Journal of
Marine Science

and Engineering

Article

Stratification Breakdown by Fall Cold Front Winds over the
Louisiana Shelf in the Northern Gulf of Mexico:
A Numerical Experiment

Mohammad Nabi Allahdadi 1*(”, Chunyan Li 2

check for
updates

Citation: Allahdadi, M.N,; Li, C.;
Chaichitehrani, N. Stratification
Breakdown by Fall Cold Front Winds
over the Louisiana Shelf in the
Northern Gulf of Mexico: A
Numerical Experiment. ]. Mar. Sci.
Eng. 2023, 11, 673. https://doi.org/
10.3390/jmse11030673

Academic Editor: Shaoqing Zhang

Received: 8 February 2023
Revised: 5 March 2023
Accepted: 16 March 2023
Published: 22 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Nazanin Chaichitehrani !

Department of Marine, Earth, and Atmospheric Sciences, North Carolina State University,

Raleigh, NC 27695, USA

Department of Oceanography and Coastal Sciences, Louisiana State University, Baton Rouge, LA 70803, USA
*  Correspondence: mallahd@ncsu.edu

Abstract: Cold fronts are meteorological phenomena that impact the northern Gulf of Mexico, mostly
between the fall and spring seasons. On average, they pass the region every 3-7 days, with a
duration ranging between 24 and 74 h. In the present study, a high-resolution FVCOM model with an
unstructured mesh was used to simulate the effect of the fall cold front winds on water column mixing
over the Louisiana shelf, which is often stratified in the summer, leading to hypoxia. Numerical
experiments were conducted for October 2009, a period with five consecutive cold front events.
Winds from an offshore station forced the model, while climatological temperature/salinity profiles
prepared by NOAA for September were used for model initialization. The model performance was
evaluated by comparing it with the surface current measurements at two offshore stations, and the
results showed a good agreement between the model results and observations. Shelf mixing and
stratification were investigated through examining the simulated sea surface temperature as well as
the longitudinal and cross-shelf vertical sections. Simulation results showed a significant effect on
shelf mixing, with the mixed layer depth increasing from the initial values of 5 m to 25 m at the end
of simulation at different parts of the shelf, with maximum mixed layer depths corresponding to the
peak of cold fronts. The buoyancy frequency, Richardson number, and the average potential energy
demand (APED) for mixing the water column were used to quantify the stratification at two selected
locations over the shelf. Results showed that all these parameters almost continuously decreased due
to mixing induced by cold front wind events during this time. At the station off the Terrebonne Bay
with a water depth of 20 m, the water column became fully mixed after three of the cold front events,
with Richardson numbers smaller than 0.25 and approaching zero. This continued mixing trend was
also proven by obtaining a decreasing trend of APED from 100 to 5 kg/m.s? with several close to
zero energy demand values.

Keywords: ocean mixing; ocean stratification; Richardson number; buoyancy frequency; FVCOM,;
cold front; hypoxia

1. Introduction

The stratification over the Louisiana continental shelf in the northern Gulf of Mexico
has a seasonal variation [1]. Starting from the late spring to the end of summer, due to weak
wind stress and increasing solar radiation during this time of the year, the water column
significantly stratifies, with the Richardson number being much larger than the mixing
threshold of 0.25 [2]. The other significant contributor to increasing the stratification in this
region during the summertime is the discharge of fresh water from the Mississippi River
to the shelf, with its peak during January-June [3-5], significantly increasing the water
column buoyancy.

This strong stratification substantially influences the continental shelf hydrodynamics
and biogeochemical processes [6-8]. With the reduced surface wind stress, water column
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stratification can influence the pattern of shelf currents at the surface and bottom [6,9,10].
Summertime stratification is the main physical factor contributing to the seasonal hypoxia
in the northern Gulf of Mexico extending west of the Bird’s Foot Delta over the Texas—
Louisiana Shelf [11-14]. During this time, the strong stratification across the water column
significantly limits the reaeration of the water beneath the stratified surface layer, especially
the bottom water. At the same time, the enhanced biogeochemical activities across the
water column due to high water temperature and the large load of nutrients from the
Mississippi River substantially increase the oxygen consumption. This causes the water
oxygen concentration, especially at the bottom, to decline to less than 2 mg/L, reaching
hypoxic conditions [12]. This shelf-wide lack of oxygen in the bottom water during the
summer continues until fall. It may be occasionally broken down by tropical cyclones that
pass over the shelf from June to November [15,16]. For instance, during Hurricane Katrina,
the stratification was broken down for a short time period before and after the final landfall
of the hurricane within a region of 50 km of the track. However, these extreme atmospheric
events affect the shelf within a short period, from several hours to days. Their mixing effect
is mostly local, with significant mixing only in the vicinity of the track [16]. Therefore, their
impact on mixing is ephemeral, and the stratification starts to rebuild right after the storm
wind is dissipated. In the case of Hurricane Katrina over the shelf, the stratification started
to rebound 6-12 h after the landfall, even for regions in the proximity of the track.

