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Abstract

Extensive research has shown that wind has a strong influence on estuarine circulation and salt transport. However, the response
to wind forcing in estuarine systems presents challenges due in part to the complexities of realistic forcing conditions, system
states, and geomorphologies. To further advance the understanding of estuarine responses to wind forcing, a comprehensive
analysis of stratification and mixing during a typical southeast wind event was conducted in Mobile Bay, a microtidal, wide,
shallow, and river-dominated estuary in the northern Gulf of Mexico. An analysis of the vertical salinity variance and its
associated budget terms shows that the system generally becomes less stratified and fully mixed across much of the system;
however, there was significant spatial heterogeneity in physical processes driving the evolution of the water column stratifica-
tion over the course of the event. Surprisingly, in some regions of the bay, dissipation of salinity variance was secondary to
contributions from straining and advection. Furthermore, local wind stress and remote wind driven Ekman transport affected
stratification responses and their relative impacts varied spatially across the estuary. Direct turbulent mixing from local wind
stress and straining dominated the stratification responses away from the main tidal inlet where estuarine-shelf exchange (i.e.,
current velocity structure and advection of salinity) from Ekman transport controlled the vertical mixing. This detailed case
study highlights the complexity of wind influences in a system like Mobile Bay, a representative typical of the northern Gulf of

Mexico and other coastal region.
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ABSTRACT

Extensive research has shown that wind has a strong influence on estuarine circulation and
salt transport. However, the response to wind forcing in estuarine systems presents challenges
due in part to the complexities of realistic forcing conditions, system states, and
geomorphologies. To further advance the understanding of estuarine responses to wind forcing,
a comprehensive analysis of stratification and mixing during a typical southeast wind event
was conducted in Mobile Bay, a microtidal, wide, shallow, and river-dominated estuary in the
northern Gulf of Mexico. An analysis of the vertical salinity variance and its associated budget
terms shows that the system generally becomes less stratified and fully mixed across much of
the system; however, there was significant spatial heterogeneity in physical processes driving
the evolution of the water column stratification over the course of the event. Surprisingly, in
some regions of the bay, dissipation of salinity variance was secondary to contributions from
straining and advection. Furthermore, local wind stress and remote wind driven Ekman
transport affected stratification responses and their relative impacts varied spatially across the
estuary. Direct turbulent mixing from local wind stress and straining dominated the
stratification responses away from the main tidal inlet where estuarine-shelf exchange (i.e.,
current velocity structure and advection of salinity) from Ekman transport controlled the
vertical mixing. This detailed case study highlights the complexity of wind influences in a
system like Mobile Bay, a representative typical of the northern Gulf of Mexico and other
coastal region.

SIGNIFICANCE STATEMENT

A typical wind event with southeast wind up to 8 m s dramatically reduced stratification
in Mobile Bay by mixing the north half of the bay while maintaining weak stratification across
the west half of the lower bay. Both local wind stress and remote wind driven transport affected
stratification inside the bay by reversing the subtidal flow structure and promoting shelf-to-bay
salt transport. Local wind stress dominated the stratification responses away from the tidal inlet
while estuarine-shelf interaction driven by Ekman transport controlled vertical mixing near the

inlet.
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1. Introduction

Weather scale meteorological conditions, such as wind stress, can control estuary dynamics
by impacting residual velocities and salinity distribution (Weisberg 1976; Wong and Garvine
1984, Ralston et al. 2008, Li and Li 2011). Such forcing can modify estuarine circulation which
also controls material transport thought horizontal advection and vertical mixing. The transport
and mixing, in turn, affects flushing times and stratification which potentially impacts water
quality due to stressors such as hypoxia (Scully 2016, Testa et al. 2017, Zhang et al. 2019).
Therefore, investigating how wind modulates estuarine flow structure, salt transport,
stratification, and mixing could improve our understanding of both physical and

biogeochemical processes in estuarine environments.

Wind impacts estuarine stratification through wind stress, direct wind mixing, and remote
wind effects modifying water levels at the coast. Wind stress acting as a surface forcing
modulates subtidal gravitational circulation (Wang 1979, Geyer 1997, Burchard 2009) as well
as salinity intrusion (Ralston et al. 2008; Coogan and Dzwonkowski, 2018). Typically, the
response is highly dependent on the prevailing wind direction. Down-estuary wind enhances
estuarine circulation and strains the density gradient stratifying the water column, termed ‘wind
straining’ (Scully et al. 2005). While up-estuary wind reduces or even reverses the circulation,
thus tends to decrease stratification.

Regardless of direction, wind stress always intensifies turbulence in the upper water
column, known as direct wind mixing, resulting in a surface boundary layer and reduced
stratification. Under up-estuary wind the direct mixing and negative wind straining (i.e.,
vertically tilting isopycnals) contribute to reducing stratification (Chen and Sanford 20009,
Coogan and Dzwonkowski 2018). Under down-estuary wind, the modification of stratification
depends on the competition between direct mixing and positive wind straining (i.e.,
horizontally tilting isopycnals). As down-estuary wind speeds increase, mixing and the surface
boundary layer grows, eventually overcoming straining and are typically associated with storm
events (Goodrich et al. 1987, Li et al. 2007, Burchard 2009, Chen and Sanford 2009).
Furthermore, remote wind generated coastal Ekman setup can drive barotropic exchange at the
mouth (Wong and Moses-Hall 1998, Wong and Valle-Levinson 2002). This remote wind-
induced barotropic setup in conjunction with the local wind effect causes significant variability
in circulation patterns inside estuaries and further modifies salt intrusions, particularly during

large storms (Ralston et al. 2008).
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Many previous studies have focused on the impacts of axial wind on stratification in
elongated estuaries, where estuary length is much larger than the width. Wind influences in
‘wide’ systems, where length and width are similar in magnitude, have not been adequately
addressed. Systems under realistic wind conditions will deviate from idealized expectations
due to wind and estuary direction misalignment, spatial variability in density gradients, and
complex geomorphology (e.g., flow constraints like shoal-channel bathymetry and/or relatively
narrow tidal inlets). This work aims to quantify the effects of realistic non-axial wind on
stratification in a non-elongated, shallow, river-dominated estuary, i.e., Mobile Bay.

