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Abstract A high-resolution coastal ocean model is used to
investigate salinity variability and water exchange in a com-
plex coastal system off the southern U.S. characterized by
three adjacent sounds that are interconnected by a network
of channels, creeks, and intertidal areas. Model results are
generally highly correlated with observations from the
Georgia Coastal Ecosystem Long Term Ecological Research
(GCE-LTER) program, revealing a high degree of salinity
variability at the Altamaha River and Doboy Sound, decreas-
ing sharply toward Sapelo Sound. A Lagrangian particle
tracking method is used to investigate local residence time
and connectivity in the system. Local residence time is highly
variable, increasing with distance from the Altamaha River
and decreasing with river flow, revealing that discharge plays
a dominant role on transport processes and estuary-shelf ex-
change. The Altamaha River and Doboy Sound are connected
to each other in all seasons, with exchange occurring both via
coastal and estuarine pathways. While particles released at the
Altamaha and Doboy rarely reach Sapelo Sound, particles
released at Sapelo Sound and the creeks surrounding its main
channel can reach the entire estuarine system.
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Introduction

The Georgia coast is a complex estuarine system, with sounds
connected by a network of channels, creeks, and intertidal
areas (Di lorio and Castelao 2013). Located at the central coast
of Georgia around Sapelo Island, the Altamaha River and
Doboy and Sapelo Sounds (Fig. 1) are connected to each
other. The dominant source of freshwater to the system is
the Altamaha River, which is one of the largest rivers in the
southeastern U.S. (Sheldon and Burd 2014). Maximum river
runoff occurs during spring (Menzel 1993), although a sec-
ondary peak in river discharge can also be observed in some
years during fall (Blanton and Atkinson 1983). The frequency
of occurrence of anomalously low-discharge conditions in the
Altamaha River seems to have increased over the last decades
(Medeiros et al. 2015). This long-term decrease in freshwater
delivery to the estuary has been at least partially linked to
freshwater withdrawal within the watershed (Fanning 2003).
River discharge is the dominant factor controlling salinity
variability in the Altamaha-Doboy-Sapelo estuarine complex
(Di Iorio and Castelao 2013). In addition to density-driven
circulation, tides and wind forcing are also well recognized
to be important drivers of horizontal exchange between estu-
aries and the coastal ocean (Geyer and Signell 1992). The
South Atlantic Bight off the coast of Georgia is characterized
by large semidiurnal tides, ranging from 1.8 m during neap to
2.4 m during spring tides (Di lorio and Castelao 2013).
Semidiurnal tides can account for roughly 80% of the kinetic
energy over the inner- and mid-shelf (Pietrafesa et al. 1985).
The tidal band can also account for 80-90% of the cross-shelf
and 20-40% of the alongshelf current variance (Tebeau and
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Lee 1979; Lee and Brooks 1979). As such, tides can contrib-
ute substantially for estuary-shelf exchange in the South
Atlantic Bight.

Wind forcing in the region is characterized by strong sea-
sonal variability. Winds are predominantly northeastward (i.e.,
upwelling favorable) during summer and southwestward (i.e.,
downwelling favorable) during fall (Fig. 2; Weber and
Blanton 1980; Blanton et al. 2003). Winds are less persistent
during spring and winter, although an offshore component is
clearly recognizable in winter (Menzel 1993). Southwestward
winds are generally associated with relative increases in salin-
ity at the mouth of the Altamaha River, and with decreases in
salinity at Doboy and Sapelo Sounds (Di Iorio and Castelao
2013). Alongshore currents generally follow the seasonal
wind regime, being poleward during summer and equator-
ward during fall (Bumpus 1973; Weber and Blanton 1980;
Atkinson et al. 1983);