Continuous wind forcing can cause sustained mixing across the water column. An
example of this is monsoon winds in the northern Arabian Sea and the Gulf of Oman that
persist for three to four months in the summer and cause significant mixing and coastal
upwelling in these regions [17]. Unlike tropical cyclones in the northern Gulf of Mexico,
cold fronts occur frequently and more regularly in non-summer seasons. Together with the
increased wind stress, cold fronts also bring cold air from the north and reduce the ocean
temperature, thereby contributing even more to the destruction of stratification established
in the summer. This situation can be sustained in the region during the fall and spring when
cold fronts are frequent [18-22]. Their outbreak period is every 3-7 days, and their duration
is 24-74 h, associated with generally northerly winds. A myriad of studies has shown that
cold fronts impact various hydrodynamic, biogeochemical, and transport properties of the
estuaries, bays and continental shelf (e.g., [23,24]). Feng and Li [23] showed that, during
the cold fronts, substantial flushing of the coastal bays takes place toward the inner shelf. A
numerical model of the shelf currents by Allahdadi et al. [24] demonstrated that cold fronts
contribute discharge of a high load of sediments from the Atchafalaya—Vermillion Bay
system to the Louisiana shelf during the high stage of the Atchafalaya River. This sediment
load is then transported westward under the upcoast shelf currents and contributes to the
formation of Chenier plains along the west coast of Louisiana.

One less-studied effect of severe cold fronts on the Louisiana shelf is their role in
mixing the water column and breaking down the summertime strong stratification over the
shelf that maintains the hypoxia. Although the weakening of the solar radiation during the
fall can also contribute to reducing the stratification, the intense mixing caused by strong
wind shear stress can also be a significant contributor. As shown by Allahdadi et al. [2],
there is a direct relationship between the seasonally variable wind stress and the horizontal
shear observed in the vertical current profiles at different locations over the shelf. They
concluded that, during the low wind stress season of summer, the current shear is one order
of magnitude smaller than the high wind stress season of fall. This higher current shear
during the fall can be a major driving force for weakening and eventually breaking down
of the stratification sustained during the summer. The study of Allahdadi et al. [2] is one of
the few studies investigating the mixing of the Louisiana shelf during different seasons,
although only current velocity data were used. More studies are needed to address the
mechanism and pattern of shelf mixing during the fall season and demonstrate the effect
of high wind stress as a result of consecutive cold front events on shelf mixing. This will
help the understanding of the physical mechanisms contributing to the seasonal hypoxia
in the region and for a better approach to quantify and predict the evolution of seasonal
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hypoxic events each year. In the present study, numerical experiments using FVCOM were
performed to study if/how the cold front wind stress can turn a strong stratification across
the water column into a more mixed water column. A one-month continuous simulation
forced by only wind stress during October 2009, a month that included five consecutive cold
front events, was implemented. No solar radiation input was included in the simulation to
focus on the effect of wind stress. The model performance was evaluated using the observed
currents from two WAVCIS stations off Barataria and also the Terrebonne/Timalier Bay.
The evolution of the stratified water column to a mixed water column over the shelf was
investigated using the along- and cross-shelf transects. The stratification/mixing during the
simulation period was quantified using the Richardson number, buoyancy (Brunt-Vaiisild)
frequency, and average potential energy demand (APED).

2. Study Region

The focus of this study is the Louisiana continental shelf in the northern Gulf of Mexico
(Figure 1). The shelf is characterized by a rather complicated bathymetry with higher depths
of up to 60-70 m right on the west of the Mississippi Bird’s Foot Delta (east side of the
shelf) and smaller depths less than 10-15 m off the Atchafalaya Bay on the west side of
the shelf (Figure 2a). Approaching the west regions, the shelf slope significantly decreases,
which can substantially affect the shelf hydrodynamics and temperature/salinity response
to storm events [24]. The coastline on the north of the shelf has a complex geometry. It
includes several bay—estuarine systems like Barataria Bay, Terrebonne/Timbalier Bay, and
Atchafalaya Bay. During cold fronts, flushing [23] from these bays to the shelf area highly
contributes to the hydrodynamics and biogeochemical processes on the shelf.
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Figure 1. (a) Location of the Louisiana shelf (the black box) in the northern Gulf of Mexico, (b) A close
view of the Louisiana shelf geographical extent. The horizontal black line (LS 1) is the along-shelf section
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later used to examine the simulated temperatures across the water column. The red north-south line
is the cross-section A used to represent temperature results across the water column. The location of
station CSI-6 used for evaluation of the hydrodynamics model is shown by a star. AB: Atchafalaya
Bay, TB: Terrebonne/Timbalier Bay, and BB: Barataria Bay
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Figure 2. (a) Modeling area and bathymetry, (b) computational mesh. MB in panel (a) stands for
Mississippi Bight.