In Mobile Bay, wind forcing plays an important role in modifying bay-wide stratification,
subtidal exchange, and flushing characteristics. Wind events are a critical component of the
subtidal stratification cycles that characterized the dynamics of the bay (Schroeder et al. 1990,
Noble et al. 1996, Park et al. 2007, Coogan et al. 2020). Typically, up-estuary wind inhibits
exchange and flushing while down-estuary wind enhances exchange and flushing (Du et al.
2018, Coogan and Dzwonkowski 2018). Furthermore, estuary-shelf connectivity can be
strongly modified by wind forcing. Kim and Park (2012) found significant temporal variability
in the water and salt exchanges occurring at the tidal inlets due to wind forcing. Coastal
upwelling and downwelling can also change the hydrographic conditions inside the bay
(Cambazoglu et al. 2017, Coogan et al. 2019). This study uses high resolution numerical
modeling to observe the interplay of stratification and mixing in response to wind forcing with
a particular emphasis on the spatial heterogeneity in stratification across the bay and the

associated importance of wind straining, wind mixing, and remote wind effects.
2. Methods

a. Study area

Mobile Bay is a large shallow estuary that links the Mobile-Tensaw River Delta to the
northern Gulf of Mexico. The system is a flat, shallow bay (average depth 3 m) in a bar-built
drowned valley with an along-axis of 48 km and an across-axis width ranging from 14 — 34
km. Its wide, flat shoals are incised by multiple anthropogenic channels (Fig. 1). The main
shipping channel, which is 14 -16 m deep and 280 m wide, generally runs north to south along
bay’s axis. The Gulf Intracoastal Waterway (3.7 m deep) and a connect to an industrial canal
(13 — 14 m deep) both run east to west in southern and middle regions of the bay, respectively.
Adding to the bathymetric complexity of the system, Mobile Bay connects to the Gulf through

4
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two narrow tidal inlets, where on average 64% of the exchange between the bay and gulf
directly passes through the Main Pass, while the remaining 36% passes through Pass Aux

Herons to Mississippi Sound (Kim and Park, 2012).

Mobile Bay is classified as a microtidal, stratified, river-dominated system. The diurnal
tidal constituents are dominant with a fortnightly tidal range that varies from 0.0 — 0.8 m due
to tropical equitization (Seim et al. 1987). The tropic— equatorial cycle (13.66 days) is a result
of the interaction of the K1- O1 tidal constituents (Kim and Park 2012). The average river
discharge to the estuary is 1,866 m*s™* over the 1930 — 2019 period and has significant seasonal
variations (Dykstra and Dzwonkowski 2021). Wind patterns also show distinct seasonal
variation, where southerly wind is dominant in spring and summer, and stronger northerly wind

is dominant in fall and winter (Noble et al. 1996).

Depth (m)
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Fig. 1 Map of Mobile Bay as represented by the ROMS model domain with color contours denoting
bathymetry. Circles with arrows denotes tidal inlets. The insert in the top left corner shows the study area in
context to the broader northern Gulf of Mexico.
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b. Hydrodynamic model

In this study, we developed a three-dimensional model of Mobile Bay based on the
Regional Ocean Modeling System (ROMS). The model covers the delta, Mobile Bay, and part
of Mississippi Sound and nearby coastal region with a range from 87.67° - 88.50° W (80.37
km) and 29.79° - 31.09 °N (144.60 km, Fig. 1). The mesh was built with bathymetry and
topography data from Mobile, Alabama 1/3 arc-second NAVD 88 Coastal Digital Elevation
Model (NOAA National Geophysical Data Center, 2009), of which the horizontal resolution
was around 8.87 m in the longitudinal direction and 10.27 m in the latitudinal direction
(Amante et al. 2011). Additional data from 112 hydrographic surveys between 2012 and 2019
from the Army Corps of Engineers eHydro Survey Data portal (geospatial
usace.opendata.arcgis.com/datasets/80a394bae6b547f1b5788074261e11f1_0) were used to
provide the latest bathymetry in Mobile River, Tombigbee River, and the associated shipping

channel.

The model domain has 600 grid cells in the east-west direction, 840 grid cells in the north-
south direction, and 16 layers in the vertical direction with near-surface and near-bottom
refinement. A horizontally varying grid was used to resolve the complexity of the system,
where the grid size is 70 - 90 m in the delta, shipping channel, and tidal inlets. There is a gradual
increase to 250 - 430 m towards the open boundaries. The wet/dry option was turned on with

truncated topography up to 1.0 m above sea level.

The model was forced by both hydrodynamic and meteorological variables. The tidal
elevation forcing was mapped from the Western North Atlantic, Caribbean and Gulf of Mexico
ADCIRC Tidal Databases including diurnal (K1, O1, Q1), semidiurnal (M2, S2, N2, K2) and
over-tide constitutes (M4, M6). Hourly non-tidal water level and currents, temperature, and
salinity were applied at the open (western, southern, and eastern) boundaries using data
obtained from the Northern Gulf of Mexico Operational Forecast System (NGOFS, Wei et al.,
2014; Zheng et al., 2020). River discharge was applied at the closed northern boundary by
summing up discharge data at the Alabama River (USGS 02428400), Tombigbee River (USGS
02469761) and Satilpa Creek (USGS 02469800) stations. Meteorological forcing, including 3-
hourly solar radiation, precipitation, wind, air temperature, sea surface temperature and
humidity, was obtained from the National Centers for Environmental Prediction (NCEP)’s
North American Regional Reanalysis (NARR) data. The net heat flux was corrected to

eliminate differences between modeled sea surface temperature to prescribed sea surface

6
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temperature (Barnier et al. 1995) by turning on “QCCORRECTION” option in ROMS. The
model was initialized with no flow and a flat sea surface and has three-dimensional temperature
and salinity mapped from NGOFS’s outputs. A 2-day tidal ramp-up was applied at the start of

simulations.

Wind imposes momentum directly through wind stress and intensifies turbulence at the
water surface. Wind stress (z,,) is computed based on air density (p,), drag coefficient (Cp)
and imposed wind speed at 10 m above sea level( U,,) following a typical quadratic
relationship: 7,, = p,CpU;0>. By assuming the wind profile followed a logarithmic law, the

drag coefficient Cj, is related to the Von Karman constant k (= 0.4) and surface roughness
2
z§: Cp = KZ/[ln (;—2)] . The dependence of the surface roughness to wind speed is z§ =
0

agu?/g (Charnock 1955), where u, is the friction velocity defined as u}? = CpU;0%, g is
gravitational acceleration, and a, is Charnock coefficient. Therefore, once «, is determined
the parameterization of Cj, is closed. In ROMS, the standalone hydrodynamic model adopts a
bulk wind speed dependent a from Taylor and Yelland (2001) where a, = 0.011 when U,, <
10 ms?; a, = 0.018 when U, = 18 m s%; a,, linearly increases from 0.011 to 0.018 when

10 < U, < 18 m st. Explicit wave impacts on a, and Cp were not considered in this work.

