m3 s�1) for the upper estuary
(Fig. 6a). At this juncture it should be noted that the
48% overestimation of river discharge in the upper
estuary (124.1 vs. the measured 64.5 m3 s�1 at the Pee
Dee River) by fitting the analytical models is due to the
fact that the measured value represents only 55% of the
total discharge (see Section 1.1) and it has been
ugust 2005 � 10/16
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measured at a location 100 km upstream from the main
estuary excluding approximately 45% of the watershed
for Winyah Bay (Patchineelam, 1999). In a similar
manner, Eq. (4) was fitted to the data from station TA
(western channel, middle estuary, see Fig. 6b) setting
HZ 6 m and assuming the same mean density and
density gradient values as before. The fitting procedure
at this location produced an eddy viscosity (Az) value of
0.001 m2 s�1 and a freshwater runoff velocity of 0.018
m s�1 (equivalent to river discharge of 19.9 m3 s�1). The
agreement between the model and the data is very good
for both locations with the exception of the area near the
surface in the western channel (Fig. 6b), where the
measurements indicate stronger seaward-directed re-
sidual flows. This discrepancy is probably due to
increased stratification in the upper layer and not well-
mixed conditions as the model assumes. This can be the
YECSS1719_proof � 10
O
F

result of reduced tidal energy in the western channel
(depth-averaged semidiurnal velocity amplitude 0.70 m s�1

vs. 0.80 m s�1 in the main channel) combined with
increased flow of surface, fresh water which enters the
western channel because of Coriolis and curvature effects
(see below).

Application of Eq. (4) at station D, located in the
main channel of the middle estuary does not agree with
the measured vertical distribution of the residual flow at
this site (see solid gray line in Fig. 6c). Considering that
Eq. (4) assumes a rectangular cross-section for the
channel while the study area at this location is
dominated by the presence of broad shallow regions
on the eastern side (Mud Bay, see Fig. 1) the
disagreement between data and model results is not
surprising. The cross-section area of shallow regions in
both side of channel is approximately 4600 m2, which is
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Fig. 6. Comparison between the analytical model results (gray line) and the observed data (black line) at: (a) upper estuary, station B; (b) western

channel, middle estuary, station TA; and (c) main channel, middle estuary, station D. Solid and dashed gray line in (c) represent the model fits for

rectangular (Eq. (4)) and triangular cross-section domain (Eq. (6)), respectively.
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75% of total cross-section area. Wong (1994) suggested
that a triangular cross-section is more reasonable
approximation than a rectangular one for drowned
river valleys where the cross-sections are characterized
by deep channels in the central part with shallow shoals
at both margins. Applying Wong’s (1994) triangular
cross-section (HðxÞZH0ð1� x=BÞ, where H0 is the
maximum depth at the center (Z9 m), x is the cross-
channel coordinate, and B is half of the estuarine width,
approximately 1800 m), the continuity Eq. (3) can be
modified as:

RZ

Z B

�B

Z HðxÞ

0

u dz dx ð5Þ

Combining Eqs. (5) and (2) and assuming the same
boundary conditions as before for Eq. (4), the solution
for the vertical profile of the density-induced residual
currents at the center of the channel (xZ 0) is:

uðzÞZ gH3

60r0Az
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The solution shown by Eq. (6) is applied to the
station D data with HZ 9 m assuming a river discharge
of 104.2 m3 s�1, which is equal to the difference of
freshwater runoff obtained from the fit of Eq. (4) to the
data from the upper estuary and western channel and
shown in Fig. 6c as a dashed line. The Az value that
produced the best fit was 0.0008 m2 s�1 Following this
analysis, the depth-averaged runoff velocity estimated is
approximately 0.017 m s�1, which is slightly smaller
than that estimated using Eq. (4) for the western channel
(0.018 m s�1). The fit between the model (Eq. (6)) and
the measurement is significantly improved (see Fig. 6c)
with the exception near the bottom layer where the
observed values are lower than those predicted by the
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model. Although this could be attributed to frictional
effects, application of the model (Eq. (2)) with a non-slip
boundary condition did not fit the data. However, we
believe that the disagreement between observation and
model is attributed to the fact that the actual bottom
topography at this location is not triangular in shape as
the model assumes. Instead, the broad shallow regions
at the surface are tapering rather abruptly at a depth of
approximately 4 m and create a narrow channel of
width varying between 200 and 100 m near the bed (i.e.,
regularly dredged area, navigational channel). At this
point, it should be noted that the best-fit values of eddy
viscosity obtained varied from 0.0008 in the upper to
0.002 m2 s�1 in the middle estuary; these values fall
within the range of values reported in the literature (e.g.,
Geyer et al., 2000; Peters and Bokhorst, 2001) providing
some confidence to our analyses.