3. Numerical Model Specification
3.1. Model

In this study, the finite volume community ocean model (FVCOM) is used for sim-
ulating the effect of consecutive cold fronts in fall on the shelf mixing. FVCOM is a
circulation/heat/salt/pollutant transport model that solves the three-dimensional (3D)
governing equations (momentum balance, continuity, energy conservation, and mass con-
servation) on an unstructured triangular mesh using the finite volume method [25]. A
hydrostatic pressure balance across the water column is assumed, which is a reasonable
assumption due to the negligible vertical acceleration in most practical cases. The mo-
mentum equation uses the Boussinesq approximation to resolve the density variations,
which is acceptable for most oceanic, coastal, and estuarine waters. Horizontal momentum
terms are resolved using the Smagorinsky turbulent closure scheme, while, for vertical
eddy viscosity and diffusivity, the Mellor-Yamada level 2.5 turbulence closures are applied.
Two parameters associated with the vertical eddy viscosity (background eddy viscosity
and the coefficient B for calculating the turbulence energy dissipation) are used for tuning
simulated currents, temperature, and salinity. More details on the FVCOM model and its
implementation are presented in Appendix A.

3.2. Study Area and Computational Mesh

A modeling area with a circular open boundary extending from Mobile, Alabama, on
the east to Sabine Lake, Texas, on the west of the Mississippi Bird’s Foot Delta was used
(Figure 2a). The model boundary is extended to the outer shelf to consider the exchange
between the inner and outer shelves that affects the shelf temperature and salinity. An
unstructured computational mesh generated by triangular elements is used (Figure 2b).
This computational mesh, with a coarse resolution of 10 km along the offshore boundary,
was refined to about 500 m over the inner shelf. Selection of the computational resolution
through examining different meshes and comparing the results (mesh sensitivity analysis)
was done thoroughly at the beginning of this study. Sensitivity analysis was done on the
mesh resolution. Coastal resolutions from 100 m to 700 m were tried, and it was found
that the current pattern and values and temperature/salinity were similar for resolution
between 100 and 600 m. Therefore, a coastal resolution of 500 m was used as the optimally
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computational resolution for the present modeling. The external and internal time steps
were assumed to be 6 s and 60 s, respectively, based on CFL criteria.

3.3. Initial Temperature/Salinity Profiles

The stratification status at the beginning of the simulation was defined by introducing
the shelf-wide profiles of temperature and salinity. Since the intended simulation period
in this study is October 2009, temperature and salinity profiles around 1 October are
required. However, there are no such observations available. Hence, climatological data
were used as the model initial condition for temperature and salinity. The climatological
data represent each month’s average temperature and salinity across the water column
and can represent the average stratified conditions established in the summer. In this
paper, climatological profiles from the World Ocean Atlas (WOA) database were selected
as the initial condition (http:/ /www.nodc.noaa.gov/access/allproducts.html, accessed on
15 March 2023) for the month prior to the simulation (September). The horizontal resolution
of this gridded dataset is 0.25 degrees, and temperature and salinity are represented at
57 depths from the surface to a depth of 1500 m at the open boundary. The vertical resolution
is 5 m for the upper 100 m, 25 m for the depths 100-500 m, and 50 m for the depths
500-1500 m. Several studies, including those of Koohestani et al. [7] and Pan and Sun [26],
showed the proper accuracy of these data as the model’s initial condition during the storm
conditions. In the version of FVCOM used in this simulation, the initial conditions should
be represented at each computational grid point of the unstructured mesh. Hence, we
interpolated the climatological data with 0.25 degree resolution on the computational mesh
across the standard vertical levels (consistent with the vertical resolution of climatological
data) defined in the model setup. Figure 3 shows a sample of climatological profiles used
for September at a location off Terrebonne/Timbalier Bay with a water depth of 250 m.
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Figure 3. Temperature (a) and salinity (b) profiles from the WOA database for September at a location
on the Louisiana shelf off Terrebonne Bay.

3.4. Wind Data

The model was forced with the wind measured at the WAVCIS station CSI-6 in October
2009. The measured wind speeds at this station were reduced to the standard level of 10 m
above the sea level, and wind speed and direction were uniformly applied to the model.
Several former studies, including [1,22], showed that the measured wind at a station over
the shelf could result in acceptable hydrodynamics during the cold fronts if uniformly
applied to a shelf-wide model. Another study by Chaichitehrani et al. [27] showed that,
even for the summer mild storms, the speed and direction of wind over the Louisiana shelf
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could approximately be considered uniform. Examining the spatially varied wind fields
simulated by the Climate System Forecast Reanalysis (CFSR) showed that, during the peak
of cold fronts in October 2009, the wind field over the Louisiana shelf was almost uniform
(Figure 4). Spatially varied patterns were mostly observed during the frontal passage when
the wind direction was changing from southern to northern quadrants. This time period is
relatively short, and a constant wind field is an approximation valid for most of the time
period on time scales longer than inertial periods.

w
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Figure 4. A sample of CFSR wind filed during the peak of cold front no.2 over the Louisiana shelf.

The measured wind data at CSI-6 showed five consecutive cold front events with
different intensities and directions from northwest to northeast (Figure 5b,c). For the three
events between 8 and 25 October, wind speeds exceeded 10 m/s and reached 13 m/s for
two of them.

3.5. Model Setup

Using the bathymetry and the computational mesh shown in Figure 2, the FVCOM
model was setup for the Louisiana shelf. It should be noted that no boundary conditions for
hydrodynamics and temperature/salinity were applied along the model’s open boundary,
so the model could only consider the effect of wind-induced mixing. For bottom friction,
the default value of 0.0025 was used. The simulation included 25 vertical sigma layers to
resolve the vertical currents, temperature, and salinity variations appropriately.

