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Abstract: Studying mixing and re-stratification during and after hurricanes have important impli-
cations for the simulation of circulation and bio-geochemical processes in oceanic and shelf waters.
Numerical experiments using FVCOM on an unstructured computational mesh were implemented
to study the direct effect of hurricane winds on the mixing and temperature redistribution of the
stratified Louisiana shelf during Hurricane Katrina (2005), as well as the post-storm re-stratification
timescale. The model was forced by Katrina’s wind stress obtained from a combination of H-Wind
database and NCEP model. The climatological profiles of temperature and salinity for August (the
month in which Katrina occurred) from the world ocean atlas (WOA, 2013) were used as the pre-storm
conditions over the shelf. Model results for sea surface temperature (SST) and mixed layer depth
(MLD) were validated versus SST data from an optimally interpolated satellite product, and the MLD
was calculated from the heat budget equation of the mixed layer. Model results were used to examine
the temporal and spatial responses of SST and MLD over the shelf to Katrina. Results showed that
intense mixing occurred within 1-1.1 RMW (RMW is the radius of maximum wind for Katrina), with
turbulent mixing as the dominant mixing force for regions far from the eye, although upwelling
was an important contributor to modulating SST and MLD. During the peak of Katrina and for the
shelf regions severely affected by the hurricane wind, three distinct temperature zones were formed
across the water column: an upper mixed layer, a transition zone, and a lower upwelling zone. Shelf
re-stratification started from 3 h to more than two weeks after the landfall, depending on the distance
from the track. The mixing during Hurricane Katrina affected the seasonal summertime hypoxic
zone over the Louisiana shelf and likely contributed to the water column re-oxygenation.

Keywords: Hurricane Katrina; temperature mixing; mixed layer; temperature stratification; turbulent
mixing

1. Introduction

Tropical storms, including hurricanes, can cause ocean surface cooling, turbulent
mixing, and inertial motions, as addressed in many studies in the last few decades. Field
and satellite observations, as well as numerical models, have been extensively used to study
the oceanic response and the mixing induced by tropical storms (e.g., [1-8]). Heat loss
to the storm, entrainment by turbulent mixing, and advection all contribute to the mixed
layer heat budget [4]. Entrainment by turbulent mixing is the primary mechanism of the
deepening of the mixed layer [3,4]. Within the radius of the maximum wind (RMW), the
surface divergence caused by the cyclonic wind and the Ekman effect enhance upwelling
and reduce the mixed layer depth (MLD). For most tropical cyclones, rightward bias causes
the maximum MLD deepening and surface cooling to occur just beyond the radius of
maximum wind on the right side of the track [3,9]. However, at any given time, the MLD
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decreases as the radial distance increases from 1 RMW, where surface convergence produces
downwelling [10].

In coastal and inner-shelf waters, even though the responses have some similarity to
those in the deep water, bottom topography and coastal boundary can further modulate the
SST and MLD responses [11]. Near-inertial oscillations in the post-storm stage are mostly
present in water depths larger than 70 m [11]. Over the shelf regions with water depth ~50 m
or less, oscillations are significantly damped as a result of bottom friction [12]. Temperature
and salinity variations in shallow water during hurricanes have been less studied, and
yet they are important variables characterizing stratification. Several studies examined
SST variations, and other shelf responses to hurricanes (e.g., [13-15]). Spekhart [14] (https:
/ /libres.uncg.edu/ir/uncw/f/speckhartb2004-1.pdf, accessed on 28 June 2022) used field
measurements of wind, current, temperature, and salinity to study the response of Onslow
Bay, NC, to three consecutive hurricanes, namely Dennis, Floyd, and Irene, within a two-
month period in the fall of 1999. Analysis showed that strong inertial oscillations associated
with the hurricanes in deep waters were significantly damped in shallow water. The strong
shear induced by Hurricane Dennis, lasting an extended amount of time, caused the sea
surface temperature to drop by about 3 degrees, producing a completely mixed water
column. Consequently, the water appeared as barotropic during the time while Dennis was
translating along the coast, even at water deeper than 70 m. Modeling studies of mixing
induced by hurricanes over shallow and estuarine waters are scant [12,16]. Li et al. [16]
applied a high-resolution ocean model ROMS coupled with the atmospheric model MMS5 to
simulate the temporal and spatial response of temperature and salinity in the Chesapeake
Bay to Hurricane Isabel, which made its landfall southeast of the Bay in September 2003.
Results showed that the pre-storm strong salinity stratification was completely destroyed,
due to the hurricane-induced current shear and vertical turbulence. Hence, a complete
mixing was dominant along the axis of the Bay, even at water depths as large as 25 m. The
simulated temperature and salinity across the water column showed that the fully mixed
state lasted for several hours after the peak of the hurricane. The stratification started to
rebound several hours after the hurricane (reaching a significant stratification after one
day), due to a large density gradient within the estuary.

