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Multiple river-dominated estuaries line the northern Gulf coast and introduce substantial density
variations. Their plumes have been shown to be highly sensitive to wind and tide effects, but in studies
with limited observations and idealized wind forcing. This study explores these effects with a dynamic
model that can represent the full behavior from river through estuary to shelf, and for a period with
extensive observations. The inner shelf adjacent to Choctawhatchee Bay, a micro tidal estuary situated

Keywords: along the Florida Panhandle, is subject to buoyant, brackish outflows during the ebb-phase of the tidal
ADCIRC cycle.

Plume dynamics In December 2013, experiments were performed in this region to study mechanisms that influence
Cold fronts near-shore surface transport. Satellite imagery showed a visible brackish surface plume at Destin
Florida Panhandle during low tide. The goal of the present study is to quantify variability in the plume signature due
giOR'T‘l]EIE to changes in tidal and wind forcing. Density-driven flows near Destin Inlet are modeled with the

recently-enhanced, three-dimensional, baroclinic capabilities of the ADvanced CIRCulation (ADCIRC)
model. Modeled tides, salinities and plume signature are validated against in-situ observations and
satellite imagery. Model results reveal substantial changes in the length, width and orientation of the
plume as the wind direction varied on consecutive days due to winter cold fronts. During a period
of near-constant winds and variability in tidal amplitude, the model predicted a larger plume during
spring tides than during neap conditions. Coriolis effects on the plume are minimized due to its small
scale nature. Therefore, when the wind forcing is weak, the plume signature spreads radially from
the inlet with slight preference to the down-shelf. The Choctawhatchee Bay plume is representative
of other small-scale plumes formed in river-dominated and micro-tidal environments, and this work
demonstrates the sensitivity of these plumes to changing environmental conditions.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction that can cause the slowing down and convergence of offshore

surface material (Roth et al., 2017) and thus prevent its transport

Freshwater inflows from riverine sources interact with the
coastal ocean in the vicinity of estuarine mouths. These river
plumes can create strong density gradients near the coastline
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toward the shoreline. The interaction of these outflows with the
shelf waters also determine the fate and transport of river-borne
nutrients, sediments, larvae, plankton, etc. (Mestres et al., 2007;
Xia et al., 2007; Chant et al., 2008; Shi et al., 2010; Androulidakis
and Kourafalou, 2011; Greer et al., 2018). Therefore, river plumes
play an important role in regulating the biogeochemical processes
occurring at the shelf, and knowledge of plume behavior and
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the key factors that govern it is important for local coastal and
estuarine resource management.

Factors that influence plume behavior can be grouped into
two categories: (a) those related to the geometry of the coastline,
which include the width of the river mouths and the alignment
of the coastline; and (b) the external forcing conditions, which
include tides, river discharge, prevailing winds, currents, etc. Ide-
alized plumes in the absence of any external forcing are expected
to form a re-circulating bulge at the river mouth and spread
down-shelf in the direction of Kelvin wave propagation due to
effects of the earth’s rotation. The shape of the bulge and the
amount of freshwater transported in the down-shelf current are
dependent on the width of the river mouths and the plume out-
flow velocity, which can be quantified using the Rossby number.
Discharges from narrow river mouths are accompanied by high
outflow velocities and therefore have a high Rossby number. Such
plumes are expected to have a larger offshore spreading, and
freshwater transport in the down-shelf direction is less promi-
nent. Estuaries with wider river mouths are typically associated
with lower Rossby numbers due to their relatively low velocities
and they experience the effects of rotation more prominently
with a recirculating bulge and down-shelf freshwater transport.
The presence of realistic forcings such as ambient currents and
prevailing winds can distort this behavior by enhancing or re-
stricting the growth of the recirculating bulge and down-shelf
current (Choi and Wilkin, 2007; Garvine, 1995; Fong and Geyer,
2002; Jurisa and Chant, 2012; Falcieri et al., 2013).

The dominant role played by local wind forcing in the spread-
ing of surface advected plumes across the continental shelf is doc-
umented in several observational (e.g. Janzen and Wong, 2002;
Whitney and Garvine, 2005; Osadchiev and Sedakov, 2019) and
modeling (e.g. Xing and Davies, 1999; Fong and Geyer, 2001;
Choi and Wilkin, 2007) studies. During light winds, plumes are
more affected by the effects of rotation and exhibit a preferen-
tial down-shelf movement. Downwelling winds tend to increase
this alongshore transport, whereas upwelling winds increase the
offshore spreading of the plumes. Offshore winds are expected
to increase the offshore spread, whereas onshore winds restrict
the plume to the coastline. In addition to the direction, the wind
magnitude is also important and the Wedderburn number can be
computed to identify critical wind speeds at which wind effects
begin to dominate buoyancy effects (Jurisa and Chant, 2012;
Dzwonkowski et al., 2015; Zhao et al., 2018).

Brackish plumes generated by high-discharge river systems
with wide mouths have been the subject of numerous obser-
vational and numerical studies (e.g., Johnson et al.,, 2001; Guo
and Valle-Levinson, 2007; Chant et al., 2008; Ou et al., 2009; Pan
et al., 2014; Tarya et al., 2015; Yu et al,, 2018). However, only
limited studies have analyzed the response of small-scale river
plumes, whose impacts are more localized and whose features
are distinct from those of larger plumes but also share similarities.
The Mzymta river plume formed off the northeastern shore of the
Black Sea is an example of a small scale plume. Satellite observa-
tions indicated that unlike large plumes, the Mzymta plume did
not form a recirculating bulge even under low wind conditions
but was transported offshore. Onshore winds caused an upstream
(up-shelf) accumulation of the river plume whereas offshore and
downwelling winds were accompanied by down-shelf freshwater
transport and upwelling winds resulted in offshore spreading of
the plume (Osadchiev and Sedakov, 2019). Another small river
plume influenced by wind forcing is the Wanquan River plume
located in Hainan, a tropical island in China. Model results based
on nearly uniform wind conditions indicate that downwelling
favorable winds favor down-shelf plume spreading and upwelling
and offshore winds transport the plume offshore, whereas on-
shore winds transport water in the up-shelf direction (Zhao et al.,

2018). Typically, small scale plumes are also shallow and surface
advected and tend to respond rapidly to wind forcing. This behav-
ior is illustrated by the response of the Maipo River Plume located
in central Chile to diurnal variability in the local sea breeze. When
wind forcing is weak, Coriolis effects dominate and the plume is
confined near the inlet and tending to turn in the down-shelf
direction. However, as the onshore sea breeze begins and the
wind speeds increased, the direction of plume spreading was
reversed and it starts to flow in the up-shelf direction (Pinones
et al.,, 2005). The Berau river plume located in the Indonesian
archipelago is an example of a small plumes in near equatorial
regions where the Coriolis force is nearly zero. Plume spreading
was observed to be primarily in the windward direction in this
region (Tarya et al., 2015).

Small scale plumes are also formed at the mouths of several
bays and estuaries in the Northern Gulf of Mexico (NGOM). These
river-dominated estuaries have limited connectivity to the NGOM
and form shallow plumes that introduce cross-shore salinity and
velocity gradients in the shelf waters and form density fronts
where surface material converges or slows (Roth et al,, 2017).
During an oil spill, which are frequent in the these estuarine
plumes have the potential to act as natural barriers that prevent
oil from beaching against the coastline (Roth et al., 2017). There-
fore, the ability to predict the plume behavior at the mouth of
these estuaries is crucial for planning oil spill response operations
in the Gulf.