3.6. Verification of Hydrodynamics Model

The results from the hydrodynamics model were verified by comparing with the
measured surface currents at stations WAVCIS CSI-6 and CSI-9 (Figure 1 for location).
Sensitivity tests showed that using a constant value for vertical eddy viscosity resulted
in a better match-up with measurement than using turbulent closures. This conclusion
is consistent with other Louisiana shelf modeling studies, including [24,28]. The best
match-up with measurements was obtained using 0.005 m? /s as the constant vertical eddy
viscosity. Since no tidal boundary condition was used in the simulation, the measured
currents were de-tided and compared with the simulation results (Figure 6). The differences
between the simulated and observed currents at these two WAVCIS stations could partly
be attributed to the outer shelf dynamics like the effect of the loop-current eddy variations
([24]) not included in the model open boundary in this study. It could also be partly due to
the uniform wind field that has been used in the simulation, especially during the frontal
passage time when wind shear exists.
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Figure 5. Time series of wind vectors measured at CSI-6 during October 2009, (a) wind speed,
(b) wind direction, and (c) wind vectors. The numbered arrows in panel (c) show the approximate
time corresponding to each of the five cold front events in October 2009.
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Figure 6. Comparison of simulated current speed and measured de-tided current speed at (a) CSI-6
and, (b) CSI-9.

4. Results
4.1. Cold-Front-Induced Surface Circulation

For brevity, in this paper we only present the results for temperature structure when
discussing the cold-front-induced mixing over the shelf. Cold front wind direction typically
changes from southerly to northerly and the system moves from the northwest to southeast
and then to northeast. All these can affect the surface currents, depending on the exact
movement of the front and wind direction variation, coastal geometry, and the local shelf
bathymetry; the speeds and directions of currents are also variable. The wind time series
shown in Figure 5 includes the intermittent (episodic) outbreaking of cold front winds
with prefrontal southwesterly to southeasterly winds in between. Hence, the resulting
circulation during the 1-month simulation includes both offshore-ward and shore-ward
current fields (Figure 7). The cold front no. 2 of October 2009 occurred before 10 October.
The wind direction at the peak of the cold front is northeasterly, causing southwestward to
westward currents on the shelf. On the outer shelf outside of the Mississippi Bird’s Foot
Delta and at the shelf break, larger surface current speeds up to 0.25 m/s result due to
the significant increase in water depth (larger than 50 m) and thus the decreasing effect of
bottom friction. Due to smaller depths on the western part of the Louisiana shelf (10-20 m)
and a wider continental shelf in this region, current directions rotate clockwise and direct
toward west. The third cold front (no. 3) of the month occurred between 15 and 19 October
with the direction of northeasterly to the north; hence the generated currents are expected
to be directed more offshore. The current field for 17 October (Figure 7b) shows that, at the
peak of the post cold front, northerly winds are going in the southwesterly to southerly
directions on the shelf and nearshore region, while the peak of currents in the nearshore
region reaches 0.3 m/s. The current field shown on 22 October (Figure 7c) is related to the
pre-frontal phase of the next cold front (cold front no. 4). This phase includes changing
wind direction to the southern quadrants that produces currents toward the inner shelf with
the general direction of northward. After the passage of cold front no. 4, the wind direction
is from the northwest, generating southeasterly shelf currents (Figure 7d). The peak of the
wind speed and duration of winds for this event is smaller than events 2 and 3; thereby,
smaller current speeds with peak values of 0.2 m/s are generated. It should be noted
that the bottom currents (not shown) over the Louisiana shelf are not to the same as the
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surface current or wind and have different directions (generally opposite) compared with
the surface currents since they are controlled by the pressure gradient over the shelf [29].

28°N

Figure 7. Simulated wind-induced surface currents over the Louisiana shelf during and after different
cold front events, (a) 10 October 12:00 a.m., (b) 17 October 12:00 a.m., (c) 22 October 12:00 a.m.,
(d) 27 October 12:00 a.m.

4.2. Sea Surface Temperature

The initial SST over the shelf, as defined by the climatological temperature profiles
(e.g., Figure 3a) is 30-30.5 °C. The water column mixing and shelf circulation (as of Sec-
tion 4.1) contribute to the evolution of this distribution. Ten days into the simulation (at
12:00 a.m., 10 October), the SST over the offshore shelf region decreases to 29.5-29.8 °C,
while, at the coastal regions, the SST still maintains the original values of greater than 30 °C.
Higher current speeds over the offshore area as a result of peak post-frontal wind associated
with cold front no. 2 (Figure 7a) cause more mixings over these areas that entrain the colder
water beneath the water surface to the surface and decrease the SST. A similar pattern and
mechanism are observed on 17 October at 12:00 a.m. (Figure 8b), corresponding to the
peak of post-frontal wind of cold front no. 3 and the general surface shelf current directed
southwestward (Figure 7b). At this time, under the intense circulation and mixing, the SST
drops to 29.2 °C. The shelf SST cooling during the post-frontal phase after cold front no. 4
continues, with SST values of 28.5 °C and 29.2 °C for the offshore and mid-shelf regions,
respectively. At this point, the surface cooling is due to both the shear entrainment across
the water column and the favorable upwelling winds from the southwest (Figure 8c). The
high gradient of the SST over the shelf is the result of the dominant wind-induced surface
current from the southwest that pushes the water toward the inner shelf. After the peak
wind after cold front no. 4 on 27 October, almost the whole shelf reaches SST values less
than 29.5 °C, with values less than 30 °C observed everywhere except on the shelf in front
of the Atchafalaya Bay (Figure 8d). At this time, the offshore SST drops to 28 °C, about
2 degrees less than the initial SST.
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Figure 8. Simulated SST over the Louisiana shelf after different cold front events, (a) 10 October
12:00 a.m., (b) 17 October 12:00 a.m., (c) 22 October 12:00 a.m., (d) 27 October 12:00 a.m.