Estuarine circulation and estuary-shelf exchange have a
major impact on the ecology, chemistry, water quality, and
sedimentary processes in estuarine and coastal environments
(Geyer and Signell 1992). In particular, the residence time, the
average time a water particle spends within the estuary, or in
some portion thereof (Geyer and Signell 1992), is crucially
important for a number of ecological processes (Church 1986;
Alpine and Cloern 1992; Rasmussen and Josefson 2002;
Duarte and Vieira 2009), including water contamination and
nutrient levels, distributions of organics, and their spatio-
temporal variations in bays and estuaries (Aikman and
Lanerolle 2004). Residence time is a local measure (i.c., it is
spatially variable within the domain; Monsen et al. 2002), and
as such it is referred to as local residence time here. We con-
sider the time for a particle or water parcel to leave the estuary
for the first time, in contrast to accounting for subsequent
reentries due to the tidal nature of estuaries (De Brauwere
et al. 2011). River discharge (Alber and Sheldon 1999b;
Lemagie and Lerczak 2015), winds (Geyer 1997), and tidal
forcing (Lemagie and Lerczak 2015) can influence the local
residence time. Previous studies have also shown that river
discharge is an important factor determining flushing time
(the time required for the freshwater inflow to equal the
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amount of freshwater originally present in the estuary;
Sheldon and Alber 2002) in the Altamaha River. Short flush-
ing times are generally associated with large river discharge
while comparatively longer flushing times are usually ob-
served during periods of low flow, although the dependence
is not always linear (Alber and Sheldon 1999a). Using box
models, Sheldon and Alber (2002) showed that the flushing
time in the Altamaha River generally ranges between 1 and
6 days depending on river flow. However, these studies as-
sumed a simplified geometry, not fully considering possible
connections between the Altamaha River and Doboy and
Sapelo Sounds farther north. In fact, most previous estuarine
studies have focused on a single estuary and its connection
with the coastal ocean. The comparatively few existing studies
addressing multi-inlet estuaries (e.g., Traynum and Styles
2008; Zhao et al. 2010) have shown that the flow in that case
can be driven by mutual forcing between the adjacent inlets.
Using a simple idealized numerical model setup, Di lorio and
Castelao (2013) noticed that the network of creeks and chan-
nels connecting the Altamaha River and Doboy sound could
also play a large role in water exchange between the
subdomains since the channels offer an alternative pathway
for exchange.

In this paper, we use a high-resolution coastal ocean model
to investigate salinity variability and water exchange in inter-
connected estuaries off the Georgia coast characterized by
complex geometry. The model implementation is described
in “Methods™ section, followed by model evaluation and
identification of salinity variability in “Model Evaluation
and Salinity Variability in the System” section. We quantify
local residence time in the system and how it varies seasonally
in “Local residence time” section. Transport pathways in the
system (i.e., the pathways by which particles move between
different sectors of the estuarine system) are identified in
“Connectivity and Transport Pathways” section, providing
insight of connectivity among the different estuaries.
Connectivity is defined for each location along the estuary
as all the different sectors of the estuarine system visited by
a particle released at that location. If a particle released at a
given location at the Altamaha River is transported into
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Fig. 2 Time series of cross-shelf
(top) and alongshelf (middle)
wind speed and of river discharge
(bottom) during 2008. Vertical
green lines indicate the timing of
Lagrangian particle releases in the
model. Positive alongshelf winds
are upwelling favorable, while
negative alongshelf winds are
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Doboy Sound but not into Sapelo Sound, for example, then
that location is considered to be connected to Doboy Sound
and not connected to Sapelo Sound. Results are summarized
and conclusions are presented in “Conclusions” section.

Methods

The numerical modeling effort was based on the Finite
Volume Community Ocean Model (FVCOM; Chen et al.
2006a, b, 2007, 2008). We chose to use FVCOM because it
allows the use of unstructured grids and because of its wetting
and drying capability, which are important features to model
circulation in estuaries characterized by complex geometry
and bathymetry. FVCOM has been successfully used to model
the Satilla River Estuary off the Georgia coast (Chen et al.

Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month (2008)

2008), which presents complex geometry similar to the study
region. FVCOM has also been recently used in a wide variety
of estuarine studies (Ralston et al. 2010; Zhao et al. 2010;
Lemagie and Lerczak 2015).

The spatial domain covers the estuarine complex, from the
Altamaha River in the south to Sapelo Sound in the north
(Fig. 1). Bottom topography over the entire domain was ob-
tained from the National Oceanic and Atmospheric
Administration (NOAA) National Geophysical Data Center,
Coastal Relief Model. The horizontal resolution of the model
is 30-70 m in tidal creeks and over salt marshes and 100—
200 m in the main water channels. The grid scale increases
slowly over the shelf to about 1.2 km near the open boundary.
The horizontal resolution used here is comparable to the res-
olution used in other estuarine studies using FVCOM (Chen
et al. 2008; Ralston et al. 2010; Zhao et al. 2010). The total
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number of triangular elements and nodes are 351,731 and
177,796, respectively. In the vertical dimension, six layers
are specified in the generalized terrain-followed o-coordinate
system, similarly to Zhao et al. (2010). The Coriolis parameter
is constant, matching the value near the center of the domain
(f=7.6114 x 10> s~ "). The model incorporates the Mellor and
Yamada (1982) 2.5-level turbulence closure scheme.