The buoyant plume from Mobile Bay, Alabama, a river-
dominated estuarine system with a narrow and shallow con-
nection to the shelf, has been studied via satellite imagery and
in-situ observations (Stumpf et al., 1993; Dzwonkowski et al.,
2015). The plume was found to be sensitive to wind forcing
despite relatively low wind speeds. The shallow nature of the
plume made it highly susceptible to wind forcing, with the
wind becoming more effective in modifying the plume structure,
via weakening of the density gradients as the plume expanded
offshore. Downwelling winds caused a westward elongation of
the surface-advected plume, and upwelling winds reversed and
widened the plume. Perdido Bay estuary, situated adjacent to
Mobile Bay along the Florida-Alabama coast, is another semi-
enclosed bay system that interacts with the coastal ocean through
a narrow inlet. Model salinities forced by spatially uniform and
idealized wind conditions show that the plume is farthest off-
shore for northerly winds and confined closest to the coast and
smallest for southerly winds. Like the Mobile Bay plume, the
Perdido Bay plume was predicted to extend westward for east-
erly downwelling-favorable winds and is deflected offshore and
eastward for westerly upwelling-favorable winds. In the absence
of wind forcing, the plume has a relatively large size that spreads
offshore and along the coast in both directions (Xia et al., 2011).

Although small scale plumes are less intense and their im-
pacts are localized, their behavior has significant implications for
the sustenance of local ecosystems. Additionally, though broad
similarities exist across small plumes in their behavior, there are
subtle differences in their characteristics depending on the fresh-
water input, coastline alignment, local wind patterns, outflow
angle etc. Therefore, there is merit in understanding the unique
spatial and temporal scales associated with plume behavior at
each study site, and this is a significant motivation for this work.
The focus of the present study is the behavior of the small-scale
river plume from Choctawhatchee Bay, the third largest estuary
in Florida. The bay which is located to the east of Mobile Bay and
Perdido Bay and is representative of other Gulf of Mexico estu-
aries, supports a rich and diverse ecosystem and provides great
economic benefit to the adjacent coastal communities through
fisheries, navigation and recreational activities. The bay connects
to the Gulf of Mexico via the narrow Destin Tidal Inlet. The coast-
line adjacent to Destin is vulnerable to the impacts of offshore oil
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spills. During the aftermath of the Deepwater Horizon oil spill in
2010, oil washed up against the beaches in this area. The ability to
forecast the nearshore surface transport of offshore chemical and
biological material can enhance the efficiency of oil spill response
and fisheries management operations, which are important con-
cerns for coastal communities around Choctawhatchee Bay. This
requires a sound knowledge of the spatial and temporal gradients
in the surface transport in the inner continental shelf, which are
primarily determined by the behavior of the ebb-phase plume.

The few existing studies that investigate inner shelf salinity
transport near Destin are based on the Surfzone Coastal Oil Path-
ways Experiments (SCOPE), which were conducted in December
2013 (Fig. 1). The aims of these experiments, which consisted of
drifter deployments, dye releases, ADCP and CTD measurements,
were to better understand the processes that are important for
the transport of surface material. Along-shore velocities mea-
sured offshore of Santa Rosa Beach, which is located roughly
7 km west of Destin Inlet, describe the wind- and plume-driven
nature of the surface currents in the inner shelf (Roth et al., 2017).
Drifters were released at Destin during the tidal ebb-phase to
study plume behavior. Moderate winds with an easterly compo-
nent were observed to create a coastal jet, which formed a coastal
barrier that prevented offshore drifters from beaching. Surface
currents, during light and variable winds, were also observed to
prevent drifter transport to the beach.

The present study builds on above findings from SCOPE and
aims to further expand our understanding of the Choctawhatchee
Bay plume. Although field measurements provide important in-
sights about the wind- and plume-driven surface currents in the
vicinity of Destin, key questions still remain about the spatial and
temporal scales associated with plume behavior. Variability in the
surface plume geometry on consecutive days of variable wind and
tidal forcing is still unknown. What is the length and width of the
ebb-phase plume that exits out of Destin Inlet? Does the plume
geometry exhibit substantial changes as passing cold fronts bring
about changes in wind direction in consecutive days? What are
the magnitudes of these changes? What is the plume response
in the absence of wind forcing? By answering these questions,
this study aims to bridge the gaps in our understanding of plume
behavior at Destin and thereby provide insights that would be
useful for predicting nearshore surface transport pathways in the
vicinity of Destin and similar estuarine systems.

To answer the above questions, we adopt a numerical mod-
eling approach. Typically, most plume modeling studies rely on
numerical experiments with idealized uniform winds applied
over a few days to evaluate plume response to differences in
wind direction and magnitude. In reality, however, coastal envi-
ronments might be subject to rapidly varying wind patterns with
shorter time scales such as in the case of winter cold fronts (typi-
cal in the Florida Panhandle) that can cause a 360 degree reversal
in wind direction over the course of 2-3 days. In the present
study we apply realistic winds that capture this variability in a
three-dimensional, baroclinic, unstructured-mesh, estuarine- and
shelf-scale model to investigate the plume response on consec-
utive days of variable tidal and wind forcing. Changing wind
conditions and spring-neap variability in tidal conditions are ex-
pected to cause significant differences in the plume response on
consecutive days. We first validate model predictions against in-
situ salinity observations, satellite imagery, and drifter pathways.
The validated model is then applied to quantify the length and
width of the plume signature (geometry of the river plume as
described by the surface salinity contours) on consecutive days
of near-constant tides and variable wind directions, and on con-
secutive days of near-constant wind speeds and neap-to-spring
variability in the tidal forcing. This study is novel in two ways.
As mentioned previously, very few studies have investigated the

dynamics of the wind- and plume-driven circulation offshore of
Choctawhatchee Bay, and this study is a unique modeling effort
that contributes to the scientific understanding of the characteris-
tics of the Choctawhatchee River Plume. Secondly, this is the first
time a recently-enhanced, three-dimensional, baroclinic version
of the ADvanced CIRCulation (ADCIRC) model (Luettich et al.,
1992; Westerink et al., 2008; Fathi et al., 2019), which has been
widely applied for depth-averaged tidal and storm surge stud-
ies (Bunya et al., 2010; Dietrich et al., 2012; Passeri et al., 2015;
Bilskie et al., 2016; Cyriac et al., 2018), is applied to represent
density-driven estuarine and shelf circulation.

2. SCOPE observations near the Choctawhatchee Bay system

The study area is located in the estuarine and shelf waters in
the vicinity of Choctawhatchee Bay, which is aligned in an east-
west direction along the Florida Panhandle. Numerous bayous
and creeks lining its banks are sources of freshwater for the bay.
However, the bay receives 90% of its freshwater input from the
Choctawhatchee River (CR) (Handley et al., 2007), which enters
the bay at its eastern end. The bay is about 43 km long and
has an average width of about 5 km with depths ranging from
3 to 10 m. It opens into the NGOM via the East Pass or Destin
Inlet, which is about 450 m wide. The inlet contains a channel
with depths varying from above 10 m at the estuarine end to
around 4 m in the inlet region to about 7 m at the eastern end,
where the inlet connects to the Gulf of Mexico (Valle-Levinson
et al,, 2015; Handley et al., 2007). The West Florida continental
shelf is a broad, low energy area, with the 50 m isobath located at
a distance of 30 km from the mouth of Choctawhatchee Bay. Tides
are diurnal and weak in this region (Murphy and Valle-Levinson,
2008; Bilskie et al., 2016) with spring and neap tidal ranges of
0.5 m and 0.15 m respectively (Huguenard et al., 2016).

A series of experiments, collectively referred to as the Surf-
zone Coastal Oil Pathways Experiments (SCOPE, http://carthe.org/
scope/), were conducted in this region by scientists from the Con-
sortium for Advanced Research on Transport of Hydrocarbon in
the Environment (CARTHE, http://carthe.org/). Field observations
were collected during SCOPE to identify processes that influence
surface transport in the inner shelf, which need to be better un-
derstood to improve future predictions of nearshore oil transport
pathways in the event of an oil spill. During a 3-week period
between 3-17 December 2013, data were collected with GPS-
equipped surface drifters, helicopters, drones, balloons/kites, jet
skis, small boats, ADCPs, CTD casts, and dye releases to describe
nearshore wave and current movements (Valle-Levinson et al.,
2015; Huguenard et al.,, 2016; Roth, 2016; Roth et al., 2017).
Observations collected during SCOPE provide insights into the
wind- and plume-driven nature of the inner shelf circulation
offshore of Destin Inlet during specific dates/times during the
experiment.