As mentioned earlier, the main objective of this study is examining the effect of cold
front wind-induced shelf mixing in breaking down the summertime stratification. There-
fore, no solar energy input and no temperature/salinity along the model open boundary
were applied for simplicity and for isolating the major effect of wind stress from other
factors. Furthermore, due to a lack of field data, the climatological profiles have been used
as the initial conditions for temperature and salinity. Therefore, although satellite SST data
are available to be compared with simulated SSTs, since the model setup does not include
all the temperature forcing, a detailed comparison is not possible.

The SST maps prepared based on the OI-SST product (https://www.remss.com/
measurements/sea-surface-temperature / oisst-description/, last access: 28 February 2023)
are presented in Figure 9 at times corresponding to Figure 8. As seen, although the observed
SST is generally consistent with model simulation, there are some discrepancies as well as
anticipated because the model is dependent on climatological initial condition and only
forced by wind.

4.3. Shelf-Wide Cross Sections

Time variations of the simulated water temperature across the water column have
been investigated across the cross sections along and across the Louisiana shelf. Tempera-
ture variations along the shelf have been examined through the longitudinal section AS1
(Figure 1 for location). This section extends from the Mississippi Bird’s Foot Delta on the
east to the offshore of Sabine Bank, TX, on the west. The maximum water depth along
this section is 65 m on the west of the Mississippi delta, and the minimum is 7 m off the
Terrebonne/Timbalier Bay (Figure 10). Water depth on the west of this location shows
a relatively shallow shelf with an approximate depth around 20 m. Water temperature
variation along this section and across the water column shows a continuous temperature
redistribution across the depth, causing more mixing and increasing the mixing depth
along the shelf (Figure 10a—f). At 12:00 a.m. on 1 October, the initial temperature profile
along the shelf is specified based on climatological data (Figure 10a). The initial shelf-wide
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temperature profile shows horizontal contour lines corresponding to a strong stratification
at the beginning of the simulation. As the wind is applied to the model, shelf-wide tem-
perature distribution across the water column changes, and temperature contours become
more inclined and, in some cases, become completely vertical, which is a sign of complete
mixing across the water column. On 10 October, after the first cold front affected the region,
on the western part of the shelf, especially off the Atchafalaya Bay, the horizontal patterns
of the temperature contours are disturbed, and the mixing depth increases from the initial
value of 12 m to 16 m. On the eastern part of the Mississippi Bight, the isotherms slope
toward the delta under the effect of shelf hydrodynamics and mixing forces (Figure 10b).
It should be noted that, over the western shelf, the increase in mixing depth is associated
with an increase in water temperature, resulting from the advection of warm water from
the offshore area at lower depths by the reversed bottom currents. As stated by Allahdadi
et al. [16] for the mixing effect of Hurricane Katrina over the Louisiana shelf, baroclinic
instability, which is related to the horizontal gradient of buoyancy, is one of the important
re-stratification mechanisms after a storm. Furthermore, lateral gradients of water density
itself could cause re-stratification due to gravitational circulation. Both these mechanisms
are partly controlled by horizontal (lateral) advection. The intermittent effect of the cold
fronts causes almost fully mixed regions for the relatively shallow shelves on the east
and west of the shoal off the Barataria Bay, where the water depth is smaller than 30 m
(Figure 10e). Even in the deeper regions of the Mississippi Bight, the 30 m upper water
column is fully or partially mixed. The average water temperature across the section during
the one-month simulation shows a similar trend (Figure 10f). It shows that, over the shallow
shelf on the west of the section, the temperature mixing depth increases from 12 m at the
beginning of the simulation to 15 m on average at the end of the one-month simulation. In
contrast, the deeper shelf on the east of the section, on average, shows a partially mixed
water column for the upper 20 m.
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Figure 9. Satellite OI SST maps over the Louisiana shelf at times corresponding to the different cold
front events in October 2009.
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Figure 10. Distribution of simulated temperature across section AS 1 (see Figure 1 for location) on
(a) 1 October, (b) 10 October, (c) 17 October, (d) 22 October, (e) 27 October, (f) 1-month average. All
snapshots from a) to (e) were taken at 12:00 a.m.