The understanding of the detailed behavior of the temperature and salinity response of
the shelf/estuarine waters to a hurricane still needs a significant amount of effort, especially
the mixing pattern and the re-stratification timescale after the hurricane. Understanding
water column mixing and post-storm stratification over the oceanic and shelf waters has
several important implications in studying and simulating the circulation and dynamics
of biogeochemical parameters. From a circulation viewpoint, a mixed water column can
inhibit the wind or tide energy with the mixed layer amplifying surface currents that also
affect the circulation pattern at other depths across the water column, while a pre-mixed
water column can cause a very different circulation pattern, compared to a pre-stratified
one [17,18]. Mixing the water column can substantially contribute to the transport of
biogeochemical substances from the water surface to the euphoric zone and vice versa [19].
One significant impact is redistributing the dissolved oxygen across the water column.
This could cause re-oxygenation of depth waters in the regions with a low concentration
of dissolved oxygen. This re-aeration is especially important for the Louisiana shelf in
the northern Gulf of Mexico, which inhibits the world’s second-largest seasonal hypoxic
zone [20,21]. Observations showed that passing a hurricane in the hypoxic times during the
summertime can significantly re-oxygenate the hypoxic shelf waters in a span of days to
weeks [20]. Mixing deep, cold, nutrient-rich waters with warmer surface waters as a result
of both turbulent mixing and upwelling can substantially enhance biological activities
across the water column, including phytoplankton blooms that are essential components of
biogeochemical processes in the ocean that affect the oceanic food web [19,22]. Compared
to a region with a mixed water column, a stratified shelf/oceanic region with high heat
content can significantly enhance the hurricanes and upgrade their intensity, since the upper


https://libres.uncg.edu/ir/uncw/f/speckhartb2004-1.pdf
https://libres.uncg.edu/ir/uncw/f/speckhartb2004-1.pdf

J. Mar. Sci. Eng. 2022, 10, 1082

3 0f24

ocean actively interacts with hurricanes and provides the heat energy for the formation
and intensifies them [2,3].

Among all the physical aspects of mixing induced by a hurricane, the direct contri-
bution of hurricane wind and entrainment by turbulence in the process are of particular
interest. Therefore, the 3D dynamics of the response within an appropriate timescale need
to be fully investigated. The present study attempts to provide such a high-resolution
model by simulating the response of the stratified Louisiana shelf to Hurricane Katrina.
The major focus of this modeling study is understanding the direct role of entrainment
by turbulent mixing on SST cooling and deepening of the mixed layer. High spatial and
temporal resolution results for water temperature across the water column and over the
modeling area are used to examine shelf response to the turbulent mixing entrainment
caused by Katrina. The examined results include maps of SST and bottom temperature at
different times during and after Katrina, the timeseries of water temperature across the
depth at different locations, shelf-wide water temperature, and cross-shelf water tempera-
ture at different transects. These outputs were used to deduce the patterns of shelf mixing
and re-stratification during and after passing the hurricane. To our knowledge, this study
provides new results and enhances the understanding of mechanisms of shelf mixing and
re-stratification during and after a hurricane. Although a fully baroclinic model, including
both heat and salt equations, has been used, the focus of this study is to study the response
of water temperature to the hurricane, and the model verification has only been done using
the temperature data. Hence, only the results for temperature response at the surface and
across the water column are presented.

2. Study Area/Hurricane Katrina

The study area of this paper is the Louisiana continental shelf in the northern Gulf of
Mexico (Figure 1). The response of this relatively shallow shelf to hurricanes can be affected
by bathymetry and coastal geometry. Weak wind stress and low energy waves in the sum-
mer (Mid-June to Mid-September), along with intense solar insulation, produce a stratified
layer over the shelf during this season [23,24]. This stratified layer that can significantly
contribute to the bottom water hypoxia [25] may be broken down by the occasional passes
of tropical storms/hurricanes formed and passing over the shelf, mostly from August to
October [26]. Hurricane Katrina was one of the most disastrous hurricanes in U.S. history
with respect to its damages and impacted both the east and west of the Mississippi birds
foot delta. Hurricanes Andrew (1992), Ivan (2004), Gustave (2009), and Ike (2009) are other
examples of devastating hurricanes that caused substantial damage and fatalities in the
northern Gulf of Mexico and Louisiana shelf. Starting as a tropical depression over the
Bahamas on 23 August 2005 [27], Katrina reached a category 5 Hurricane on 28 August
after passing over the warm waters associated with the Loop Current [28]. The hurricane
degraded to some extent as it approached the Louisiana shelf. In the early morning (UTC)
on 29 August, as a category 3 hurricane, it made its first landfall between the Grand Isle,
LA, and the Mississippi River mouth. Figure 1 shows the track of Hurricane Katrina as it
traveled in the northern Gulf of Mexico.
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Figure 1. Geographical extents of the Louisiana shelf in the Gulf of Mexico and track of Hurri-
cane Katrina at different dates and times. The horizontal red line and dashed vertical blue lines,
respectively, show the location and extent of Section 1 and transect A and B used for representing
simulated shelf temperature across the water column, AB: Atchafalaya Bay, TB: Terrebonne Bay, and
BB: Barataria Bay.