Besides imposing a momentum flux, wind forcing also modifies ocean surface turbulence

by changing the surface friction velocity u;, and roughness length z¢’ on the water side of the

air-sea interface. Surface friction velocity directly links to wind stress t,,, i.e., uy, = m :
where p,, is water density. Water side roughness length zg’ can be parameterized as a
Charnock-type relationship z¥ = a,,u;2/g (Bye 1988). Churchill and Csanady (1983)
suggested «a,, = 1, 400 according to near-surface measurements. In the presence of waves, zy’
should be parameterized as a linear function of significant wave height i.e., zy’ = apsHg;gq
(Terray et al. 1996). Since wave forcing was not included in this work, by following common

practice (Paskyabi and Fer 2014), a constant value «,, = 1, 400 was used in this work.

A third-order upstream scheme and fourth-order centered scheme were used for horizontal
and vertical advection of the 3D momentum, respectively. Tracer (salinity and temperature)
advection utilizes multidimensional positive definite advection transport algorithm
(MPDATA, Smolarkiewicz and Margolin, 1998) since water temperature is always positive in
Mobile Bay. The generic k — ¢ turbulence closure scheme (Umlauf and Burchard 2003; Warner
et al. 2005) was used with background vertical viscosity and diffusivity set at 1 x 107° m? s*

7
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and 1 x 10°® m? s respectfully. The horizontal eddy viscosity and diffusivity were set at 0.1
m? s, Logarithmic bottom friction is used under the assumption that the bottom boundary
layer is logarithmic with a roughness height of 5 mm. This model configuration allowed for a
maximum time step of 3 seconds. We conducted a yearlong simulation with hourly records of
model outputs for 2019 by starting from November 2018, which allowed for a two month ramp

up of the model.

c. Vertical salinity variance

Stratification was measured by vertical salinity variance (Burchard and Rennau 2008;
Burchard et al. 2009; Wang et al. 2017; MacCready et al. 2018). The budget equation for the
water column integrated salinity variance [Eq. (1), Li et al., 2018] is

9 [ S"dz ” L as"\*
T=—Vhfuh5 dZ+j—2uSVhSdZ—j2KZ E dz, (1)
where the salinity variance, S'? = (§ — S)?, is the squared deviation of salinity (S) relative to
the depth average value (S), uj,denotes the horizontal velocity vector, u' is the deviation of

horizontal velocity vector from the depth average value, K, is the vertical eddy diffusivity and

V}, is the horizontal differential operator.

In Eq. (1), the term on the left-hand side is salinity variance tendency. It denotes the local
increase or decrease of vertical salinity variance with respect to time. The terms on the right-
hand side are advection, straining, and dissipation, respectively. The advection term including
the negative sign denotes salinity variance being transported into (i.e., convergence, positive
value) or out of (i.e., divergence, negative value) the local region. Straining denotes the
conversion between horizontal variance and vertical variance, which is the titling of isohalines
by vertical differences in salt advection. Positive straining corresponds to a stratifying water
column when advection tends to move fresher water over saltier water. The dissipation term is
always positive so that the negative of this term reduces salinity variance indicating that vertical
mixing always destroys stratification. In the data analysis, depth-average vertical salinity

variance S'2 and each budget term in Eq. (1) were calculated from hourly model outputs. A

low-pass 48-hr Lanczos filter was applied to S2 and the associated budget terms to remove

tidal signals and isolate the subtidal changes from other forcings, namely wind.
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3. Results

Outputs of the three-dimensional flow field and hydrography were used to explore the
impact of a wind event on stratification during the early summer season. Early summer is a
period when the prevailing winds in the northern Gulf of Mexico transition from northerlies to
southerlies (Noble et al. 1996). During the summer, the strongest events, excluding extreme
conditions like hurricanes, were typically associated with southeast winds as indicated by wind
rose map (Fig. A2). Therefore, a 3-day southeast wind event with peak speeds reaching up to
8 m s during days 127.5 — 130.5 in 2019 was used to investigate the bay wide stratification
responses to this common summer wind forcing. This event was advantageous as the pre-event
conditions had moderate discharge (~ 2, 000 m® s, Fig. 2.1) and low wind conditions (~ 2 m
s, Fig. 3a) setting the stage for strong pre-event stratification in the system. The model
performance was validated with long term monitoring data over the full year of the model run
(Appendix A.1) as well as extensive field data collected 14 days prior to the studied wind event
(Section 3.1; Fig. 2).

a. Model validation

Three quantitative indexes were applied to assess the model performance including mean
error ME = %Z’i"zl(M — 0), mean absolute error MAE = %Z'i\’:llM — 0|, and model skill

N, IM-0|?
YN . (IM-0|+|0-0|)?

Skill =1 — (Wilmott 1981). Where O and M are the observed and

modeled data, respectively. The overbar indicates the temporal average over the number of
observations (N). The magnitudes of ME and MAE indicate the average bias and deviation
between model and observation. Skill acts a global index of overall agreement between model
and observation, where Skill = 1 denotes perfect agreement while Skill = 0 indicating

complete disagreement.

Modeled time series of water level, salinity, and temperature at 0.5 m above bottom
compared favorably with observed time series at multiple stations across the bay. Inside the
bay, the modeled near-bottom salinity had a mean error of approximately 2 psu and the skill
score was above 0.86 (Fig. Al, Table Al). The model captured the temperature patterns with
a skill above 0.97. Additionally, the model captured both daily and seasonally hydrographic

variations. Detailed model validation statistics are presented in Appendix A.1.
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Fig. 2 Spatial patterns of depth averaged vertical salinity variance during days 112 - 113, 2019. (a) Data
from CTD profiling, S/%,. (b) Data from ROMS model outputs, Sz2,,s- (C) Deviations between model

results and CTD data, Si3,s — S¢>p- Note that both S/%,, and Sz2,,,s Were computed within water columns
from 1m below surface to bottom. Red circles in the three panels denote CTD stations.