At the open boundaries, the model was forced by eight
tidal constituents (M2, S2, N2, K2, K1, P1, Ol, and Ql)
that were extracted from the Oregon State University tidal
model (Egbert and Erofeeva 2002). As in Lemagie and
Lerczak (2015), time variations in offshore stratification
along the boundaries were excluded. Winds were mea-
sured at the NOAA National Data Buoy Center (NDBC)
buoy 41008 located at 31.40°N, 80.87°W (Fig. 1).
Because of the lack of spatially resolving meteorological
observations and considering the relative small extent of
the model domain, winds were considered spatially uni-
form in the model simulations. Freshwater discharge input
at the head of the Altamaha River was obtained from the
United States Geological Survey gauge at Doctortown.
Measurements are available at hourly intervals since
1931. The ungauged area within the Altamaha River wa-
tershed constitutes less than 3% of the river discharge
(Alber and Sheldon 1999a). Moore (1996) has suggested
that freshwater input from groundwater discharge can be
important in coastal regions along the South Atlantic
Bight, with relatively large seasonal variability (Moore
2010). However, no quantitative assessment of the magni-
tude of the input is available for the study region.
Groundwater input was not considered in the model im-
plementation. Possibly as a result of neglecting that input,
preliminary tests indicated that modeled salinity at Sapelo
Sound in the northern sector of the domain was larger
than observations. Indeed, salinity variability at the head
of Sapelo Island is correlated with local precipitation
(Fig. 3), suggesting that simply neglecting freshwater input
in that region could result in salinity bias. To address this
disparity, a small freshwater discharge was introduced at
the head of Sapelo Sound, using the same temporal vari-
ability observed at the Altamaha River. Sensitivity experi-
ments were pursued, and it was determined that imposing
a freshwater input equivalent to 5% of the discharge at the
Altamaha River minimized the bias between modeled and
observed salinity at Sapelo Sound. The input of freshwater
at Sapelo River at the head of Sapelo Sound acted as a
crude attempt to capture the known input of an unknown
quantity of freshwater by groundwater inflow and surface
runoff associated with local precipitation (Fig. 3).

Model analyses presented here are focused on 2008, a year
when the seasonal evolution of river discharge was similar to
the long-term average. Observations collected at multiple
moorings as part of the Georgia Coastal Ecosystem Long
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Fig. 3 Binned scatterplot of precipitation (measured near GCE-6) and
salinity near the head of Sapelo Sound (GCE-1) for January 2004 to
December 2010. See Fig. 4 for location of stations. Precipitation data
was convoluted with a one-sided, exponentially decaying filter (Austin
and Barth 2002) with a decay scale of 26 days

Term Ecological Research (GCE-LTER) project (Di Iorio
and Castelao 2013; see Fig. 4 for location of stations) were
used for model evaluation. Precipitation data was also collect-
ed as part of the GCE-LTER project.

In order to investigate water movement within the estuary
and between the estuary and the coastal ocean, FVCOM’s
three-dimensional Lagrangian particle tracking module was
used. A total of 5643 particles were initially distributed over
the main channels and tidal creeks. Particle density distribu-
tion was higher in regions where the grid spacing was smaller
(i.e., in tidal creeks, especially near uplands). No particle was
released over the shelf (see Fig. 5c for delineation of the area
where particles were released). Particles were released near
the bottom and tracked for 60 days in early March, early
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Fig. 4 Location of GCE-LTER stations where time series of salinity are
available. Colors indicate correlation coefficients between modeled and
observed salinity. Black contour shows mean sea level
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Fig. 5 Example of the trajectories of two particle (dots) released at
Sapelo Sound in mid-August that were connected to the other
subdomains via the a coastal or b estuarine pathways. Colors represent
time since particle release in days. Time interval between successive
positions is 1 h. ¢ Delineation of the different subdomains: Altamaha

June, mid-August, and mid-November (green lines on Fig. 2)
to capture the influence of seasonal variations in river dis-
charge and wind forcing (even though particles were released
near the bottom, they could be observed throughout the water
column soon after their release). The early-March release cap-
tured the peak in river discharge. Early June and mid-August
represented periods of low river discharge at the beginning
and near the end of the period of dominant upwelling-
favorable winds, respectively. At mid-November, river dis-
charge was low and winds were predominantly downwelling
favorable. In each case, particles were released six times reg-
ularly spaced temporally throughout a single tidal cycle be-
tween consecutive troughs. During the simulations, about
15% of the particles became artificially trapped in the salt
marsh and stopped moving indefinitely. Those particles were
discarded from all subsequent analyses.