Simulated temperature variations across the water column have also been examined
along the cross-shelf transect CS A (Figure 1 for location). This transect is located between
the Terrebonne/Timbalier and Atchafalaya Bays and extends from the shoreline to a water
depth of 65 m across the shelf. Corresponding to the times for which hydrodynamics
and shelf-wide temperatures were examined (Figures 7, 8 and 10), cross-shelf temperature
variation is also presented (Figure 11). The shelf initial stratification (Figure 11a) shows a
12 m upper mixed layer with the temperature varying from 30 °C at the surface to 22 °C at
60 m depth. Right after the second cold front with southwesterly surface currents, the lower
temperature waters in the deeper parts of the water column are mixed with the warmer
surface water, especially in the deeper parts of the section (Figure 11b). After the passage of
the third cold front (on 17 October), the mixing across the upper 20 m of the water column
increases, and the mixing depth in the offshore region increases up to 18 m with a smaller
temperature than the initial (28.5 °C vs. 30.0 °C). However, during the pre-frontal phase
of the next cold front, the generally northward currents disrupt the mixing produced by
the post cold front’s southward currents; thereby, the temperature distribution across the
cross-section is similar to 10 October (Figure 11d). Shelf mixing reaches its maximum after
the fourth cold front on 22 October, which is associated with northeasterly winds and
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generated southeasterly surface currents (Figure 11e). At this time, the upper water column
up to 20 m depth is mixed for the entire section, with different mixed layer temperatures
at offshore, mid-shelf, and coastal regions. Although the one-month average temperature
across the section does not show a distinct upper mixed layer, as seen on 22 October, it
clearly indicates that the section is in the process of mixing with the temperature isobars
inclined offshore-ward, a sign that colder deep water is on the verge of mixing with surface
water (Figure 11f).

1 1 1 1 1 i 1 1 1 1

20 30 %0 20 ) 40
Cross-shore distance (km) Cross-shore distance (km)

20 30 40
Cross-shore distance (km)

1 1 1 1 1 ' 1 1 A A
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Cross-shore distance (km) Cross-shore distance (km)

Figure 11. Distribution of simulated temperature across transect A (Figure 1 for location) (a) 1 October,
(b) 10 October, (c) 17 October, (d) 22 October, (e) 27 October, (f) 1-month average.

5. Quantifying Shelf Mixing

In the previous section, the effect of cold front winds on the continuous mixing of the
Louisiana shelf was demonstrated qualitatively by examining simulated SST and water
column temperature for along-shelf and cross-shelf sections. The gradient Richardson
number and buoyancy frequency are used to quantify the shelf mixing or stratification. The
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Richardson number is calculated as the ratio of buoyancy forces to the shear forces across
the water column [30]:

NZ
Ri: 5 2 502 (1)
(&) + @)
2_ 89
N = - @)

In the above equations, u and v are horizontal velocity components. Variations of
current components in the vertical (z) direction cause vertical mixing. p is water density
calculated using water temperature and salinity, ¢ is the acceleration of gravity (m/s?), and
N2 is buoyancy (Brunt-Viisild) frequency. The strength of stratification at each depth is
indicated by the Richardson number. A Richardson number larger than 1 corresponds to
the dominancy of buoyancy forces over shear forces. Hence stratification is stable, and the
water column is considered stratified. When the Richardson number is smaller than 0.25,
shear and turbulence forces dominate, thereby making the water column unstable, and the
water column is mixed [30-32].

P1 and P2 stations on the shelf were selected for quantifying their mixing/stratification
properties during the one-month simulation period (Figure 1 for locations). Station P1
corresponds to the same location as WAVCIS station CSI-6 located off Terrebonne / Timbalier
Bay, where the water depth is 20 m. Station P2 is located northeast of station P1, off the
Barataria Bay within the Mississippi Bight, with a water depth of ~30 m. Time series of
the simulated SST and water temperature across water depth are shown in Figure 12. At
both stations, SST continuously decreases during October 2009 due to mixing between
the warmer surface water and the colder deep water. It should be noted that here the
whole SST reduction is attributed to the wind-induced mixing since no surface heat flux or
buoyancy flux were included in this numerical experiment. In Station P1, the SST decreases
from the initial value of 31 °C to 29.8 °C, while, at station P2, a smaller value of SST
(28.7 °C) results at the end of the simulation. This could be due to the larger depth of
station P2 that facilitates mixing colder deep water with the surface warm water at this
station. Time series of water temperature across water depth at each station (Figure 12
lower panels) show the time evolution of mixing at these locations. The initially warmer
(30.7 °C) upper stratified layer at station P1 (Figure 12, lower left panel) evolves to an almost
mixed water column after 10 October with a lower temperature (30.2 °C). Depending on
the time of cold air outbreaks, intermittent fully mixed water columns are observed. At
the end of the simulation on 31 October, the water column is again fully mixed with the
lowest temperature during the simulation (29.7 °C). The upper layer stratification at station
P2 is more persistent than that of station P1, and it takes until 20 October for this layer to
fully disappear due to mixing. This is due to the more active hydrodynamics at station
P1, which is further offshore relative to station P2 (Figure 7) and thereby is exposed to
larger mixing forces. Furthermore, the smaller water depth at station P1 can result in larger
current speeds. The initial 5 m mixing depth at station P2 increases to 15 m at the end of
October when the mixed layer temperature is 29 °C.