Besides observed time-series data, bay wide observed CTD profiles during days 112 — 113,

2019 (Coogan et al. 2021) allowed for the validation of the model capability to capture
10
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stratification 14 days prior to the studied wind event. Overall, the model performed well with
the mean errors between model outputs and survey data for near-surface, near-bottom, top-to-
bottom salinity differences being -0.60 psu, -2.45 psu, and -1.85 psu respectively. The
corresponding skill values were 0.95, 0.87 and 0.82 respectively, indicating that the model

favorably captured salt dynamics inside the bay.

A final measure of model skill was obtained by comparing the depth averaged vertical
salinity variance (Fig. 2). Qualitatively, Fig. 2b shows that the model spatially reproduced the
observed salinity variance (Fig. 2a), where the strongest stratification (~ 100 psu?) occurred in
the shipping channel and moderate stratification (10 - 20 psu?) occurred in the southeast and
southwest regions (Fig. 2a, b). Quantitatively, a skill of 0.76 indicates stratification was well
captured over the entire system (Fig. 2c). Locally, the model underestimated stratification at
the northern end of the shipping channel and the channel connecting the ship channel to the
Industrial canal. In both locations modeled bottom salinity was less than observed (Fig. 2b, c).
The model also overestimated stratifications in parts of Mississippi Sound. These deviations
led to a mean error of -7.56 psu®. Note that our study area was focused on the mid- to lower
bay, where deviations were within +5 psu?. Based on these skill statistics, the modeled

stratification was deemed acceptable.

b. System response to southeast wind condition

The modeled vertical salinity variance and its relationship to stratification and wind forcing
were analyzed for a wind event during days 127.5 — 130.5, 2019. Spatial variations in salinity
variance and the calculated budget terms revealed the mechanisms controlling the spatial

heterogeneity in the system response.

1) VERTICAL SALINITY VARIANCE

Strong pre-wind stratification was captured by the depth-average vertical salinity variance
S$'2 calculated from ROMS model hourly outputs (day 127.75, Fig. 3b). Just prior to the onset
of the wind event (day 127.75, Fig. 3b), wind speed was only 1.86 m s, the S’ is above 15
psu? over most parts of the bay. Over the flanks of the bay, the 5 psu? isoline extended 36 km
north of Main Pass. Peak S'2 of greater than 80 psu? occurred in the shipping channel and lower
part of the bay near the mouth. Approximately 18 hours from the time when the wind
transitioned to the southeasterly direction, wind speed increased to 4.71 m s, but this had little

effect on the spatial patterns of S'2 (Fig. 3c). Only the zone to the northeast of Main Pass
11
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experienced a change with the S'2 decreasing from 75 - 80 psu? to 45 - 50 psu?, a decline of

around 35 - 40 %. However, this was a relatively small area of the bay.
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Fig. 3 Change in wind and evolution of mean water column vertical salinity variance, S'2, during a
southeast wind event on days 128-131, 2019. (a) 3-hour averaged raw wind speed in the center of Mobile
Bay from NARR, where blue dashed lines denote time ticks corresponding to different phases of the wind
event shown in panels b — e. Snapshots of the evolution of depth averaged salinity variance ( S'2) over the
southeast wind event: (b) Event initiation, (c) Event onset, (d) Event peak, and (e) Event end. The spatial
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structure of the wind is shown with white arrows and different level of S'2are shown with solid white
contours.

Noticeable impacts on stratification from the wind conditions were apparent at the peak
wind speed of 8.05 m s (day 129.5, Fig. 3d). Bay-wide decreases in stratification were
observed with the 52 being below 20 psu? in bay’s entire eastern portion and many subsections

in this area being under 10 psu?. Stratification did remain in the shipping channel and lower
western zone of the bay between the two tidal inlets, where the S'2 remained above 40 psu?

(Fig. 3d). The highest S'2 with values above 80 psu? only occurred in the upper shipping
channel away from the Main Pass. Additionally, the most north location of the 5 psu? isoline
on the flank was 22 km north of Main Pass, a southward shift of 14 km when compared with

pre-event state of the systems (Fig. 3b).

The peak wind speed lasted for 9 hours, at which point the atmospheric conditions
transitioned to a period of relatively quiescent winds (Fig. 3a). This 9-hour peak wind duration
further reduced bay wide stratification leaving only two weakly stratified belts in the lower half
of the bay (Fig. 3e). One stratified region was orientated in the northeast-southwest direction
perpendicular to wind direction and obliquely crossed the shipping channel. The other region
followed the intracoastal water way to the east of the shipping channel near the south shore of
the bay. While the southeast wind with a peak speed of 8 m s was unable to completely mix
the entire bay, the evolution of the S’ highlights notable spatial heterogeneity of stratification
and mixing in response to wind. To understand what caused the spatial heterogeneity and
highlight wind influences on bay-wide stratification, the salinity variance budget is examined

in the next section.

2) SALINITY VARIANCE BUDGET

Focusing on the core of the southeast wind event (days 128-130), the strength of the vertical
salinity variance budget terms in Eq. (1) were used to identify the dominant processes

contributing to the evolution of the bay-wide stratification (Fig. 4). As might be expected from

the decrease in the S'2 over the course of the southeast wind event (Fig. 3), there was a negative
tendency with magnitudes larger than 5 psu? d* (Fig. 4a). In the lower half of the bay, the
tendency had higher intensities around 10 - 20 psu? d?! indicating that southeast wind blowing
over 1 day could completely mix weakly stratified zones (Fig. 4a). Maximum tendencies

reached up to 50 psu? d* and occurred near Main Pass; however, the strongly stratified
13
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conditions at those locations prior to the wind event (S'2 > 80 psu? in Fig. 3b) prevented this
non-extreme wind event from completely mixing the water column. Curiously, positive
tendencies above 4 psu? d* occurred at certain locations along the lower edge of the bay, the
secondary inlet (Pass Aux Heron), and the south shore of Dauphin Island (Fig. 4a), indicating
that southeast wind enhanced stratification in particular locations in the bay and compressed
the Mobile Bay plume against the coast over the inner shelf. Regardless, the tendency term

within the bay had a distinct spatial pattern in response to this non-extreme wind event.

psu? d”' psu? d°!