SCOPE observations confirm that tides near Destin Inlet are di-
urnal and similar to those observed at the NOAA gage at Panama
City Beach. In the middle of Choctawhatchee Bay, tidal amplitudes
were attenuated to 30% of the amplitudes at the entrance, and
with a phase delay of 5.5 h (Valle-Levinson et al., 2015). During
spring tides, observations indicate a moderate brackish outflow
from Choctawhatchee Bay, which spreads radially outward in
a semi-elliptical manner with an along-shore extent of about
3.5 km and a cross-shore extent of about 7.0 km. Plume velocity
was opposed to the ambient currents to the west of the inlet,
creating a distinct convergence zone that was visible in satellite
imagery (Huguenard et al., 2016).

Cold fronts associated with extratropical storms are common
during winter in the NGOM. These fronts propagate from west
to east over 3 to 10 day periods and cause a 360 degree reversal
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Fig. 1. Unstructured ADCIRC mesh used in the present study. Top panel shows contours of element spacing. Bottom panel shows the bathymetry and topography

values (m) in and near the Choctawhatchee Bay.

in wind direction, with winds shifting from being southwesterly
pre-front to northwesterly post-front (Roth, 2016; Feng and Li,
2010). During December 2013, several cold fronts lasting between
3 to 5 days passed over the study area with average wind speeds
of 5 m/s. These cold fronts cause rapid along-shore current re-
versals in the inner shelf with westward flow slowing from about
0.2 m/s to zero within an hour and accelerating to about 0.2 m/s
eastward within 1 to 2 days (Roth, 2016).

Drifters were released within the inlet during the ebb stage to
identify the orientation of the Choctawhatchee River Plume as it
emerges into the inner shelf. During easterly winds, the plume
forms a coastal jet that flows west, parallel to the beach, and
acts as a barrier that prevents surface drifters from beaching.
During weak and variable winds, the plume expands radially
outward without any preferential movement toward the east or
the west. In both cases, plume boundaries introduce horizontal
velocity gradients that cause drifters deployed outside the plume
to converge along plume edges or be redirected offshore (Roth
et al,, 2017). Thus, offshore plume boundaries are expected to act
as natural barriers that prevent surface material such as oil from
beaching. When onshore winds carry oil to the shore, the plume
can be effective near the inlet in reducing the amount of oil that
washes ashore during the ebb stages (Kuitenbrouwer et al., 2018).
The efficiency of these barriers depends on the interaction of
these plume fronts with the ambient shelf currents (Roth, 2016).

The largest waves recorded during the experiment period had
a significant wave height of about 0.5 m and coincided with the
passage of a cold front that occurred between 12-16 Decem-
ber. Throughout the experiment, relatively larger waves occurred
when winds were from the south ahead of the frontal passage.
Wave heights were reduced when winds were from any other
direction due to limited fetch (Roth, 2016). Discharge from the
Choctawhatchee River during SCOPE was about 150 m?/s, which
is close to its annual minimum.

SCOPE datasets have provided rich insights into several as-
pects of the shelf circulation near Choctawhatchee Bay. However,
due to the limitations associated with a field experiment, the
characteristics of the ebb-phase plume have only been observed

at specific instances during that two-week period in Decem-
ber 2013. The relative impacts of wind and tidal forcing on
the Choctawhatchee River Plume is still unknown. Variability in
plume geometry due to changes in the realistic wind speeds and
changes in tidal amplitudes brought about by spring and neap
tides have not been investigated previously.

Numerical models provide a greater flexibility to analyze the
response of the coastal ocean to variability in the environmental
forcing conditions. The aim of the present study is to develop a
three-dimensional, numerical model for the Choctawhatchee Bay
and Destin Inlet system that is validated against salinity profiles,
satellite imagery and drifter movements collected during SCOPE.
The validated model is then applied to quantify the plume sig-
nature and its variability in response to changing tidal and wind
forcing. Model results quantify variability in the surface plume
geometry of the Choctawhatchee Bay plume, and the predicted
trends can be applied to investigate plume response to cold fronts
in other micro-tidal environments.

3. Methods
3.1. 3D hydrodynamic model

The prediction of circulation within the Choctawhatchee Bay
system must represent the interactions between components
driven by tides, winds, and density gradients, as well as their
interactions with the complex coastline, bay, and river. The AD-
vanced CIRCulation (ADCIRC) model is a finite-element, hydro-
dynamic model that is widely used for tidal and storm surge
studies (Luettich et al., 1992; Westerink et al., 2008). It repre-
sents the coastal environment via unstructured meshes that can
consist of millions of triangular finite elements of varying sizes to
describe variations in open water, in the nearshore, and overland.
ADCIRC has achieved prominence for predictions of storm surge
and coastal flooding (Bunya et al., 2010; Dietrich et al., 2010,
2011; Blanton et al., 2012; Lin et al., 2012; Atkinson et al., 2013;



R. Cyriac, J.C. Dietrich, CA. Blain et al. / Regional Studies in Marine Science 35 (2020) 101131 5

Bhaskaran et al., 2013; Murty et al., 2014; Passeri et al., 2015; Bil-
skie et al., 2016), via the use of its depth-averaged, barotropic ver-
sion. This study will utilize its fully three-dimensional, baroclinic
version to predict the plume dynamics near Choctawhatchee Bay.

Previous studies have validated the baroclinic abilities of AD-
CIRC through idealistic and realistic applications. The former in-
cludes the lock exchange or dam break test, in which waters
of different densities initially separated by a vertical barrier are
allowed to mix, which is representative of the mixing processes
that occur frequently in the coastal ocean, such as that of a
fresh-water river emptying into a salt water estuary. ADCIRC was
able to provide reasonable predictions for the location, thickness,
speed and mixing width of the density front for a laboratory lock
exchange test (Kolar et al., 2009). Other studies have demon-
strated ADCIRC's ability to predict density-driven flows in regions
of shallow bathymetry, such as bays, marshes, and channels adja-
cent to complicated coastlines that may be under-represented in
structured global or regional circulation models. One such study
involved modeling the two-layer stratified flow conditions in the
Turkish Dardanelles Strait that connects the Aegean Sea to the
Marmara Sea and the evolution of the Dardanelles Plume (Blain
et al., 2009). Open ocean boundary conditions for the ADCIRC
model were derived through one-way coupling with a regional
HYbrid Coordinate Ocean Model (HYCOM). The coupled ADCIRC-
HYCOM model predicted the behavior of the Dardanelles outflow
into the Aegean Sea when forced with accurate initial conditions
for stratification in the Dardanelles Strait. In another study, a
coastal forecast system designed to predict ocean currents near
the entrance of Chesapeake Bay was tested with baroclinic AD-
CIRC as its core circulation model (Blain et al., 2012). Baroclinic
ADCIRC was also validated for a larger study area in the NGOM
that extended along the Texas, Louisiana, Mississippi, Alabama
and Florida coasts (Dresback et al., 2010). The salinity and heat
transport predicted by ADCIRC over the model domain, which
represented the Mississippi and Louisiana coastal waters in detail,
were found to match model results from a structured Gulf of Mex-
ico HYCOM model. In all of these studies, HYCOM represented
the coastlines with a typical resolution of 4 km, while ADCIRC’s
unstructured meshes had maximum resolutions of 50 m, thus
allowing a better representation of coastal dynamics.

Recent improvements have advanced ADCIRC’s ability to pre-
dict basin-wide density-driven flows involving multiple spatial
scales and steep bathymetric gradients (Fathi et al., 2019). These
algorithmic changes to ADCIRC include: (a) using a higher-order
(cubic) interpolation scheme for the accurate computation of the
baroclinic pressure gradient term, (b) using a biharmonic oper-
ator (Holland, 1978; Zhang and Baptista, 2008) for the viscosity
and diffusion coefficients of the momentum and transport equa-
tions instead of a Laplacian scheme, which is known to be overly
diffusive when multiple spatial scales are involved, (c) adaptive
filtering of the velocity at every time step based on a weighted
average of the velocity at neighboring nodes to smooth noisy
oscillations (Asselin, 1972; Shapiro, 1970), and (d) systematic
bathymetry smoothing to prevent numerical instability (Barnier
et al.,, 1998; Sikiric et al., 2009). With these improvements, AD-
CIRC was successfully applied as a three-dimensional, Gulf-wide
baroclinic model to predict conditions in the Gulf for June 2010,
during the Deepwater Horizon oil spill event. The model sea
surface velocities captured the Loop Current in the Gulf. The
sea surface velocities, salinities, and temperatures predicted by
ADCIRC were in good agreement with model results from the
data-assimilated HYCOM model (Fathi et al., 2019). In the present
work, we build on these recent improvements and after minor
changes, successfully apply ADCIRC to represent the three di-
mensional transport and mixing of riverine freshwater in the
vicinity of the coastline. A detailed description of the governing
equations solved by the ADCIRC 3D code is provided below for
completeness.