The Lagrangian particle tracking scheme was used to quan-
tify timescales, connectivity, and transport pathways in the
system. The local residence time (Dronkers and Zimmerman
1982) at each node in the finite volume mesh was determined
by the average time it took for the 100 particles that were
released closest to a particular node to exit the estuary, weight-
ed by the inverse of the distance (e-folding scale of 1000 m)
between the node and the initial position of the particle. That
computation is repeated six times for each node, once for each
particle release uniformly distributed temporally throughout a
tidal cycle. The tidally averaged local residence time (referred
to simply as local residence time) was computed as the aver-
age of these six estimates. The standard deviation of these six
estimates (i.e., the six tidal phase dependent estimates) was
also computed to obtain a measure of variability in local res-
idence time as a function of the phase of the tide at the time of
the particle release. We note that particles are often transported
back into the estuary by tidal currents after leaving the estuary

-81.2 -81.6 -81.5 -81.4 -81.3 -81.2
Longitude

Longitude

33 44

River (blue), Doboy Sound (red), and Sapelo Sound (cyan). Main
channels are indicated by lighter colors. Black thick lines in all panels
show boundaries of the subdomains. No particle was released in the area
shown in gray on panel (¢). In all panels, black contour shows mean sea
level

for the first time. Here, the local residence time was computed
based on the timing when the particle left the estuary for the
first time.

Particle trajectories were also used to identify connectivity
between the different channels, tidal creeks, and intertidal
areas. For that, the entire estuary was once again divided into
three subdomains representing the Altamaha River and Doboy
and Sapelo Sounds. The trajectory of each particle was then
used to determine which subdomains (Fig. 5¢) were visited by
the respective particle. In the example shown in Fig. 5a, a
particle was released near the head of Sapelo Sound. The
particle was first transported offshore into the coastal ocean,
and subsequently into Doboy Sound and then into the
Altamaha River. In the example shown in Fig. 5b, another
particle released at Sapelo Sound was also transported into
Doboy Sound and the Altamaha River. In that case, however,
the particle was transported through the network of creeks and
channels connecting the different subdomains. In both those
cases, the particles were considered to have visited all three
subdomains. Connectivity was defined for each node as the
subdomains visited by the particle closest to the respective
node. We note that a given node was considered connected
to a given estuary even if a particle reached that estuary in only
one of the six simulations where particles were released at
different phases of the tidal cycle. In other words, if a particle
closest to a given node reached a subdomain in any of the six
releases, then that node was considered connected to that
subdomain. That calculation was repeated for the particle re-
lease experiments during the four seasons, allowing for iden-
tification of how connectivity in the estuary varied as a func-
tion of river discharge and wind forcing.

Lastly, we also identified the pathways by which the node
was connected to a given subdomain. In the example shown in
Fig. 5a, the particle was first transported out into the coastal
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ocean, and then back into Doboy Sound and the Altamaha
River. We refer to this as the coastal pathway. In other in-
stances, however, as shown in Fig. 5b, particles move between
the subdomains via the network of channels and tidal creeks,
in which case the node was considered connected to the
subdomains via the estuarine pathway. Since there were six
particle releases for each season (i.e., at different phases of the
tidal cycle), each node can be connected to a given subdomain
by both the coastal and the estuarine pathways.

Model Evaluation and Salinity Variability
in the System

Model results were compared with time series of salinity from
eight moorings deployed as part of the GCE-LTER program
(Di Iorio and Castelao 2013). Correlation coefficients between
modeled and observed salinity are shown in Fig. 4.
Correlations varied between 0.7 and 0.85 at five out of the
eight stations, and were statistically significant at the 95%
confidence level. At GCE-7, correlation was weak and not
statistically significant. That station is located substantially
upstream along the Altamaha River, and it is characterized
by near zero salinity most of the time. As such, salinity vari-
ability is often dominated by noise or by weak events that
were not well represented in the model. Correlations were also
relatively weak (although still significant) at GCE-1 and GCE-
3. A decrease in correlation coefficients between the Altamaha
River (GCE-8 and GCE-9) and Sapelo Sound was expected.
This is because salinity variability at the Altamaha is strongly
forced by river discharge (Alber and Sheldon 1999b), which is
considered in the model. Salinity variability at the head of
Sapelo Sound at GCE-1, on the other hand, is strongly influ-
enced by local runoff and/or groundwater inputs recharged by
precipitation (Fig. 3), which were not directly considered in
this study. The correlation coefficient is also reduced near the
mouth of Sapelo Sound at station GCE-3 (Fig. 4). That drop in
correlation may be related to the somewhat idealized nature of
the simulation since time variations in offshore hydrography

along the boundaries were not considered. It is possible, for
example, that at least some of the variability in salinity in that
region is related to freshwater input farther north beyond the
boundary of the domain (e.g., Ogeechee and Savannah rivers)
that is then transported southward in a buoyancy-driven coast-
al current (Blanton and Atkinson 1983).