50 306 Im2

10"

@

Tendency

30.5

10°

30.6
30.5

10

304

-10

-100

-88.2 -88.1 -88 -87.9 -87.8
Lon (%) Lon (°)

Fig. 4 Terms in the vertical salinity variance budget during a southeast wind event. All terms were
temporally and vertically averaged from days 128 - 130 with the unit being psu?/day. Red color denotes
positive tendency, advection, and straining (i.e., stratifying processes); blue color denotes negative tendency,
advection, straining and dissipation (i.e., de-stratifying processes). Yellow boxes with black labelling in
panel (a) denotes averaging regions used to investigate the temporal evolution of the budget terms in Fig. 5.

The structuring of this spatial pattern was further explored by examining the contributions
of the right-hand terms in Eqg. (1). Qualitatively, there was a clear mirroring between the
dissipation and tendency terms with dissipation > 10 psu? d* across most parts of the lower
bay and the largest values (> 50 psu? d!) at the two tidal inlets (Fig. 4b). The straining and

advection terms were also important with magnitudes greater than 10 psu? d* in some locations.
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Positive straining, i.e., fresher water being advected over saltier water occurred in the lower
bay away from the shipping channel (red color, Fig. 4c) where stratification remained. Whereas
negative straining, i.e., saltier water being advected over fresher water, was concentrated next
to the shipping channel near the mouth and in the mid-bay area (blue color, Fig. 4c) and acted
to reduce stratification. Positive advection along the shipping channel near the mouth (red
color, Fig. 4d) denoting the incoming transport of salinity variance to this region. In contrast,
stratification was transported out of some regions as indicated by negative advection, e.g.,
zones away from the shipping channel in the lower bay (blue color, Fig. 4d). The southwest
section of the bay highlights the complex nature of these processes contributing to the
stratification patterns where the straining and advective terms exceed magnitudes of 50 psu® d-
1 3 - 4 times that of dissipation in this region. The contrasting signs with positive straining and
negative advection limited the impact of these terms on the tendency term. Consequently, the

mechanisms driving the general patterns in the salinity variance were notably heterogeneous.

Additional insight on the heterogeneity of the contributions to the tendency term can be
seen in the time evolution of the budget terms in different regions of the bay. Six regions
including the shipping channel and those to east and west of the shipping channel were selected
to highlight changes with distance from the mouth of the system as well as west-east
asymmetries. At the mid-bay regions (Mid-W and Mid-E), negative straining together with
wind induced variance dissipation resulted in well mixed (Fig. 5a) or weakly stratified
conditions (Fig. 5b). In the lower part of the bay (Low-W and Low-E), there was a shift in the
contributions of terms in the variance budget, where increases in straining and advection
reduced the impact of dissipation (Fig. 5c, d). This shift away from the importance of
dissipation can also be seen throughout the length of the shipping channel where stratification
presented a neglectable tendency over the course of the event from an imbalance between

positive staining and negative advection rather than dissipation (Fig. 5f).
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Fig. 5 Time series of the low pass filtered spatially averaged salinity S, salinity variance S'2 and budget

terms during a southeast wind event from days 128 - 130 for several regions of the bay. The ave
regions in the panels are denoted by the corresponding yellow boxes in Fig. 4a.

raging

On the east and west flanks positive straining was able to marginally overcome advection

and dissipation which allowed this region to remain weakly stratified (Fig. 3e). Near the tidal

inlet (Int-E), positive advection denoted incoming transport of salinity variance which was

overwhelmed by dissipation and negative straining leading to a region of well mixed waters

(Fig. 5e). This input of salinity variance by advection near the mouth (i.e., the transport of salty
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Gulf of Mexico water) is consistent with the general increase in the subtidal volume averaged
salinity across the bay during this southeast wind event (Fig. 5a ~ 5e). The impact of this salty
water from the Gulf is more complex once it entered the bay as can be seen for the temporally

and spatially varying contributions of the advective term in the salinity variance budget.

Consequently, the spatial heterogeneity in mixing of the bay in response to this southeast
wind event was caused by the deviations in the relative strength among advection, straining
and dissipation. In the middle bay away from the tidal inlet, negative straining together with
vertical mixing weakens stratification. Moving to the lower bay, straining changes signs across
the estuary and advective contributions were intensified. Since both straining and advection
link to the circulation and salt transport, further discussion of the wind influence on circulation

and salt transport is required.

¢. Wind induced circulation and transport

During the wind event, the circulation did not follow typical estuarine exchange flow where
the horizontal density gradient drives surface outflow and bottom inflow. The estuary was
clearly responding to both local and remote wind-forcing. The impacts of local stress were
apparent with the southeast wind driving surface currents generally up-estuary in the direction
of the wind (Fig. 6a) while the bottom current generally flowed down-estuary (Fig. 6b),
opposite that of typical estuarine subtidal flow patterns. The morphology of the bay appeared
to modify the local response to wind forcing to some extent. For example, the width of the
lower bay allowed much of the return circulation along the bottom towards the southeast and
nearly opposite the wind direction from the southeast, rather than being directed toward the
systems exits of Main Pass and Pass Aux Herons. In addition, there was a recirculation feature
in the surface currents in the northeast corner of the bay across from the mid-bay island and a
region of bottom flow stagnation in the southwest corner of the bay associated with flow
constraint from Pass Aux Herons. These patterns highlight important deviations from the
idealized scenarios of wind forcing in simplified estuarine geometries. Notably, these
modifications to the local wind response have a significant impact on the stratification and
mixing across the system. For example, the significant spatial differences in the bottom
currents, where intensified down-estuary current (around 0.1 m s*) only existed over the
southeastern portion of the bay compared to the less than 0.05 m s in the southwestern part
(Fig. 6b), agreed well with intensified mixing in southeast region (Low-E, Fig. 5d) relative to
that in the southwest region of the bay (Low-W, Fig. 5¢). The asymmetric responses across the

17
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estuary were also reported in Chesapeake Bay under typical summer wind conditions (Scully
2010a), where significant portions of the cross section remain stratified while certain regions

frequently experience mixing.

The direct impacts of the remote wind forcing are concentrated at the mouth of the system
(i.e., Main Pass) where the along-shelf component of the wind driven net Ekman transport was
onshore at the coast. This enhanced subtidal inflow (0.05 - 0.1 cm s) throughout the deep
shipping channel and weakened outflows over the shoals (Fig. 7). Importantly, the incoming
shelf waters encountered southeastward bottom currents driven by the local wind stress just
behind the tidal inlet corresponding to the location of an intensified mixing zone (Fig. 4b, 5e)
and re-directed the shelf inflow eastward bringing salty waters and the associated salinity

variance into the east part of lower bay (Low-E, Fig. 5d).