SST and water temperature at both P1 and P2 show a consistent decrease with increases
in the mixing depth. Time series of the buoyancy frequency and Richardson number at both
stations (Equations (1) and (2)) show similar consistent increases in mixing (Figure 13). Both
quantities were calculated at the stations’” mid-depth. Selecting the mid-depth is due to the
specific structure of horizontal current across the water depth over the inner Louisiana shelf.
Several studies have shown that in this region during different conditions, including cold
front, fair-weather conditions and hurricanes, the cross-shelf current follows a two-layer
baroclinic system with different and sometimes opposite current directions ([28,29,33]).
The change of current direction takes place approximately in the vicinity of the mid-depth;
hence the maximum current-induced shear can be observed at the mid-depth. Therefore,
the u and v components of current, along with simulated temperature and salinity at
the surface and mid-depth, were used in calculations. The general declining trend of the
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buoyancy frequency at both stations indicates the weakening of stratification strength
through time. The buoyancy frequency decreases to a smaller value at P1 compared with
that of P2 (0.01 and 0.03/s, respectively), which is consistent with the more mixed water
column at station P1, as illustrated in Figure 12.
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Figure 12. Variations of SST and water temperature across the water column during one-month
simulation in October 2009 for: (left panels) station P1 and (right panel) station P2. Location of
stations is based on Figure 1.

The calculated mid-depth Richardson numbers also have a declining trend at both
stations (Figure 13, lower panels). At the beginning of the simulation and before the
intense cold front winds produce relatively large current speeds over the shelf, the very
stable stratification at both stations result in very large Richardson numbers (>30-45). The
cold-front-event-associated winds produce the shelf currents, contributing to substantial
mixings, as indicated by a significant decrease in the Richardson number. At station P1, the
Richardson number decreases from about one after the second cold front on 10 October
to less than 0.25 (fully mixed water column) on 20 October, before the fourth cold front.
Another fully mixed case is observed after the fourth cold front on 27 October. During
the pre-frontal time (southeasterly to southwesterly winds) that are dominant between the
cold front events, the Richardson number increases to large numbers (strong stratification).
However, the general trend of the Richardson number for the whole simulation month
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(the dashed red line) is to decrease. The decreasing trend of the Richardson number and
episodic decreases during and after cold front events is similar at station P2. However,
much higher Richardson numbers show a more stable stratification at station P2.
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Figure 13. Variations of buoyancy frequency and the Richardson number across the water column dur-
ing one-month simulation during October 2009 for: (left panels) station P1 and (right panel) station
P2. The red dash line shows the trend of the Richardson number variations during the simulation.

The intensity and duration of the fronts as well as the pre-storm stratification condition
contribute to recovering time after each storm. Time series of the shelf mixing/stratification,
Richardson number and buoyancy frequency (Figures 12 and 13) can be good manifes-
tations of these effects. Based on these figures and noting that the peak of cold fronts
no. 2-5 occurs on 10, 17, 22, and 27 October, respectively, we see that the water column
at both P1 and P2 experiences more intense mixings associated with smaller Richardson
numbers and buoyancy frequencies compared with the times before the cold fronts. It is
also seen that right after cold fronts no. 4 and 5 (after 22 and 27 October) the water column
became fully mixed at P1 and more mixed at P2 compared with other events. This more
intense mixing after cold fronts no. 4 and 5 could likely be due to the shorter recovering time b,
especially the effect of recovering time between each of these and the previous cold front event
(7 days between no. 2 and no. 3, 5 days between no. 3 and 5, and 5 days between no. 4 and 5).

To further investigate the mixing and stratification state at P1 and P2, the average
potential energy demand (APED) across the water column (the energy required per hori-
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zontal area for a complete vertical mixing) was calculated at each location [34,35] based on
the simulated temperature and salinity across the water column:

¢= (p—p)gzdz ©)

= =
|
3‘\0\:

In this equation, h is the total static water depth, ¢ is water level above the static
depth, p is the average water density across the water column, p is water density at each
specific depth, g is gravitational acceleration (9.81 m?/s), and z is the vertical coordinate.
The temporal variations of this parameter provide the information about the overall water
column stratification through time [34,35]. Calculated time series of APED at stations P1
and P2 are compared in Figure 14. At both stations the time variation shows a decreasing
trend demonstrating that, under the effect of several consecutive cold fronts, water columns
at both stations are becoming more and more mixed, although, due to the smaller water
depth and likely more active hydrodynamics, APED at P1 is much smaller and at times
is close to zero, which demonstrates a fully mixed water column, as shown in Figure 12.
At P1, APED at the beginning of simulation (1 October) was 80 Kg/m.s? and decreased to
5kg/ m.s? at the end of simulation (31 October), while at P2 the start and end values were
370 and 100, respectively, showing a more stable stratification across the water column at
this station. The occasional increase in APED may have corresponded to the changes in
wind direction and magnitude.
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Figure 14. Time variations of calculated APED at locations P1 and P2.