3.1.1. Three dimensional shallow water equations

ADCIRC solves the three-dimensional, shallow water momen-
tum equations listed below, which are derived from the Navier-
Stokes equations after applying the Boussinesq and hydrostatic
approximation (Luettich et al,, 1992; Luettich and Westerink,
2004; Fathi et al., 2019).
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in which t is time; ¢ is the free surface elevation relative to the
geoid; u, v, w are velocity components in the x, y, and z coordinate
directions, respectively; g is the gravitational acceleration; f is
the Coriolis effect; ps is the atmospheric pressure at the free
surface; 7 is the Newtonian equilibrium tide potential; « is the
effective Earth elasticity factor; po is the reference density of
water; E, is the vertical eddy viscosity; m, and m,, are the hori-
zontal diffusion terms; by and by terms are the baroclinic pressure
gradient terms; Ej, is the modified Leith biharmonic horizontal
viscosity (Fox-Kemper and Menemenlis, 2013); L denotes local
grid spacing; and A and A, are non-dimensional coefficients of
o (1).

ADCIRC uses a terrain-following, generalized o-coordinate
system to solve the above equations. This involves mapping
*,y,z,t) — (X5, Yo, 0, t;) such that:

IVV - up| =

e

Xe = X,
Yo =Y,

oc=a+ _b(z—g)

t, =t

where @ = 1 and b = —1 are constants, H = ¢ + h is the

total water depth, and h is the bathymetric depth relative to the
geoid. To minimize inaccuracies in regions of steep bathymetry,
this transformation is not applied for the baroclinic pressure gra-
dient terms by and by, and the horizontal diffusion terms m, and
my (Dresback et al.,, 2002; Fathi et al., 2019), which are computed
in a z-coordinate system. A Mellor-Yamada level 2.5 turbulence
closure model is adopted to compute vertical eddy viscosity and
diffusivity. The minimum value for vertical eddy diffusivity is set
to be spatially variable.
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3.1.2. Transport equation

The time-dependent scalar transport of salinity and tempera-
ture is modeled by the following advection-diffusion equation:
ac ac ac ac N N 0
8t+uax+v8y+waz Dy(c, Np) — Dy(c, Ny) = 0,
where ¢ represents the species that is being transported (i.e.
salinity or temperature), Dy(c, N,) is the biharmonic horizontal
diffusion term, and D,(c, N,) is the vertical diffusion term. Sigma
coordinate transformation is applied to all the terms in the trans-
port equation except for the horizontal diffusion term, which is
computed in a z-coordinate system. The modeled temperature
and salinity are then used by ADCIRC to compute the density
field according to the polynomial equation of state formulated
by McDougall et al. (2003).

3.2. Unstructured mesh

The unstructured, finite-element, shelf-scale mesh used in the
present study (Fig. 1) is derived from an existing larger Gulf- and
Atlantic-wide ADCIRC mesh, which has been validated for tides
and storm surge predictions for the coastal regions of Northwest
Florida and Alabama (UCF, 2011a,b; Passeri et al., 2015; Bilskie
et al,, 2016).

3.2.1. Adjustments for Choctawhatchee Bay region

The existing mesh was modified for this study by increas-
ing resolution at the inlet and in the open ocean, adding the
Choctawhatchee River, and cutting out a shelf-scale mesh with
an offshore boundary located along the 200 m depth contour.
Floodplains up to the 3 m contour are maintained around the
Choctawhatchee Bay and River. The Choctawhatchee River en-
ters the bay at the east end of the bay. The river’s realistic
profile is traced from satellite imagery up to the USGS gage
at Bruce, Florida. Beyond Bruce, the river is given a simpli-
fied ‘synthetic’ profile, which is devoid of all the irregulari-
ties and twists and turns of the real river. The upstream river
boundary is located at the USGS gage at Caryville, Florida. River
bed elevations were derived from FIS study reports for Walton
County (FEMA, 2008, 2010). Mesh resolution varies from approx-
imately 20-30 m at Destin Inlet and Choctawhatchee River, to
approximately 100-500 m in the Choctawhatchee Bay, to 1-3 km
in the shelf (Fig. 1).

3.2.2. Bathymetry smoothing

Insufficient resolution at regions of steep bathymetric gradi-
ents in the ocean can cause inaccuracies and lead to numeri-
cal instability (Haney, 1991). To minimize these errors, models
can employ bathymetry smoothing (Adcroft et al., 2016; Mar-
shall et al., 1997). In the present study, we use the bathymetry
smoothing approach implemented by Fathi et al. (2019). Relevant
equations from this work are repeated here for completeness.
Smoothing is applied to all regions in the mesh deeper than the
15 m contour. The smoothing utilizes common strategies such
as limiting the relative variation of the ocean depth over a grid
element (Barnier et al., 1998):

Ihi = Iy <0.2
hi-f-hj S

and also limiting the hydrostatic inconsistency (Haney) num-
ber (Sikiric et al., 2009):

|hf — nf 4 hf —
hf + hf — h~ — B

max rxp =

max 1xX; = <3 ~6,

where h; and h; denote bathymetry at adjacent grid nodes i and j,
respectively, and h;‘ is the depth of the kth o-layer from the top

surface. To eliminate noisy features that may arise after applying
the above criteria, a Gaussian filter is also applied to the mesh
bathymetry.

3.3. Physical forcings

The ADCIRC model for the Choctawhatchee Bay and River
system requires initial and boundary conditions for winds, tides,
river discharge, surface heat fluxes, salinities and temperatures.

3.3.1. Winds, tides, and river discharge

Tidal forcing is applied in the model through open ocean
boundary conditions and via the tidal potential term and consists
of seven harmonic constituents: Ky, 01, Qq, M2, S, N and K>. The
applied winds and surface pressures are from the North American
Mesoscale (NAM) model, which is run by the National Centers
for Environmental Prediction (http://www.ncep.noaa.gov/) four
times a day at a spatial resolution of about 12 km. NAM winds
show good agreement with the measured wind speeds and direc-
tions at the NOAA Penscola station (Fig. 3). The upstream river
boundary of the synthetic channel is forced with a discharge
of 150 m3/s, which was the observed river discharge during
SCOPE (Roth et al., 2017).

3.3.2. Salinities, temperatures, and heat fluxes

Open ocean boundaries are forced by vertical salinities and
temperatures extracted from HYCOM output (Dresback et al,
2010). HYCOM is a data assimilated, global circulation model that
is run operationally by the Naval Research Laboratory for the
Gulf of Mexico at a resolution of 1/12 degrees. For the present
study, initial conditions for salinities and temperatures are de-
rived from publicly available HYCOM output (http://tds.hycom.
org/thredds/dodsC/GOMI0.04/expt_31.0/2013/hrly.html) for most
of the model domain. HYCOM utilizes a structured grid that
does not extend far into inland regions. Therefore, to initialize
estuarine conditions, we relied on vertically-varying salinity and
temperature profiles provided by the Choctawhatchee Basin Al-
liance (CBA) (http://www.basinalliance.org/). HYCOM output and
CBA measurements were combined in the following manner.
First, HYCOM output is interpolated onto ADCIRC mesh vertices
that fall within the HYCOM domain. This initializes all the off-
shore regions of the ADCIRC mesh. ADCIRC mesh vertices that
coincide with CBA measurement locations are then seeded with
the measured vertical profiles. This is followed by extrapolation
outward from the near-shore and offshore ADCIRC mesh vertices
that are already initialized. The “final” near-shore initial condi-
tions reflect a gradual transition from the interpolated offshore
HYCOM salinities to measured values inside the bay. Surface heat
flux values are derived from HYCOM output, but are disabled in
Choctawhatchee River.