From the scaling of the solutions (4) and (6) is clear
that the magnitude of the residual current is pro-
portional to the cube of the channel depth. It implies
that the difference in water depth between the two
channels in the middle part of the estuary can control
the residual circulation pattern. The results from
stations TA (western channel) and D (main channel)
are compared with each other, as both stations are
located equal longitudinal distance (13 km) from the bay
mouth. The residual currents in both locations have the
same direction near the bed and surface (landward and
seaward, respectively). In terms of magnitude, however,
the near-bed residual flow is 6 times stronger on station
D than TA (w25 cm s�1 vs. w4 cm s�1; Fig. 6) while the
difference in channel depth could explain only an
increase by 2 or 3 times.

Flow pattern in the vicinity of the northern channel
junction area (16.5 km from the bay mouth) is
summarized in Fig. 7, which shows a complex vertical
structure of instantaneous current vectors in three
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Fig. 7. Polar vector plot of instantaneous currents measured near the upper channel junction (16.5 km from the mouth of the bay) for: (a) surface

layer (1e3 m below water surface); (b) mid-layer (3e5 m deep); and (c) bottom layer (below 5 m water depth). Solid and dashed gray lines indicate

the orientation of the western (5 � from north) and main (320 �) channels in the middle part of the estuary, respectively.
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layers: the surface (1e3 m below sea surface), middle
(3e5 m below sea surface) and bottom layer (O5 m
below sea surface). The direction of the surface current
vectors coincides with the direction of the western
channel axis (5 � from north; Fig. 7a). On the other
hand, bottom currents are aligned with the main
channel axis of the middle estuary (320 � from north;
Fig. 7b). The middle layer corresponds to a transitional
zone, where the ebb flow vectors are directed to the
western channel but the direction of the current vectors
during flood lie between the axes of the two channels.
The observed layered flow implies that the surface water
enters into the western channel while bottom water flow
is confined to the main channel. The westward driving of
this surface layer can be attributed to either the Coriolis
or centrifugal force. In order to assess the relative
importance of those two forcing simple scaling analysis
is carried out. The Coriolis forcing scale is fUo, where f
is the Coriolis parameter (Z2.65! 10�5 s�1) and
assuming an along-channel residual velocity (Uo) of
0.1 m s�1 is estimated to be 2.65! 10�6 m s�2. On the
other hand, the curvature near the junction area gives
rise to a centrifugal force, which can be scaled as Uo

2/R
where R is the radius of curvature (Z1850 m). Thus the
estimated centrifugal forcing term is 5.39! 10�6 m s�2,
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which appears to be of equal significance as the Coriolis
force and it should be included in estimating estuarine
circulation in systems with curvature and channel
junctions similar to those of Winyah Bay.

The spatial variability of residual current vectors for
the surface and bottom layers is presented in Fig. 8.
Outflowing water in the surface layer is restricted to the
western channel (Fig. 8a), while incoming water on the
bottom of the upper estuary is confined to the deeper
main channel (Fig. 8b). This segregation of the surface
and bottom waters is attributed to the different
orientation of main and western channels. The western
and main channels of the middle estuary connect
straight and obliquely to the upper estuary in the
northern junction, respectively, which results in better
connectivity between the upper estuary and the shal-
lower western channel especially at the surface layer.

Although no measurements were taken near the
southern junction area (6 km from the mouth of the
estuary), it is hypothesized that the flow patterns occur
as oppose to those of the northern junction. In the
vicinity of the southern junction, the deeper main
channel in the middle estuary is aligned parallel to that
of the lower estuary, while the western channel links to
the main channel at an angle. Thus, due to centrifugal
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Fig. 8. Spatial variability of the residual current vector for the surface (a) and bottom (b) layers based on the May 2002 measurements in the upper

and middle parts of the estuary. Note that the different directions near the channel junction. The solid and dashed lines represent the 3.5 m and 6.5 m

contours, respectively.
August 2005 � 13/16



ARTICLE IN PRESS

1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463

1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490

14 Y.H. Kim, G. Voulgaris / Estuarine, Coastal and Shelf Science -- (2005) ---e---
force as mentioned above, most of the up-estuary
directed seawater is expected to flow into the main
channel rather than into the obliquely connected
western channel. In addition to the effect of channel
alignment the step-up at the entrance to the shallower
western channel would now allow inflow of the saltier,
denser bottom water mass.

Different tributaries exhibiting opposite residual
currents have also been observed in the Columbia River
estuary (Jay and Smith, 1990a,b), where landward- and
seaward-directed residual currents were measured in the
bottom layers of the North and South channels,
respectively. Jay and Smith (1990a) attributed the
observed patterns to the better connectivity of the South
Channel to the up-river, which provided a better avenue
for the freshwater to exit the system. Although both
tributaries in the middle part of WB are connected to the
up-river in contrast to the Columbia River, the different
depths of the bifurcated channels as well as the different
channel alignment at the northern and southern
junctions give rise to the unique pattern of residual
circulation in the middle part of WB.