30.6

30.5

psu2 d’

100 30.6
10 psu2 ms" \\‘ 2

10 305 I —
(uS'z, vS'Z)

Fig. 6 Low pass filtered current (vectors) and salinity (contour lines) during peak southeast wind speed
(day 129.5) at surface (a) and bottom (b). (c) Low pass filtered depth averaged salt flux (vectors), salinity
(contour lines), and straining terms in the salinity variance budget (coloration). (d) Low pass filtered depth
averaged salinity variance flux uS’2 and vS’2 (vectors), salinity variance (contour lines), and advection term
in salinity variance budget (coloration). Red denotes convergence (incoming) of salinity variance flux, blue
color divergence (outgoing) of salinity variance flux.

d. Impact of the circulation on the salt flux and salinity variance
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As the wind forcing interacts with underlying horizontal salinity gradients and associated
gravitational flow, straining terms in the salinity variance budget broader range of impacts
throughout lower Mobile Bay and at system inlets Main Pass and Pass Aux Herons. In the east
portion of the bay (Fig. 6a, b), the reversal of the subtidal currents leads to a down-estuary salt
flux and negative straining (Fig. 4c and Fig. 6c¢, blue color). While on the western flank there
was positive staining. This was due, in part, to fresher water being forced westward as shown
by the asymmetry in salinity gradients across the system, i.e., much stronger salinity gradients
in the to the west (Fig. 6¢). But, also due to weak bottom currents coupled with the westward
component of the surface currents (Fig. 6a) which transported this pool of relatively fresher
water over the salty water entering from eastern Mississippi sound. As such, there was salt flux
into Mobile Bay and positive straining in this region (Fig. 4c and Fig. 6¢, red color). Additional
regions of positive straining were observed in the southeast section of the bay just beyond Main
Pass. Here, eastward current at bottom transported salt into the fresher area of the lower part
of the bay resulting in positive staining (red color in the lower east part of Fig. 6c).
Consequently, the salinity associated with the incoming shelf waters tended to stratify the water
column and competed with wind induced mixing, particularly in the lower eastern part of the
bay (Low-E, Fig. 5d). These patterns in the straining term were directly linked to the changes

in the system circulation and salinity patterns induced by the wind-forcing.

Additional impacts of wind forcing on the salinity variance budget were derived from the
advection of stratification via the regions of convergence or divergence throughout the bay.
The dominance of this term, as mentioned in section 3.2.2, was focused on the lower bay
especially around Main Pass (Low-W, Fig. 5¢ and Int-E, Fig. 5e). To further understand the
patterns in the advective component, the low pass filtered depth average salinity variance flux
was further examined (Fig. 6d). Noticeably, in the southwestern region of the bay (Low-W), a
distinct down-estuary salinity variance flux reached up to 10 psu? m s'* and moved out of the
system through the west portion of the tidal inlet. Therefore, the outgoing advection of salinity
variance together with mixing via dissipation reduced stratification in the lower southwestern
portion of the bay (Low-W, Fig. 5c). In addition, in the lower portion of the mid-bay, the
incoming northward flowing shelf water and westward surface current from the eastern bay
(Fig. 6a) generated a convergent zone of salinity variance, i.e., positive advective contribution
to the salinity variance tendency (Fig. 6d and Fig. 5d). However, the convergence of salinity
variance did not enhance the stratification because it was eliminated by negative staining and
mixing.
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The incoming flow and salt transport through Main Pass dominates the stratification
responses in the lower bay due to bay-shelf connectivity during southeast wind conditions. This
can be readily seen by comparing the structure of the flow across Main Pass during the pre-
event and peak event periods. Under low wind speed before the southeast wind event, subtidal
inflows at the tidal inlet had inflow (0.05 - 0.09 m s) only in the deep channel, while outflow
(0.1 - 0.45 m s!) was through the shoals and at the surface over the deep channel with a net
outgoing flux of 1,515 m3 s (Fig. 7a). At peak wind speed, the net outgoing flux was reduced
to 133 m® s, where inflow was through the entire water column in the channel with maximum
magnitudes of up to 0.13 m s (Fig. 7c). Outflow current speeds were below 0.1 m s, which

equated to a reduction of almost half that during the low wind conditions prior to the event.
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Fig. 7 Low pass flow patterns at Main Pass (a, b) and offshore (c, d) without significant wind on day
127.5 (a - b) and peak southeast wind on day 129.5 (c - d). In (a) and (c), red color denotes inflow (+) to the
bay and blue color denotes outflow (-) from the bay. Subpanel of (a) shows where the transect across the
tidal inlet (blue solid line) is located as well as the location of the offshore velocity point (yellow star).
Coloration and black contour lines denote bathymetry in meters.

This enhanced inflow at Main Pass is consistent with expectations during downwelling
wind events as indicated by the shelf currents. Broader shelf (Fig. 6a, b) as well as velocities

from a representative site offshore (Fig. 7d) had westward along-shore currents and an across-
20
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shore structure with landward surface currents and seaward subsurface current. Consequently,
the estuarine-shelf connectivity through the advection of salinity variance from the shelf via
coastal Ekman dynamics, in this case a downwelling event, had a notable impact on
stratification and mixing patterns inside of the bay.

4. Discussion and Conclusions

Using a high-resolution regional scale model, a comprehensive study of realistic wind
influences on stratification on a wide, shallow, microtidal estuary was conducted. Analysis of
vertical salinity variance and the spatial-temporal variability in the local budgets revealed
complexities of wind effects in such estuarine systems. This work highlights that the straining
can be modified or inhibited by the wind and leads to complex interactions and the spatial
variability observed in Fig. 3. The southeast wind with speeds up to 8 m s acting at an angle
to the along-axis direction of the system was effective at reducing bay-wide stratification
through both weakening or reversing horizontal density straining and through direct wind
mixing. There was significant spatial heterogeneity in the water column response where some
regions were well mixed while others remained stratified after the wind event. This spatial
heterogeneity in the stratification responses resulted from spatial variability in dominant

physical processes, which in turn lead to spatially varying salinity variance budgets.