Additional model evaluation was pursued by comparing
the correlation and lags between river discharge and salinity
in the model and in the observations. Using in situ data from
the GCE-LTER moorings (see Fig. 4 for location), Di Iorio
and Castelao (2013) showed that correlations between dis-
charge and salinity show average time lags ranging from
4 days in the Altamaha estuary to 12 days in Sapelo Sound.
Model results were consistent with the observations, with
maximum correlation between river discharge and salinity
occurring for lags of 4-6 days at the Altamaha estuary and
for lags of 10—16 days at Sapelo Sound (Fig. 6). This suggests
that the model was able to capture not only salinity variability
in the system, but also the dynamic response to changes in
river discharge, including the lag in the response observed
between the Altamaha estuary and Sapelo Sound farther north.
It is interesting to note that at the upstream sector of the
Altamaha River, salinity was not significantly correlated to
river discharge. Those locations are almost always fresh ex-
cept for times of drought conditions (Di Iorio and Castelao
2013). As such, increases in river discharge often do not result
in decreases in salinity (since the water is already fresh most of
the time), resulting in low correlation in that region. Another
area of low correlation is near the mouth of Sapelo Sound.
Analysis of mooring observations reveal that the region is
characterized by significant correlation between river dis-
charge and salinity (Di Iorio and Castelao 2013), indicating
that the model was not able to properly capture the depen-
dence of salinity variability to river discharge in that part of
the domain. This is consistent with the low correlations be-
tween modeled and observed salinity reported earlier for
GCE-3 (Fig. 4).

Maps of mean salinity and standard deviation in the estuary
are shown in Fig. 7. River inflow in the South Atlantic Bight is

-0.8

Fig. 6 a Correlation coefficient
and b time lag (in days) between
river discharge and salinity over
the estuary. Time lags at locations
where the correlation is not
statistically significant are not
shown. Black contour shows
mean sea level. Black thick lines
in (b) show boundaries of the 31.4
subdomains (Altamaha River,

Doboy Sound, and Sapelo Sound)
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Fig. 7 a Average and b standard
deviation of salinity over the
domain. Black contour shows
mean sea level
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amajor driver of salinity variability on the inner shelf (Blanton
and Atkinson 1983). As expected, average salinity was low in
the Altamaha River, increasing offshore and to the north to-
ward Doboy and Sapelo Sounds. Small creeks and channels
connecting the Altamaha River and Doboy Sound were also
characterized by low average salinities, suggesting that some
of the freshwater from the Altamaha River leaked into Doboy
Sound via those channels. Low average salinity was also ob-
served near the head of Sapelo Sound, a result also observed
based on in situ data (Di lorio and Castelao 2013). It is impor-
tant to point out, however, that the correlation between obser-
vation and model results was comparatively low in that area
(Fig. 4). More interestingly, the map of standard deviation of
salinity in the estuary revealed the areas that were character-
ized by high variability. The most obvious feature is the high
values observed near the mouth of the Altamaha River extend-
ing into the coastal ocean, where strong mixing between river
and shelf water occurs (Di lorio and Kang 2007). High vari-
ability was also observed in the creeks connecting the
Altamaha River and Doboy Sound, once again supporting
the interpretation that those channels can play an important
role connecting the different subdomains (Di Torio and
Castelao 2013). An empirical orthogonal function (EOF) de-
composition of the surface salinity field (not shown) revealed
a spatial pattern for the dominant mode that was very similar
to the standard deviation map shown in Fig. 7b. The amplitude
time series of the dominant mode, which explains 84.4% of
the total variance, was highly correlated with river discharge
(r = 0.84), revealing that most of the salinity variability de-
scribed above (Fig. 7b) was related to variability in river
inflow.