3.4. Model setup

The simulation period spans the months of November-
December 2013 to match the timing of the SCOPE experiment.
The model is forced by realistic tides, winds, riverine freshwater
discharge, and surface heat flux values for this period. Model runs
have a diagnostic phase of 5 days (1-6 November 2013) followed
by the prognostic phase through 16 December. In the diagnostic
phase, the transport of salinity and temperature is disabled and
thus the density field is constant, while tides, winds and river
inflow are allowed to spin up (Dresback et al., 2010). Salinities
and temperatures are allowed to evolve at the beginning of the
prognostic phase, and density gradients begin to drive the flow
conditions. The model was run for a 45-day simulation with 21
vertical layers at a time step of 0.5 s.


http://www.ncep.noaa.gov/
http://tds.hycom.org/thredds/dodsC/GOMl0.04/expt_31.0/2013/hrly.html
http://tds.hycom.org/thredds/dodsC/GOMl0.04/expt_31.0/2013/hrly.html
http://tds.hycom.org/thredds/dodsC/GOMl0.04/expt_31.0/2013/hrly.html
http://www.basinalliance.org/
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4. Model validation
4.1. Water levels

Model water levels are compared against observations (96 h
high pass filtered to remove low-frequency oscillations) collected
at four locations: Panama City Beach (NOAA station 8729210),
Panama City (NOAA station 8729108), SCOPE moored pressure
sensor located at 10 m depth off the coast of Beasley Park about
6 to 7 km west of Destin Inlet (MacMahan, 2015a), and SCOPE
pressure sensor at the Mid-Bay Bridge in Choctawhatchee Bay
(Fig. 4) (MacMahan, 2015b). Overall, observed and modeled water
levels are in good agreement, with ADCIRC sometimes underesti-
mating the observed water levels by 0.1 to 0.2 m. There is a slight
phase difference between observed and measured water levels
at Panama City Beach, likely because the ADCIRC mesh does not
extend into the estuary where the NOAA gage is situated. Tidal
amplitudes inside Choctawhatchee Bay are attenuated to roughly
30% of the amplitudes at the shelf with a phase delay of 5.5 hours,
thus matching the observed behavior (Valle-Levinson et al., 2015).

4.2. Vertical salinities

The model’s ability to represent the vertical salinity distri-
bution inside the Choctawhatchee Bay and on the shelf were

quantified by computing standard error statistics (Wilkin and
Hunter, 2013). The error metrics in this study include the Pearson
correlation coefficient (r):

420 = (o))Xm — (m)))

OmOo

the centered root mean square error (Ecgys):

N

1
Ecs = | 7 2 ((m = (m)) — (0 = (0)))’

i=1
and the mean bias (By):
By = (m) — (o)

in which o is a set of observed values of size N; m is a set
of model predictions; (m) and (o) are the means of m and o,
respectively; and o, and o, are the standard deviations of m and
o, respectively.

Each metric has its own strengths and limitations in describing
model performance. Therefore, it is prudent to use a suite of
metrics to avoid an incomplete or limited description of model
skill (Koh and Ng, 2012). The correlation coefficient r is a statis-
tical measure of whether the model and observed salinities are
related linearly, and it varies from —1 (for perfectly negatively
correlated), through O (for uncorrelated), to +1 (for perfectly
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Fig. 4. Comparison of observed and modeled water levels. Gray circles denote observations and solid line denotes ADCIRC water levels.

positively correlated). Therefore it quantifies the model’s ability
to capture the pattern of vertical variability in the measured
salinity data. However, it does not provide any information about
the amplitude of variability, which is quantified by the standard
deviation (oy, 0,). The root mean square error is another widely-
used estimate of the differences in magnitude between model
and observed quantities. It can be resolved into two compo-
nents, namely differences between the means (mean bias By;)
and the differences in their patterns of variation (centered root
mean square error Ecgys) (Taylor, 2011). The mean bias By is a
measure of the overall systematic differences between the model
and observed salinities and therefore can quantify whether the
model is “too high” or “too low”. Centered root mean square
error compares model and observed quantities after removing
any bias associated with their mean values. The Ecgys approaches
zero as the modeled and measured profiles become identical.
However, a given value of Ecys can be biased by the amplitude
of variations from mean, and thus can be larger when there is a
larger variability in the observed profile.

Model salinities are compared against observed vertical salin-
ities at 121 stations, collected between 3-17 December 2013, in
the Choctawhatchee Bay and adjacent shelf waters (MacMahan,
2015d) (Fig. 2). These observations show three types of salinity
profiles. Observations collected by the Choctawhatchee Basin Al-
liance inside the bay indicate stratified conditions. In the central
and western portions of the bay, observed salinities range from
15 to 20 psu at the surface to about 30 psu at the bottom. Model
salinities represent well this large variability in the vertical profile
(Fig. 5). At the eastern end, where Choctawhatchee River drains
into the bay, the water column is relatively shallow (about 3 m
depth) and highly stratified, with a difference of 15 to 20 psu
between surface and bottom salinities. Although model salini-
ties also indicate a large difference between surface and bottom
salinities (15 psu) they predict well-mixed conditions below the
surface layer. Outside the estuary and onto the shelf, the water
column is observed to be either well-mixed (see salinity profiles
at CTD 15, CTD 92 and CTD 77 in Fig. 6) or has an upper stratified
layer and a lower mixed layer (see salinity profiles at CTD 13, CTD
55 and CTD 112 in Fig. 6). Brackish conditions in the surface at the
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stations located on the shelf indicate the effects of the surface ebb
phase outflow from Destin Inlet.

To characterize their differing geographical location and cir-
culation features, the observed salinity profiles are grouped into
three main categories: highly stratified conditions (“single-
stratified”), in which the salinities vary through the entire water
column; partially stratified conditions (“double”), in which the
salinities vary only in an upper layer and are relatively constant
in a lower layer; and well-mixed conditions (“single-mixed”), in
which the salinities are relatively constant through the entire
water column. The “single-stratified” profiles are located typically
in shallow waters and in the bay; the “double” profiles are
located typically on the shelf near the inlet; and the “single-
mixed” profiles are located typically on the shelf far from the
inlet. Taken together, these observations provide a comprehen-
sive description of the spatial and temporal variability in the
salinity characteristics of the water column in the study area.

For “double” profiles, error statistics are computed separately
for the upper stratified layer (called “double-stratified”) and the
lower mixed layer (called “double-mixed”). For “single-stratified”
and “double-stratified” profiles, the model should represent ac-
curately the vertical salinity variability, and thus r is used to
quantify this variability.

The error metrics are computed to quantify model perfor-
mance. We first discuss the error statistics at selected stations
(Table 1), which are chosen to be representative of the features
of the three categories. At stations DES7, CTD1, and CTD5, (Figs. 5,
6) which are located in the estuary, inlet and inner shelf re-
spectively, the r values are 0.980, 0.960 and 0.802, respectively,
signifying a high degree of correspondence between model and
observed profiles. Similarly, r can be used to evaluate the model’s
ability to capture the rapid change in salinities in the “double-
stratified” profiles located in the shelf waters. At stations CTD13,
CTD 55 and CTD 112, (6) the salinities increase rapidly (2 to 8 psu)
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Table 1

Error statistics at selected stations.
Station name Type By Ecrms 1 Om 0o
DES7 single-stratified —1.193 1.116 0.980 4816 4.157
CTD1 single-stratified ~ 4.957 1.847 0.960 2.707 0915
CTD5 single-stratified  3.686 1.078 0.802 1.765 1.190
CTD13 double-stratified 0.138 0.791 0.977 0.031 0.821

double-mixed —1.002 0.183 0.899 0.232  0.057

CTD55 double-stratified —0.908 1.175 0.981 1.877 2.957
double-mixed —1.295 0.093 0.955 0.146  0.057
CTD112 double-stratified —0.851 0.440 0.811 0214 0.595
double-mixed —1.015 0.146 0.237 0.149 0.049
CTD15 single-mixed —1.09 0.348 —0.08 0.347 0.007
CTD92 single-mixed —0.935 0.096 0.845 0.03 0.12
CTD77 single-mixed —0.597 0.015 -0.803 0.008 0.008

within the top 0 to 2.5 m of the water column . Model and
observed salinities in this upper layer are in a good agreement
with r > 0.8.