These differences in the local salinity variance budgets were linked to the relative impacts
of different responses to wind forcing (i.e., direct mixing, wind straining, and remote effects,
Fig. 8). In this typical wind event, the southeast wind reduced bay-wide stratification not only
by local wind stress but also through remote wind induced Ekman transport of shelf waters. In
the mid-bay away from the tidal inlets, the nature of the bay allows the non-axial wind forcing
to generate a subtidal current pattern counter to the typical gravitational circulation that cleared
the stratification from this region by causing both negative straining and direct mixing. In the
southeast region, intensified down-estuary bottom current further enhanced mixing. In contrast,
the lower western bay experienced a lateral transport of freshwater which caused positive
straining that was balanced by advection of salinity variance out of the system through western
shallows of Main Pass. The incoming shelf current through the ship deep channel from the
coastal downwelling (i.e., remote wind forcing) brought salt into the system generating positive
straining over the lower eastern bay and negative straining in the lower mid-bay region just
north of Main Pass, resulting in these areas experiencing differing rates of mixing over the

course of the event. Importantly, both the wind induced estuarine circulation as well as Ekman
21
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transport from the shelf contributed to the spatial heterogeneity stratification in the bay. This
work highlights that straining and direct turbulent mixing from surface wind stress dominated
the stratification responses away from the inlets. Uniform stratification responses to winds are
not expected in wide systems since bathymetry and coastline orientation promote
heterogeneities in realistic systems. As Mobile Bay is representative of other estuaries in the
northern Gulf of Mexico and other coastal region in the world, the complex interaction of
dissipation, straining and advection in response to wind events need to be considered to fully
understanding the stratification dynamics in these types of systems.

'r"ﬂ' surface current

bottom current

= —\ Straining (-)
\\\ / Dissipation (=)

Straining (+) .
Advection (-) A

‘‘‘‘‘ :-\ Straining (+)

Dissipation

Fig. 8 Schematic diagram of flow patterns and stratification responses to southeast wind in Mobile Bay.
The solid (dashed) white arrows indicate surface (bottom) flow, and the grey dashed circles indicates zone
where different process are modifying the stratification.

While this case study focuses on one event that commonly occurs in the summer, there are
other aspects of wind forcing that should be explored in future work. Consideration of wind
forcing from other common directions such as southwest wind in the summer season or cold
front events in the fall-winter-spring would help inform system response to wind forcing by
comprehensively mapping the complex balance between the transport, straining, and
dissipation terms. In fact, Scully (2010b), demonstrated that changes in the wind direction had
impacts on the mixing dynamics of Chesapeake Bay which led to significant differences in the
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level of summer-time hypoxia. The relative importance of wind direction in modifying the

mixing dynamics in shallow, wide systems like Mobile Bay remains an open question.

The effect of waves can modify the effectiveness of wind stress in transferring momentum
into the water, potentially enhancing mixing through breaking and increasing turbulence at
surface as well as wave-current interactions. As we did not include these wave effects, the
findings of this work may be a conservative estimate of the mixing expected during non-
extreme wind events. Further studies on quantifying wind-driven wave influences in
stratification responses would further improve the understanding of wind-induced mixing

especially in wide, shallow, and stratified estuaries like Mobile Bay (Chen et al. 2005a, 2005b).
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NOAA National Center for Environmental Information (NCEI). Site CP data are available at

the following links:

https://accession.nodc.noaa.gov/0211052

https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.nodc:0241013

https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.nodc:0203749.

APPENDIX

Appendix A Hydrographic validation in 2019

In 2019 the river discharge generally varied between 1,000 m® st and 9,900 m3 s in the
early wet season (day no. 1 - 143) and reached a maximum value of 9,911 m3 s (Fig. Alb.1).
In the dry season (day no. 144 - 298) river discharge was only 200 — 1,000 m® s, The seasonal
and sub-seasonal variability follows regular patterns reported in previous studies (Kim and
Park 2012). Model performance was validated by comparing hourly and 48-hour low-pass

filtered subtidal hydrodynamic and hydrographic outputs with field observations.

A.1 Water level

The model results of water level were compared with observation data at NOAA tide station
8735523 at Fowl River (FR, Fig. Ala). The model captured the diurnal tidal elevation with a
Skill = 0.91 for total water level yet underestimated mean water level by 0.03 m (Table Al).
The averaged deviation of total water level was 0.085m while the subtidal water level deviation
was up to 0.07 m, indicating that most of the errors rise from subtidal water level. These errors
in the subtidal water level likely result from effects associated with the wind forcing and the

imposed non-tidal water level and current at open boundaries.
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Fig. Al Data to model comparison of the hydrodynamic and hydrograph variables in year 2019. (a) Map
of observation stations at Fowl River (FR), Dauphin Island (DI), Katrina Cut (KC), Bon Secour (BS), and
Meaher Park (MP). The water level station at Fowl River is NOAA tide station 8735523. Other stations are
hydrographic stations deployed by ARCOS. (b.1) River discharge in 2019 with the data being the summed
discharge at USGS stations 02428400, 02469761, and 02469800. (b.2) Water level from at a NOAA tide
station in the central bay region. (c - h) Salinity and temperature at 0.5 m above bottom from ARCOS
stations. In all plots the data is represented as black lines and model output by red lines.
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Table Al Error estimates for model-data comparison for 2019.

) _ Total Subtidal
Variables Station
ME MAE Skill MAE Skill
Water level )
m) Fowl River (FR) -0.031  0.087 0.91 0.070 0.85
m
Salinity Dauphin Island (DI)  2.13 4.76 0.86 4.00 0.90
(PSU) Cedar Point (CP) 0.30 3.35 0.90 3.05 0.93
Middle Bay Light 5.13 8.09 0.43 7.63 0.43
(MBL) (2.36) * (6.51) (0.48) (6.13) (0.49)

Bon Secour (BS) 1.94 4.01 0.87 3.94 0.87
Meaher Park (MP) 0.06 0.73 0.89 0.71 0.90
Katrina Cut (KC) 4.60 5.67 0.69 5.43 0.69
Temperature  Dauphin Island (DI)  1.35 1.48 0.98 1.39 0.99

(°C) Cedar Point (CP) 1.22 1.33 0.99 1.28 0.99
Middle Bay Light 1.62 1.76 0.98 1.69 0.98
(MBL) (1.15)  (1.79)  (0.98) (1.74) (0.98)