Although Doboy and Sapelo Sounds were both character-
ized by high average salinity, there was a remarkable differ-
ence in salinity standard deviation between the two
subdomains. Doboy Sound was characterized by high vari-
ability, revealing a large degree of influence from low-
salinity water from the Altamaha River. Analysis of individual
maps of salinity revealed that, in addition to low-salinity water
leaking into Doboy Sound via small channels and creeks, as
described above, low-salinity water also enters Doboy Sound

-814 -81.2 -81.6 -81.5 —81 -81.3 -81.2

b Standard deviation

Longitude

via the mouth during flood tides. Salinity variability decreases
substantially between Doboy and Sapelo Sound, so that salin-
ity standard deviation in the northern sector of the domain,
farther from the river, was substantially smaller. The sharp
decrease along the channels between Doboy and Sapelo
Sound may be related to nodal points that are often observed
in interconnected estuaries, produced by simultaneous tidal
forcing from both ends of the channel (Traynum and Styles
2008).

Local Residence Time

Maps of local residence time for each season are shown in
Fig. 8. There is a general tendency, regardless of the season,
for local residence times to increase with increasing distance
from the ocean. Near the mouth of each sound, the local res-
idence times approach zero since particles are easily
transported offshore onto the shelf during a tidal cycle.
Analyses of individual particle trajectories indicate that the
excursion length of the tides near the mouth of the estuaries
is of the order of 6—8 km. The largest local residence times are
observed in small creeks bordering uplands near the head of
the sounds. Since those areas are more likely to be developed,
any input of contaminants or nutrients due to anthropogenic
activities can potentially have a relatively large impact on
estuarine water quality, given the comparative large local res-
idence time observed in those areas. The increase in local
residence times as a function of distance from the mouth is
more easily observed when the local residence times are av-
eraged along the main channels of each Sound (i.e., along the
lighter shaded regions delineated in Fig. 5¢). In all cases, local
residence times increase from nearly zero close to the mouth
to several days upstream (Fig. 9).

Comparison among the different subdomains revealed sub-
stantial differences in local residence time in the system
(Figs. 8 and 9). Values are smallest in the Altamaha River
during spring, when strong river discharge (Fig. 2) contributes
to the rapid transport of the particles toward the shelf, which is
consistent with Alber and Sheldon’s (1999a) results. The local
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Fig. 8 Maps of local residence

Residence Time (days)

time (in days) for early March, 31.6 |
early June, mid-August, and mid-
November. A nonlinear color
scale is used to reveal as much as
possible of the spatial structure.
Black contour shows mean sea
level
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residence time more than doubles in the Altamaha River in the
other seasons when river discharge is reduced (Fig. 9). The
transit time, defined as the total amount of time it takes for
freshwater to transit through an estuary, has been previously
estimated for the Altamaha River to vary between 1.6 and
9 days for river flow exceeding 100 m® s ' (Sheldon and
Alber 2005). That is comparable to our estimates of local

-81.6 -81.5

i A o -
-81.4 -81.3 -81.6 -81.5 -81.4 -8
Longitude Longitude

residence time at the head of the Altamaha River, which range
from about 2.5 days during high river discharge conditions to
about 7 days for low river flow (Figs. 8 and 9). For a given
distance from the mouth, the local residence time at Doboy
Sound is generally larger than at the Altamaha River (Fig. 9; a
dashed gray line with the same slope is shown in all panels for
reference), likely because of reduced influence of direct river

Fig. 9 Local residence time (in Doboy Sapelo
days) averaged along the main 5F T L ) i
early March
channels (see Fig. Sc for channel al @ earl§ T 14 | .
delineation) of a Doboy Sound, b midkAugitst 131 ]
Altamaha River, and ¢ Sapelo @3 mid-November
Sound in different seasons as a S 2 12} :
function of distance from the 111 ]
mouth. A gray dashed line with 1
the same slope is plotted in all 0 10 -
panels for reference. Note that a Altamaha 9l |
different x-axis is used on panel
(© 8t 18 -
7 IEI 7+ 4
6 6 | .
w5 5 | ]
>
S 4 4t 1
3 3} ]
2t {2 -
1 1 4
0 n 0 1 1
6 12 18 24 30 4 8 12 16
km km
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discharge at Doboy Sound. The increase in local residence
time compared to the Altamaha River is especially true for
the complex network of channels and creeks near the uplands
to the southwest of the main channel at Doboy Sound (around
81.35°-81.4°W, 31.37°-31.44°N), where the local residence
time during late fall can be in excess of 5 days. At Sapelo
Sound, on the other hand, the local residence time is signifi-
cantly larger, especially from the mid-estuary to its head
(Figs. 8 and 9). At those locations, the local residence time
is large regardless of the season. A small reduction in local
residence time is observed during mid-August after the region
is exposed to strong and persistent upwelling-favorable winds.
For any given distance from the estuary mouth, local resi-
dence time at Sapelo Sound exceeds the local residence time
at the Altamaha River and Doboy Sound for all seasons
(Fig. 9; compare different curves with gray line for reference).