The variability in observed salinities can be quantified by the
standard deviation, which is very small (less than 0.1 psu) for
“double-mixed” and “single-mixed” profiles), signifying a well-
mixed water column. Due to this absence of vertical variation, it
is meaningful to compare overall differences between modeled
and observed salinities, rather than quantifying the degree to
which the model can replicate patterns in the observed salinity
profile. Therefore, By, and Ecgys are more appropriate metrics for
these profiles. The standard deviation of vertical salinities in the
bottom mixed layer at stations CTD 13, CTD 55 and CTD 112 is
about 0.05 psu, which indicates almost zero vertical variability.
Model salinities are in good agreement with observed mixed-
layer salinities at these stations with Ecgys less than +0.2 psu
and By of £1 psu. The water column is well-mixed over its entire
depth with measured salinities of 34 psu at CTD 15, CTD 92 and
CTD 77.

Error metrics are computed at all 121 stations by considering
separately the model performance in the stratified and well-
mixed portions of the water column (Fig. 7). The water column
is observed to be highly-stratified within the estuary, partially
stratified in the shelf waters near the inlet and fully mixed with
an oceanic salinity of 34 psu several kilometers away from the
inlet. When r is high (and approaching +1.0), it indicates a high
correlation and when r is closer to 0.5, it indicates a moderate
correlation (Taylor, 1997, p. 217, Walpole et al., 2012, p. 125). For
most of the stratified profiles, the computed r values (see Fig. 7,
top left plot) fall within 0.75-1. This indicates a reasonable degree
of correlation between modeled and observed vertical salinities.
Stratified conditions within the bay and in the upper layers of
the shelf waters are therefore well represented by the model.
The By and Ecgys, which are computed for the stratified water
column, are largest for stations within the estuary where the
water column is highly stratified (o, between 4 to 6). However,
the variability in vertical salinities is captured very well by the
model with a high degree of correlation (r > 0.9) at these
locations. As we move further away from the inlet, the effects of
the ebb-phase river plume are minimized and the water column
is observed to be well-mixed. The model provides an accurate
representation of the well-mixed water column with the By, being
less than 0.5 psu and Ecys being less than 0.5 psu at these
stations. Overall, these statistics indicate that ADCIRC is able
to represent well the salinity characteristics in the study area,
including the transition from brackish waters in the bay to saline
waters on the shelf.

4.3. Comparisons to satellite imagery

In Synthetic Aperture Radar (SAR) images, the convergence
zones associated with river plumes are visible as narrow, bright

features, and therefore these images are widely used to identify
plume footprints (Zheng et al., 2004; Nash and Moum, 2005;
Jiayi et al., 2006; Huguenard et al., 2016). SAR images collected
during SCOPE, utilizing VV polarization in Stripmap mode with
a spatial resolution of 5 m, indicate a distinct ebb-phase river
plume at Destin Inlet (Huguenard et al., 2016). It is common in
plume modeling to use a single cutoff oceanic salinity to mark the
plume boundary. These salinity limits are typically chosen based
on local salinity dynamics. For example, Zhao et al. (2018) used
34 psu for Wanquan River, Kourafalou (2001) in the Adriatic sea
used 37.8 and 38.4 psu, Choi and Wilkin (2007) chose 32 psu for
the Hudson River, Liu et al. (2009) used 29 psu for the Colombia
River Plume and Burla et al. (2010) used 28 psu for Colombia
River. In the present work, we follow the convention used by Xia
et al. (2011) for their analysis of the Perdido Bay Plume located
adjacent to Choctawhatchee Bay and use the 33 psu isohaline to
define the boundaries of the Choctawhatchee river plume.

It is noted that coastal models are known to underestimate
the spreading of a river plume due to limitations in represent-
ing the fine-scale turbulent processes that occur at the plume
front (Huguenard et al., 2016). Here, we adopt a qualitative ap-
proach to investigate model skill in predicting the plume geome-
try. The boundary of the satellite plume is visually identified and
marked by yellow stars in Fig. 8. Overall, the model and observed
plume footprints are in good agreement with the cross-shore
extent of the plume being underestimated by roughly 1.5 to 2 km
in the model (see the red lines vs visible plume extents in Fig. 8).

Model salinities (33-psu salinity contour) during the ebb phase
on 3-4 December reveal that, under the influence of weak
southerly winds (2 to 4 m/s), the model plume spreads radially
onto the shelf and along the coastline. The plume cross-shore
extents are roughly 6 km and 4.4 km in the satellite and model
plumes, respectively, on 3 December. On 4 December both the
model and satellite plume have a similar cross-shore extent
of 5 km. The winds continue to be weak and southerly on 5
December. The model and the satellite plume show a preferential
expansion toward the west and have a similar cross-shore extent
(5 km).

The ebb-phase plume is more restricted to the coastline on 9
December, in the SAR imagery, when the tides are the weakest
in the month (neap tides) and the prevailing winds are south-
easterly. During this time, the model plume has a slightly larger
cross-shore extent (4.2 km) than the satellite plume (3.6 km). On
13 December, winds with moderate wind speeds (6 to 8 m/s)
blow predominantly from the north and enhance the offshore
spreading of the plume. The 33-psu model salinity contour is
located at a distance of 5 km south of the inlet, whereas the
maximum cross-shore extent of the plume is roughly 6 km in the
satellite image. The model plume, forced by weak northerly winds
on 17 December, expands offshore to about 4.37 km south of the
inlet, whereas the cross-shore extent of the observed plume is
roughly 7 km. The down-shelf spreading in the model plume may
be caused by a slight under-estimation of the wind forcing during
this period (see the slight mismatch in observed and forced wind
speeds on 17 December in Fig. 3). These validation results are an
indication that ADCIRC can represent the response of the buoyant
plume to wind forcing, and they allow for exploratory studies
in a following section. We also acknowledge that although the
modeled plume footprint compares favorably with the satellite
plume in the near field, the modeled plume boundary is less
realistic as we move away from the inlet. As mentioned earlier,
modeling satellite plume footprints accurately is a challenging
problem (Osadchiev and Zavialov, 2013; Osadchiev, 2015; Hugue-
nard et al., 2016) and we recognize the scope for improvements in
the model especially in representing the wind field, background
coastal circulation and turbulent mixing properties.
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and “mixed-single” conditions respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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86.6° W

86.4° W

30.4° N7~

30.2° N7

-30.4° N

30.2°N

Sources: Esri, DeLorme, GEBCO, NOAANGDC. and other contributors

86.8° W

86.4° W

Fig. 10. Observed drifter movement (gray lines) and trajectories of Lagrangian particles advected by modeled surface currents (black lines) on 10 December.

4.4. Drifter movement

During SCOPE, drifters were released at the inlet to study sur-
face transport characteristics near the inlet (MacMahan, 2015c).
Here, we use Lagrangian particles as a proxy for SCOPE drifters
and advect them by modeled surface currents utilizing an existing
particle tracking algorithm (Dietrich et al., 2012). Particle trajec-
tories are compared with observed drifter pathways to evaluate
model skill in representing nearshore plume- and wind-driven

surface currents (Figs. 9 and 10). SCOPE drifters were released at
the inlet during the ebb phase of the tidal cycle on 5 December,
8 December and 10 December (Roth et al., 2017). On 5 Decem-
ber, winds are weak and southerly and the drifters first trace
an offshore radial bulge as it exits from the inlet before being
transported to the west. On 8 December, a moderate easterly
component in the prevailing winds force the SCOPE drifters to
immediately turn west and proceed along the coast as they exit
the inlet. On 10 December, the wind forcing is northerly and
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moderate and the drifters are advected southward and offshore
away from the inlet. As in other studies (Callies et al., 2017;
Edwards et al., 2006), it is challenging to represent realistic drifter
pathways with model particle trajectories. On 5 December, par-
ticles trace a radial bulge and are transported to the west in a
manner similar to that observed in the real drifters. However, the
modeled currents do not carry the particles as far down the coast
as is observed in reality. On 8 December, the particles turn west
and proceed along the coastline as soon as they exit the inlet, thus
matching the observed drifter behavior. However, these particles
beach earlier than the real drifters. On 10 December, the particle
movement match the observed drifter movement. Just like the
real drifters, the particles do not trace a radial bulge or coastal
jet in the vicinity of the inlet and are transported far south by
the model currents and winds. Overall, particle trajectories are
able to reflect changes in the plume response with changing
wind conditions as is being described by the observed drifters.
However, the model underestimates the strength of the ambient
surface shelf currents during the simulation period, and therefore
the model particles do not travel as far as the real drifters.
Also, the particle tracking method does not take into account
windage effects, which may also be causing inaccuracies in the
track predictions.