Both bottom and surface residual currents in the
channel-shoal system near the bay mouth are horizon-
tally segregated (Fig. 5). A net outflow in the channel
and inflow over the bank was observed at the WB
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mouth, which differs from the current circulation
pattern observed and modeled in the lower Chesapeake
Bay (Valle-Levinson and Lwiza, 1995; Valle-Levinson
and O’Donnell, 1996). As shown by Li et al. (1998),
tidally induced residual circulations have a seaward flow
in the channel and a landward flow over the shoals,
while density-driven residual flow is directed landward
in the channel and seaward over the shoals. Thus, the
residual flows in the vicinity of the mouth of the WB
estuary appear to be predominantly controlled by the
tidally induced (barotropic) component, especially
during the low discharge condition presented in here.

Fig. 9 shows schematically the overall, synoptic
residual circulation pattern for Winyah Bay during
low freshwater discharge conditions. Gravitational
circulation controls the residual currents in the upper
and middle part of the estuary, while those in the lower
part of the estuary are tidally driven. In particular,
bifurcated channels with different depths modify the
gravitational circulation in the middle part of the
estuary, where stronger bottom and surface residual
currents are observed in the deeper main and shallower
western channel, respectively. This emerged circulation
pattern was found to explain up-estuary local fluxes
of vascular C3 plants and estuarine algae with no
significant contributions from marine phytoplankton
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Fig. 9. Synoptic diagram showing the pattern of residual circulation in the Winyah Bay estuary for surface (a) and bottom (b) layers. The solid and

dashed lines represent the 3.5 m and 6.5 m contours, respectively.
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(Goñi et al., in press) and as such, this type of
information is important in any ecosystem level
modeling of the estuarine environment.

5. Conclusions

Residual circulation pattern in estuaries has been
traditionally attributed to either baroclinic or barotropic
processes. However, our study showed that under low
freshwater discharge, different parts of an estuary can be
under a different regime. The results of this study
indicate that the upper and middle parts of the estuary
are under a traditional gravitational circulation, where
seaward flow in the surface layer balances with land-
ward flow near the bed. In the lower estuary (i.e., bay
mouth) the residual current is directed seaward
throughout water column in the channel and landward
over the shoals, suggesting that the residual flow is
tidally induced. This difference is because the along-
channel density gradient is relatively larger in the upper
and middle estuary under low freshwater discharge
conditions. The implication of these findings is that the
relative importance of baroclinic and barotropic forcing
on residual circulation can vary longitudinally and that
local measurements at a single point might not be
adequate in characterizing the estuarine environment.

The results of an analytical, one-dimensional, density-
driven residual current model, which is based on
balancing pressure gradient and vertical shear stress
under well-mixed conditions, show good agreement with
the observed data for both the upper and middle
estuary, where baroclinicity controls residual circula-
tion. Solutions assuming a rectangular cross-section
(i.e., flat bed) provided best fit in areas with limited
shallow areas around the channel (i.e., upper estuary
and western channel), while a triangular channel cross-
section provided a better approximation for the main
channel of the middle estuary where broad shallow
regions exist. These results are indicative of the
sensitivity of the residual flows to channel morphology,
and could be qualitatively parameterized as the ratio of
cross-section area of the shallow region to that of the
channel. When this ratio is large then the zero-velocity
point of the residual in the main channel is moved
toward the surface.

Analysis of the data showed that differences in
channel depths in the middle of the estuary explain
only partially the differences observed in the magnitude
of the residual currents observed in the middle of the
channels. Application of the analytical model revealed
that bottom topography (channel dominated vs. chan-
nel-shoal system) is an equally important feature and
should be accounted for. The discrepancy between the
data and model results near the surface at the western
channel indicates that there is additional fresh water
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input into the western channel due to differences in
channel alignment at the bifurcation points (i.e.,
junctions). Opposing direction of curvature at northern
and southern junctions results in opposite directed
centrifugal forcing at each location. The centrifugal
force is the same order of magnitude as the Coriolis
force and both of them act toward the same direction
steering fresh water into the western channel and salt
water into the main channel.

The conclusions of this study are based on flow e
morphology interaction for low discharge conditions
and additional data and/or numerical simulations are
required to extrapolate these finding to periods of high
discharge. Nevertheless, a significant pattern has
emerged and a solid database is presented that enables
us to start evaluating important physical processes (like
relative importance of curvature, Coriolis force and
dual-channel morphology) and their importance in
geochemical fluxes and carbon cycle studies in estuaries.
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