We did not analyze the direct effect of the cold front strength and/or duration of the
previous cold front events on the duration of the mixing effect of the next cold front since
this would require more numerical experiences and sensitivity analysis by changing the
intensity of the cold fronts to different values and examining the results, which was not in
the scope of this study. However, what can be implied from Figures 12 and 13 is that the
pre-storm state of shelf stratification can be crucial for the amount of mixing caused by the
next events.

6. Conclusions

A numerical experiment was implemented to examine the mixing effect of a series of
cold front events on water column stratification over the Louisiana continental shelf during
October 2009. The experiment only included wind as the model forcing, and no solar
radiation was used. The model hydrodynamics was verified using the measured de-tided
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currents at the WAVIS stations CSI-6 and CSI-9. Climatological profiles of temperature and
salinity as the only available data were used to introduce the model’s initial stratification.
This is reasonable because the main purpose was examining the stratification breakdown by
the onset of strong cold fronts in the fall season. Model hydrodynamics showed relatively
large surface currents (up to 0.3 m/s) after the passage of the cold fronts. The surface
current followed the wind. The consecutive cold events caused a continuous decrease
in SST, with the largest drop of SST over the Mississippi Bight and the deep shelf on the
southwest of the Bird’s Foot Delta. Vertical profiles of temperature both along and across
shelf cross-sections showed that, during and right after the cold front events, the water
column started to mix, and the mixing depth over the shelf increased to 15-20 m depending
on the location and the intensity of the storm. The mixing process significantly decreased
before the next frontal passage. The stratification and mixing process were quantified at two
locations over the shelf by calculating the mid-depth Richardson number and buoyancy
frequency. The variation trends for both parameters at the two stations were decreasing,
meaning the stratification was weakening, while their SST decreased between 1 °C and
1.5 °C during the simulation time due to the shelf mixing process. It was shown that
the minimum values for both parameters occurred after the cold front event or before
the next frontal passage. Two fully mixed water column events were observed for the
station off Terrebonne/Timbalier Bay (water depth of 20 m), with the Richardson number
being smaller than 0.25 and even close to zero. For the other station with a water depth of
30 located in the Mississippi Bight, the Richardson number was decreasing from the very
stable stratification of 45 at the beginning of the simulation to less than 5 at the end of the
one-month simulation. In addition to the Richardson number and buoyancy frequency, the
average potential energy demand (APED) was calculated as a quantity across the water
column at each station showing the amount of energy per unit area across the water column
needed for a full water column mixing. This parameter also showed a trend of significant
decreasing under the impact of repeated cold fronts. At P1 with a smaller water depth and
more active hydrodynamics, the APED varied between 80 kg/m.s? at the start of simulation
and 5 kg/m.s? at the end, respectively, with occasional zero values, while much larger
energies were required to make a fully mixed water column at P2 (370 kg/m.s? at the start
and 100 kg/ m.s? at the end of simulation).

The results of this numerical experiment clearly showed the mixing effect of the winds
associated with consecutive cold front events over the Louisiana shelf in destroying the
strong stratification established in the summer over the Louisiana shelf. These winds, usu-
ally starting in mid-September, along with the decrease in solar radiation, can significantly
mix the water column over the shelf and modulate the biogeochemical processes, including
oxygen dynamics. It should be noted that cold fronts, as specified by their naming, are
associated with cold air outbreak over the region and intense decrease in air temperature.
This causes an increase in the heat loss at the water surface and decreases in the SST, which
is a step toward a more mixed water column. Low heat loss at the surface can actually
cause a strong stratification over the Louisiana shelf, as reported by Allahdadi and Li [36].

Although these northeasterly to northwesterly winds occur annually between Septem-
ber and May, the changes in their characteristics, including speed, direction, duration, and
the occurrence interval imposed by different local and global atmospheric changes, can
change the characteristics of mixing and the associated processes over the Louisiana shelf.
Therefore, the effect of El Nino, La Nina, and climate change on these events and their
implication for shelf mixing deserve to be investigated.
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Appendix A

In the present study, simulations of current and salt/heat transport were done us-
ing FVCOM, which is a prognostic, unstructured-grid, finite-volume, free-surface, three-
dimensional (3-D) primitive equation ocean model. The model was developed by [25]. The
main equations solved by the model include the momentum balance, continuity, energy
conservation (for solving temperature), and mass conservation (for solving salinity):

a—u—i-ua—u—i-va—u—i-wa—u— v——la—P—i—2 ou +F (A1)
ot ox 9y 0z © podx 0z \ "oz !
Jv 0v 0v 0v 10P 0 0v
JP
5 =g (A3)
ou Jdv oJw
e + @ + Frie 0 (A4)
aT aT aT aT d oT
0S dS S aS d d0S
p=p(T,S) (A7)

In the above equations, parameters are defined as follows:

x,Yy, and z: east-west, north-south, and vertical Cartesian coordinate axes respectively
u: current velocity component in x-direction

v: current velocity component in y-direction

w: current velocity component in z-direction

t: time, f: Coriolis parameter, P: pressure, g: acceleration of gravity

o : water density, t: temperature, S : salinity

Ky vertical eddy viscosity coefficient

K},: thermal vertical eddy diffusion coefficient

F,, F,, Fr, and F;: horizontal momentum, thermal, and salt diffusion terms
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