5. Results and discussion
5.1. Wind effects on plume geometry

The validated ADCIRC model is now applied to identify the
plume response to changing wind conditions (Fig. 11). For this,
we identify a period (24-27 November) when the tidal forcing
is weak and constant (amplitude of 0.15 m). During this time,
passing cold fronts lead to moderately-strong winds (4 to 10 m/s)
that undergo a 360° reversal in their directions over a span of
3 to 4 days. The model plume at late-ebb is compared on these
days for two scenarios. In the first scenario, the wind forcing is
enabled, and therefore model predictions represent the plume
response to both tidal and wind forcing mechanisms. In the
second scenario, the wind forcing is disabled, and therefore the
model predictions indicate how the plume behaves in the absence
of wind forcing.

We again consider the 33 psu salinity contour to be represen-
tative of the model plume when the winds are enabled. However,
when the winds are disabled, the 33 psu salinity contour (dark
gray line in Fig. 11a-d) describe a considerably wider plume that
stretches for a distance of roughly 20 km along either side of the
coastline. This behavior is consistent with a substantially wider
model plume reported for the Perdido Bay when wind forcing is
disabled (Table 2 in Xia et al., 2011). However, disabling the wind
forcing is expected to impact the mixing in the shelf waters. It is
not clear whether the 33 psu salinity contour is representative
of the current plume or if it describes “plume” remnants from
previous tidal cycles that persist due to unrealistic mixing in the
model. Due to this uncertainty, when the wind forcing is disabled,
we follow a conservative approach and consider the 32 psu (light
gray line in Fig. 11a-d) to represent the current plume.

On 24 November (Fig. 11a), prevailing winds that are mod-
erately strong (6 to 8 m/s) and northeasterly force the plume
(red line) toward the west of the inlet, with a length of 6.58 km
and a width of 9.0 km. In the absence of winds, the plume (light
gray line) is nearly symmetrical and expands radially offshore
with a slight preference toward the down-shelf direction and
has a length of 4.5 km and a width of 6.5 km. On the next day
(25 November, Fig. 11b) the winds remain northeasterly but are
weaker with a reduced offshore component (2 to 4 m/s). Due
to the larger, downwelling-favorable, easterly component in the

wind forcing, the down-shelf spreading of the plume (red line) is
enhanced, and it stretches along the coastline up to a distance of
7 km from the inlet. The width of the plume signature reduces
to 6.5 km on 25 November. The offshore spread of the plume to
the south of the inlet is also limited, and the length of the plume
(3.6 km) is roughly half of that of the previous day. When the
wind forcing is disabled, the plume (light gray line) spreads out
in a nearly symmetric manner with a slight preferential motion
toward the down-shelf direction and has a cross-shore extent of
4.0 km and an along-shore extent of 5.3 km.

On 26 November (Fig. 11c), the winds have shifted and are
blowing from the southeast and becoming southerly with wind
speeds between 6 to 8 m/s. These winds prevent the plume (dark
red line) from spreading farther offshore and restrict the plume
length to be less than 3 km and width to be around 3 km. The
plume also exhibits a preferential up-shelf accumulation. In the
no-wind scenario, the plume (light gray line) expands radially
offshore and spreads along the coastline with a preferential mo-
tion toward the west. The plume signature has roughly the same
length as the realistic plume forced by both tides and winds.

On 27 November (Fig. 11d), while the wind speeds are sim-
ilar at 6 to 8 m/s, the winds shift in direction and become
northwesterly. The plume signature is significantly different from
that of the previous days. The northerly (or offshore) component
of the winds enhances the offshore advection and restricts the
lateral (east-west) expansion of the plume, causing the length of
the plume (8.0 km) to be more than twice its width (3.5 km).
The plume signature changes dramatically when the winds are
disabled, with the width of the surface plume (light gray line)
(4.5 km) being more than twice its length (2.0 km).

Plume geometry at late ebb on consecutive days from 24
November - 17 December was also examined (not shown here).
The model plume displayed a radial bulge and down-shelf spread-
ing irrespective of the direction both when the wind forcing was
weak (less than 4 m/s) and when the winds were moderate and
had a prominent easterly or down-welling component. When
the winds were north easterly and the offshore (or northerly)
component in the winds was larger, the model plume was de-
tached from the coastline. On the days when the easterly or
the downwelling-favorable component was larger, the plume
spread along the coastline. When the winds were south-easterly
(onshore and downwelling favorable), the plume displayed mi-
nor up-shelf accumulation and dominant down-shelf spreading.
However, when the wind speeds increased to 6 to 8 m/s, the
down-shelf spreading was minimized and the plume remained
largely restricted to the coastline with a preferential spreading in
the up-shelf direction. Offshore or northerly winds with moderate
wind speeds caused the model plume to spread offshore directly
southward without any preferential expansion toward either the
east or the west.

5.2. Tide effects on plume geometry

To analyze tidal effects on the plume geometry, we choose
a period when the tides transition from neap to spring and the
wind speeds (near-constant between 4 to 6 m/s) and directions
(near-constant and northerly) do not show a significant variabil-
ity. On 28 November, the winds are northerly with wind speeds
between 4 to 6 m/s. Tidal forcing is weak and has an amplitude
of 0.12 m. The model plume (Fig. 12a) is oriented slightly toward
the west and has a length of 4.4 km and width of 3.6 km. On the
next day, the winds are weaker (2 to 4 m/s) and northeasterly,
and the tidal amplitude increases slightly to 0.13 m. The plume
(Fig. 12b) spreads out radially with a length of 4 km and width
of 6.0 km. The tides strengthen (to an amplitude of 0.22 m) on
30 November, whereas the wind forcing continue to be weak
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Fig. 11. Plume signature described by the 32 (coral and light gray lines) and 33 (red and dark gray lines) psu model salinity contours on 24-27 November overlaid
on ArcGIS Map Imagery. Red and coral lines indicate plume response to realistic wind forcing. Gray lines shows model plume behavior when the wind forcing is
disabled. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(2 to 4 m/s) and northeasterly. The ebb phase plume (Fig. 12c)
is advected farther toward the west along the coastline than in
the previous days, and the width of the plume is larger and equal
to 7 km. The cross-shore length of the plume is 4.26 km, similar
to that of the previous day. The tidal amplitude strengthens
further on 1 December to 0.28 m. Wind forcing continues to be
weak (2 to 4 m/s) and predominantly northeasterly. The plume
(Fig. 12d) spreads along the coastline to the west of Destin as in
the previous day. However, the plume signature is larger with
a width equal to 10.0 km and a length equal to 6.0 km on 1
December.

Very weak winds (0-2 m/s) blow from the northwest on 2
December. The plume footprint (Fig. 12e) is identical to that of
the previous day with an average length of 6.0 km and width
of 10.0 km. The tidal amplitude steadily increases to 0.32 m on
Dec 3. The plume (Fig. 12f) is forced by weak (2-4 m/s) southerly
winds. Although the plume advects to both the east and west of
Destin, it remains restricted to the coastline. The plume footprint
has a radial bulge south of Destin that has a length of 6.0 km and
a width of 8.7 km.