It is interesting to note that in some seasons, a local maxi-
mum in residence time is observed around 20 km in the
Altamaha River (Fig. 9). Detailed analysis of individual par-
ticle trajectories reveals that in some cases, particles released
in one or more of the multiple channels in that area become
trapped in recirculation regions, while particles released up-
stream may continue their trajectory to the ocean via another
channel. That is particularly clear in the spatial distribution of
local residence time during low discharge conditions (Fig. 8b—
d), for example, when the local residence time is smaller in the
southern channel of the river (around —81.51°W, 31.35°N)
compared to the northern channels (around —81.49°W,
31.38°N).

Analysis of maps of the standard deviation of the local
residence time among the six particle release experiments in
each season (i.e., the six tidal-phase-dependent estimates)

scaled by the respective tidally averaged local residence times
(Fig. 10) reveals that variability as a function of the phase of
the tidal cycle is small, except near the mouths of the estuaries.
At those regions near the ocean, while a particle released at
ebb tides can be quickly exported, a particle released at low
tides will be first transported into the estuary by flood currents
and only subsequently exported. Since the local residence
time is small in that area, the relative measure of variability
shown in Fig. 10 is large, reaching 80% in some locations.
Away from the mouth of each sound, however, the standard
deviation is small compared to the average of the six simula-
tions, indicating that the patterns described before (Fig. 8) are
robust and not strongly dependent on the phase of the tidal
cycle in which particles were released.

Connectivity and Transport Pathways

Results shown in the previous section have revealed large
spatial and temporal variations in local residence time in the
estuarine system. Here, the connectivity and transport path-
ways between the subdomains were investigated to identify
how particles move within the system. Specifically, we
tracked the trajectory of each particle released in the model
and identified which parts of the estuary the particle was
transported to (Fig. 11). The release location of a particle that
was found at the Altamaha River and at Doboy Sound at some
point in its trajectory, but not at Sapelo Sound, is marked in
green in Fig. 11, for example. If a particle was found at the
Altamaha River and at Doboy and Sapelo Sounds at some
point in its trajectory, on the other hand, then its release loca-
tion is marked in yellow, and so on.

Fig. 10 Maps of the ratio
between the standard deviation of
the local residence time among
the six particle release
experiments at different phases of
the tidal cycle and the respective
tidally averaged local residence
time in each season. Values have
been multiplied by 100 to yield a
percentage. Black contour shows
mean sea level
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Fig. 11 Maps of connectivity in
each season. Black contour shows
mean sea level. Black thick lines
in all panels show boundaries of
the subdomains (Altamaha River,
Doboy Sound, and Sapelo Sound)

a early March

Latitude

Latitude

Altamaha+Doboy+Sapelo

Doboy+Sapelo

Altamaha+Sapelo

Sapelo

Altamaha+Doboy

Doboy

Altamaha

-81.4
Longitude

-81.6 -81.5

There is a generally tendency for the Altamaha estuary and
Doboy Sound to be connected to each other regardless of the
season. It is interesting to note that there is a divide in connec-
tivity approximately along the center of the main channel in
Doboy Sound. While particles released in the southern part of
the channel are restricted to Doboy Sound and the Altamaha
River (shown in green), particles released in the northern part
of the channel generally also reach Sapelo Sound (shown in
yellow), especially during early June and mid-August
(Fig. 11).

The fact that most particles released in the Altamaha River
and in (at least the southern half of) Doboy Sound are not
transported into Sapelo Sound can help explain the large dif-
ference in salinity standard deviation between those
subdomains (Fig. 7b). The connectivity between Doboy
Sound and the Altamaha River indicates that low-salinity wa-
ter from the river is easily transported into Doboy Sound
(Fig. 11). This is consistent with the numerical simulations
of Di Iorio and Castelao (2013), which revealed that a large
amount of freshwater introduced in the Altamaha River could
be transported into their idealized representation of Doboy
Sound. Once at Doboy Sound, however, the low-salinity wa-
ter is not easily transported into Sapelo Sound (Figs. 11). This
limited connectivity would result in reduced salinity variabil-
ity and increased mean values in the northern part of the do-
main, consistent with the model results (Fig. 7).