Bon Secour (BS) 1.41 1.49 0.97 1.47 0.98
Meaher Park (MP) 0.37 1.67 0.97 1.48 0.98
Katrina Cut (KC) 1.25 1.46 0.98 1.49 0.98

* Denotes model results at 1 m above bottom at Middle Bay Light station.
A.2 Salinity

The salinity at 0.5 m above the bottom (Swo5) was compared with field data from Alabama’s
Real-Time Coastal Observation System (ARCOS). At most stations, the mean bias and
deviation of salinity results was around 2 psu and 4 psu, respectively, for the total and subtidal
components. The skill ranged from 0.86 - 0.90 for total salinity and 0.87 - 0.93 for the subtidal
component (Table Al). The model captured the predominant tidal driven daily cycle of
exchange between the fresher bay and the salty Gulf of Mexico at Dauphin Island station near
Main Pass (Fig. Alc.1). In the wet season (days 1- 150), when river discharge was between
1,000 — 5,000 m® s, the near-bottom salinity Spos varied more than 25 psu within one diurnal
tidal cycle indicative of the advective transport occurring at the mouth. When river discharge
was above 7, 000 m3 st (days 60 - 70), fresh water flushed salt out of the system leaving the
bay totally fresh, where Spos at the Dauphin Island station dropped to zero (Fig. Alc.1). The
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transition to the dry season (days 150 - 300) with a temporal mean of 19.5 psu took almost 50
days for Spos at Dauphin Island station. The dry season experienced a notable reduction in a
tidal component with a diurnal cycle of ~ 10 psu. Similar pattern occurred at Cedar Point station
near Pass Aux Herons (Fig. Ald.1), but the variation magnitude was almost half of that at
Dauphin Island station. Thus, the temporally averaged salinity and tidal variance near the tidal

inlets were sensitive to river discharge.

Tidal variation was also observed right next to the shipping channel in mid-bay at Middle
Bay Light station (Fig. Ale.1). Spos varied between 10 psu to 25 psu in the wet season (days 1
- 40) denoting that salty water spilled out of the shipping channel to the flank via lateral
advection during flood tide. Due the sharp bathymetry associated with the transition from the
deep ship channel (~ 10 - 12 m) to the flat shoals (~ 3 - 4 m), high vertical and horizontal
salinity gradients were expected at in region near this interface. This was confirmed as the
mean bias dropped below 3 psu and model skill increased to 0.48 by sampling moving model
comparison point upward by 0.5 m (Table Al). Usually, the sharp gradient in bathymetry
challenges performance of sigma-coordinate based model. Despite notably weaker skill score
at this location, the CTD survey in April (Fig. 2), indicate that the dynamics in the ship channel

are being reasonably represented.

Salinity pattern presented less tidal variation moving into the bay. At Bon Secour station,
Sho.s demonstrated only seasonal variability. In the wet season, Spos oscillated between 2 and
18 psu and was negatively correlated to the river discharge (Fig. A1f.1). In the dry season, this
station increased from 2 to 15 psu through days 150 - 200. When the mean river discharge
minimized to 330 m®s* (days 200 - 300), Spo.s maintained a salinity ~ 20 psu with imperceptible
tidal variation. Moving further to Meaher Park station, Spos was below 1 psu during most time
of the year, but it reached up to 8 psu in days 280 — 300 and then rapidly dropped to zero when
the next wet season arrived in October (Fig. Alg.1). Consequently, the model was able to
capture seasonal salt penetration through the entire bay by late dry season as well as the

seasonal impact of the river discharge episodically flush of the salt from the system.

In eastern Mississippi Sound outside of Pass Aux Heron, Spos presented little tidal variation
but was much more sensitive to the water level in the wet season. At Katrina Cut station, Spos
displayed notable perturbations with a period close to 10 days in early wet season synchronous

to water level descent. For example, Swos experienced a sharp drop from 20 psu to 8 psu in
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conjunction with a water level set-down of more than 1.1 m around day 20 (Fig. Alb.2, 2h.1).

In the dry season, Spo5 at Katrina Cut station was mostly above 20 psu with weak fluctuations.

Both the model and observation captured the river discharge dominated seasonal and intra-
seasonal variability in both Mobile Bay and nearby Mississippi Sound. Over the course of a
year, near-bottom salinity demonstrated obvious sensitivity to both discharge and water level
in wet season, while remaining stationary in the dry season due to low discharge. On a daily
timescale, tidal driven variation was largest at the inlets and shipping channel and weakened
rapidly away from those regions. The model well reproduces the salinity at the inlets suggesting

good performance in simulating both bay-wide and shelf-wide transport.

A.3 Temperature

The model demonstrates excellent performance in simulating water temperature. The
temperature at 0.5 m above bottom (Twos) was compared with field data from ARCOS.
Globally, the model overestimated Thos by around 1.4 °C with model skill values above 0.97
(Table Al). For this shallow system, the model performance in simulating thermal dynamics
relies on external forcing to a great extent; the net solar radiation and air-sea heat exchange

dominates water temperature.

The temperature only demonstrated temporal variability. In 2019, the annually averaged
Thos Was 22 — 23 °C. The maximum Thos was around 33 °C, while minimum value was 9.5 —
10.3°C (Fig. Alc.2 —h.2). In summer (days 150 - 250), the water was stable with an averaged
value of Twos around 29.1 —29.9 °C. In winter and early spring, a cold front could cause short
term temperature drops of 5 °C within several days. For example, during days 62 — 66, Twos
dropped by 7 — 8 °C all over the bay within 3 days (Fig. Alc.2, 2d.2). The tidal signal in Tros
was only observed at Dauphin Island station. For example, during days 29 - 35 after a peak
river discharge of 7, 100 m3 s, Tpos showed a tidal variation of 6.5 °C, indicating that tide
driven flow exchange between the bay and the gulf at the inlet could alter local hydrography

tremendously under certain river runoff conditions.

The model skill values were mostly above 0.86 for water level, near-bottom salinity, and
temperature inside Mobile Bay, and the model captured multiscale processes including
seasonal, intra-seasonal and tidal variability in both salt and thermal dynamics. Considering

the complexity of this system with multiple inlets, an extensive river-delt-bay transition, and
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channel-shoal bathymetry, we believe the model captured the physical processes in Mobile Bay

exceptionally well.
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