5.3. Discussion

Winter cold fronts bring considerable variability in the wind
conditions over the Florida Panhandle and influence the behavior
of the ebb phase plume at Destin. Model predictions of salin-
ities show that, during a period of near-constant tidal forcing
and moderately strong winds of near-constant magnitude, the
plume response can change significantly on consecutive days due
to sharp changes in the direction of the prevailing winds. As
the easterly or downwelling-favorable component in the wind
increases, the plume spreading in the down-shelf direction along
the coastline is enhanced. This is in agreement with the behavior
of the drifters that was observed by SCOPE researchers in mid-
to late-December (Roth et al., 2017). Our findings support their
hypothesis that passing cold fronts can create sustained winds
with an easterly component multiple times during winter 2013
and cause the ebb-phase plume to form a coastal current west of
Destin. Moderate northerly or offshore winds enhance the cross-
shore expansion of the plume, whereas southerly or onshore
winds restrict the plume to the coastline. These results in a
realistic model are also similar to the response of the adjacent
Perdido Bay plume to idealized on-shore and off-shore wind con-
ditions (Xia et al., 2011) and match expected plume response to
wind forcing. The separation between the 32 and 33 psu salinity
contours (coral and red lines in Fig. 11) indicate that whenever
there is an offshore component in the winds (panels a, b and (d),
there is a gradual transition in model salinities across the plume
front, whereas when the winds are onshore (panel (c), there is a
sharp salinity gradient across the plume front.

Wind speeds during 24-27 November are larger than 4 m/s
and are therefore expected to influence plume dynamics in the
near-field according to the criteria to delineate non-wind- and
wind-forced conditions (Kakoulaki et al., 2014). Therefore, we ex-
pect a considerable difference in the model plume footprint when
the winds are disabled and all other conditions remain the same.
Model salinities reveal that the plume expands radially out of the
inlet with a preferential down-shelf spreading in the absence of
wind forcing. The size of the model plume is insensitive to the
presence and absence of winds (except in the case of prevailing
northerly winds) and is in contrast to the behavior of the Perdido
Bay plume, whose surface plume area, length, and width are
smaller when forced by idealized wind conditions than without
wind forcing (Xia et al., 2011). This behavior is attributed to the
application of the 32 psu salinity contour to describe the model
plume when the wind forcing is disabled, which might be causing
an underestimation of the plume extent.

Ebb phase brackish outflows that enter the continental shelf
are expected to turn right in the northern hemisphere and form
a coastal current that extends down coast due to the influence
of Earth’s rotation (Shi et al., 2010; Xia et al., 2007). The Kelvin
number is used to quantify the relative importance of rotation
effects on a river plume (Dzwonkowski and Yan, 2005). When
the Kelvin number is <« 1 the impact of Coriolis force on plume
dynamics is considered to be small. Due to the narrow geometry
of Destin Inlet, the Choctawhatchee Bay plume is a small-scale
river plume, with Kelvin number equal to 0.1 (Roth et al., 2017).
Therefore, the effect of the Earth’s rotation is less pronounced for
the Choctawhatchee Bay plume. In the absence of wind forcing,
river plumes in the northern hemisphere are expected to form
a recirculating bulge at the inlet and propagate down-shelf in
a coastal current. However, for smaller plumes exiting narrow
river mouths, the down-shelf spreading is expected to be less
prominent (Fong and Geyer, 2002). The model plume (described
by the 32 psu salinity contour) at Destin when the wind forcing is
disabled forms a distinct bulge at Destin inlet with a slight prefer-
ential spreading toward the west and matches these expectations.
Model tidal amplitudes decrease to less than 0.10 m between 26
and 27 November. The plume width is thus slightly smaller on
these days, when wind forcing is disabled, than in the previous
days.

As the tides transition from neap to spring tides from 28
November to 3 December, the model plume grows in size. Under
near-constant wind forcing, the length of the plume steadily
increases from 4 to 6.0 km as the tidal amplitude increases from
0.12 to 0.31 m. There is an initial increase in the plume width as
the tidal amplitudes change. However, the width of the plume
remains constant (9 to 10.0 km) when the tidal amplitude is
larger than 0.28 m.
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Fig. 12. Model plume signature described by the 33 psu salinity contour (red line) during a period of neap-to-spring variability in the tides (28 November to 3

December) overlaid on ArcGIS Map Imagery.

6. Conclusions

A recently-enhanced, three-dimensional, baroclinic version of
ADCIRC was applied after improvements for high-resolution sim-
ulations of the mixing and transport of fresh water at the river-
estuarine-shelf scale. The model was used to represent the wind-
and density-driven circulation inside Choctawhatchee Bay and
adjacent shelf waters, which is representative of several micro-
tidal estuaries along the northern Gulf of Mexico coastline. Model
performance was evaluated by comparisons with observed tides,
vertical salinity profiles and satellite imagery.

The validated model was then applied to study the response of
ebb phase brackish plume at Destin to variability in the applied
tidal and wind forcing. As noted in Section 1, there are remaining
questions about how the Choctawhatchee Bay plume geometry
will react to passing cold fronts and spring-neap transitions. Our
findings can be summarized as follows:

1. ADCIRC represents well the surface transport of the plume
in realistic geometry and with varying tides and winds. The
water levels were shown to be within 0.1 to 0.2 m of
observations at the tide stations, and the vertical salinities
were shown to be predicted well at both the stratified
(with correlation r > 0.75) and well-mixed (with Ecgys <
0.5 and By, < 2 psu) observed profiles. The model predic-
tions were also a good match to the qualitative behavior
of the plume as observed in satellite imagery, and of sur-
face drifters released during SCOPE. Overall, our validation
efforts indicate that the model shows comparable skill
to other models in capturing the key features of a small
scale plume, especially in the near field. Future studies
will explore improving model performance by using more
accurate initial conditions, wind fields and more realistic
parameters to represent turbulent mixing.

2. In the absence of winds, the Choctawhatchee Bay plume has a
size proportional to the tidal amplitude and expands radially
out of Destin Inlet with a preferential down-shelf spreading.
The cross-shore extent (length) of the plume is typically
smaller than the alongshore extent (width), with lengths

of 2 to 4.5 km and widths of 4.5 to 6.5 km. The plume
length increases with a larger tidal amplitude, but its width
remains constant for tidal amplitudes larger than 0.28 m.
In most cases, when the wind forcing is weak, the plume
turns to the right and spreads down-shelf. This behavior is
expected, as the plume can be classified as a small-scale
river plume with Kelvin number equal to 0.1.

3. The cross-shore extent (length) of the plume can vary with
tidal amplitudes and sustained northerly or southerly winds.
Local wind data collected during SCOPE indicate that cross-
shore winds (northerly or southerly) are most frequent
with the strongest winds being northerly. The length of the
plume is maximized (8.0 km) when spring tides combine
with moderate northerly winds. The plume length is min-
imized (2.0 km) when neap tides combine with southerly
winds.

4. The alongshore extent (width) of the plume can be increased
significantly for winds with an easterly component. Rela-
tively infrequently, the area is also subject to alongshore
winds, which are typically from the east and northeast
with magnitudes of about 5 m/s. The width of the plume
is largest (9.0-10 km) when spring tides combine with
weak winds or when moderate winds with an easterly
component cause a westward expansion of the plume.

This analysis provides new insights into the spatial and tem-
poral scales of variability in the Choctawhatchee Bay plume sig-
nature as it responds to changing tidal and wind forcing. Based
on our findings, we expect the plume to be narrow and spread
directly offshore on most days and propagate down-shelf as a
coastal current relatively less frequently.

Like in other river-dominated estuaries, the Choctawhatchee
Bay plume plays a vital role in the sustenance of the bay ecosys-
tem. It facilitates the offshore transport of surface material such
as fish larvae, phytoplankton and pollutants out of the bay and
the inlet into the continental shelf and can prevent offshore
chemical and oil pollutants from beaching. Therefore, under-
standing the variability in the east-west and north-south extents
of the plume under different environmental forcing scenarios
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can provide useful guidance for local fisheries management and
pollution control activities. The trends identified in this work
have broader applicability and can be applied to estimate surface
plume response to weather phenomenon in other micro-tidal
estuaries, especially those that have a limited connectivity to the
open ocean.
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