Creeks and channels between Doboy and Sapelo Sounds
are remarkable in the sense that they are regions connected to
all estuaries year-round. Specifically, particles released in that
region are able to reach all subdomains in all seasons (shown
in yellow in Fig. 11). The downstream sector of the main
channel of Sapelo Sound is also connected to the other
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-81.6 -81.5

Longitude

estuaries year-round. Therefore, although most particles re-
leased at the Altamaha River or Doboy Sound are not
transported into Sapelo Sound, a large fraction of the particles
released at the downstream half of Sapelo Sound are
transported into Doboy Sound and into the Altamaha River
(shown in yellow in Fig. 11; the exception is the early June
release, when most particles—shown in purple—do not reach
the Altamaha River). A different pattern is observed upstream
near the head of Sapelo Sound in mid-August and mid-
November, however. During that time, many particles are ei-
ther constrained to Sapelo Sound itself or they may reach
Doboy Sound in a few cases, but not the Altamaha River
(Fig. 11).

Further information about water exchange can be obtained
by investigating transport pathways in the system (Fig. 12).
The connectivity maps demonstrated that particles released at
the Altamaha River can reach Doboy Sound, and vice versa,
in all seasons (Fig. 11). Analysis of the transport pathways
reveals that particles released at the River can reach Doboy
Sound by both the coastal and the estuarine pathways most of
the time (Fig. 12). The only exception is during the peak in
river discharge (early March, Fig. 12a, ), when careful exam-
ination reveals that particles released in the southern part of
the Altamaha River near the mouth only reach Doboy Sound
via the coastal pathway. Particles released in several of the
creeks between the Altamaha River and Doboy Sound only
reach both subdomains via the estuarine pathway, with the
exception of high river discharge conditions during spring,
when both pathways are available. This demonstrates that
the network of creeks between the main channels of the
Altamaha River and Doboy Sound plays an important role
connecting those two systems. The analysis also indicates that
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coastal pathway

Fig. 12 Maps of transport
pathways in the system. Estuarine 31.6
pathway is shown on the /ef?, EI
while coastal pathway for each

season is shown on the right. 31.5
Black contour shows mean sea '
level. Black thick lines in all
panels show boundaries of the
subdomains (Altamaha River, 31.4
Doboy Sound, and Sapelo Sound)
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most particles released at the downstream sector of Sapelo
Sound reach the Altamaha River and Doboy Sound via the
coastal pathway (Fig. 12e—h). Transport through the estuarine
pathway is much more restricted (Fig. 12a—d).

The analysis presented here provides an unprecedented
view of connectivity and transport pathways in the estuarine
system, revealing substantial spatial and temporal variability.
This variability can have large implications for the ecosystem.
For example, while nutrient inputs (or the input of any other

material) at the Altamaha River are likely to have a large
influence on the river itself and on Doboy Sound, the influ-
ence on Sapelo Sound is likely to be substantially smaller.
Constituents introduced into the system with groundwater in-
put at the network of creeks connecting Doboy and Sapelo
Sound, on the other hand, are likely to influence all three
subdomains. The same is true for anthropogenic inputs.
Depending on the location of the input, a contaminant may
be restricted to a few areas or it may be spread to all
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subdomains. The large spatial variability in local residence
time also indicates that, depending on the location of the input
of a contaminant, it may be rapidly exported to the coastal
ocean or it may remain much longer within the estuary.

Conclusions

A high-resolution coastal ocean model was used to investigate
circulation and variability in adjacent estuaries off the south-
eastern U.S. The region is characterized by complex topogra-
phy, and adjacent estuaries are interconnected by a network of
channels, tidal creeks, and intertidal marshes. Comparisons
with observations reveal that the model is able to capture
salinity variability over most of the domain, especially along
the Altamaha River and Doboy Sound, where salinity is high-
ly correlated with river discharge with relatively short time
lags. The model-data comparisons worsen near the head of
Sapelo Sound, where seasonal variability in salinity is also
strongly influenced by local precipitation.

Model results reveal for the first time the region character-
ized by high salinity variability in the system in high resolu-
tion, which extends from the downstream half of the Altamaha
River to Doboy sound. The network of creeks and channels
connecting the River and the Sound plays a large role on the
spread of the low-salinity water in the system. Salinity vari-
ability at Sapelo Sound is substantially smaller. This is con-
sistent with the identified preferred transport pathways in the
system, which indicate that particles released at the Altamaha
River or Doboy Sound do not often make it into Sapelo Sound
farther north. The Altamaha estuary and Doboy Sound are
connected during all seasons, with exchange occurring both
via the coastal and the estuarine pathways. The local residence
time is strongly variable spatially, being significantly larger at
Sapelo Sound than farther south. At the Altamaha River and
Doboy Sound, the local residence time is smaller during high
discharge conditions, demonstrating the large influence of the
river on transport processes and estuary-shelf exchange.
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