3. Material and Methods
3.1. Numerical Model

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 (3D) primitive equation (Navier-Stokes equations along with a nonlinear
equation of state, which couples temperature and salinity to the fluid velocity) ocean
model [29]. The main equations solved by the model include the momentum balance, con-
tinuity, energy conservation (for solving temperature), and mass conservation (for solving
salinity). The formulation assumes a hydrostatic pressure balance in the water column.
The momentum equation used the Boussinesq approximation to deal with the density
variations. This is a reasonable assumption for most oceanic, coastal, and estuarine waters.
To close the system of equations for horizontal momentum, thermal and salt diffusion terms,
vertical eddy viscosity coefficient, and thermal vertical eddy diffusion coefficient should be
provided or calculated. Horizontal diffusive terms are obtained based on the Smagorinsky
turbulent closure scheme for horizontal mixing. The vertical eddy viscosity and diffusivity
parameters are estimated using the Mellor-Yamada level 2.5 turbulence closures. The
closure includes two differential equations that solve g and I (0.5 g2 is the turbulent kinetic
energy, and [ is the turbulent macro scale) that are used for the calculation of vertical eddy
viscosity and diffusivity. The closure differential equation is similar to the basic Navier—
Stokes equations and includes local, adjective, and diffusive terms, as well as source terms
(please see [29] for more details on the equations). The equations for K, (vertical eddy
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viscosity for momentum) and K, (vertical eddy diffusivity for temperature and salinity)
are:
K = 1qSm, Ky, =145y 1

Parameter S;; and Sy, are functions of g, /, and the gradient Richardson number at each
depth.

Due to the existence of internal waves before the beginning of simulation, a back-
ground eddy viscosity (Kj) is added to K;;. In this paper K}, was used as one of the tuning
parameters. The other parameter is the constant for calculating turbulent energy dissi-
pation (B1). The following relationship controls the rate of kinetic energy dissipation in
Mellor-Yamada closure:

e =g/ (Bil) @)

Here, ¢ is the rate of kinetic energy dissipation and B; is a coefficient with a value
between 4 and 25.

3.2. Model Setup

The response to Katrina over the Louisiana shelf was simulated using a modeling
area with a circular open boundary. The area extends from Mobile, Alabama, to the Sabine
Bank, Texas, and comprises the inner Louisiana shelf, its shallow regions, and deep outer-
shelf waters (Figure 2a). FVCOM uses a finite volume numerical scheme for solving the
governing equations. Hence, an unstructured computational mesh based on triangular
elements, which was refined over the shelf, is used (Figure 2b). The mesh and the associated
bathymetry were generated in SMS software. The depth data from National Geophysical
Data Center (NGDC, https:/ /www.ngdc.noaa.gov, accessed on 1 December 2021) were
imported to SMS and were interpolated to the mesh grid points to make the final model
bathymetry. Mesh resolution varies from 10 km along the offshore boundary to about 500 m
over the inner shelf. In the vertical direction, 25 sigma layers with higher resolutions at the
surface and bottom are considered.
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Figure 2. (a) Modeling area and bathymetry, (b) computational mesh.

Katrina’s wind field was generated by combining the H-WIND database (https://
www.rms.com/event-response/hwind, accessed on 28 June 2022) and NCEP reanalysis
(https://psl.noaa.gov/data/gridded /data.ncep.html, accessed on 28 June 2022) wind
fields. This approach resulted in a high-resolution wind field (spatial resolution of 6 km)
that benefits from the high quality and high resolution of H-WIND for the hurricane region
and a reliable background wind field for remote regions from the eye of the hurricane
provided by NCEP. Compared with observed wind speeds at several National Data Buoy
Center (NDBC) and Wave-Current-Surge Information System (WAVCIS) stations, including
42040, BURL1, CSI6, and CSI-5, all located on the western or eastern Louisiana shelf,
correlation coefficients (R?) as high as 0.92 and root mean square errors (RMSE) as low as
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1.0 m/s were obtained [24,30]. Examples of the resulting wind field for 29 August 2005
before and during the first Katrina’s landfall are shown in Figure 3.

Figure 3. Generated Katrina’s wind field over the Louisiana shelf on 29 August 2005 at 6:00 and
9:00 UTC.

Since the main objective of the present work is to examine the shelf response and mix-
ing characteristics induced by Hurricane Katrina’s wind without any other external forces,
no out-shelf boundary condition (and no tide) was prescribed along the open boundary. In
order to avoid instabilities caused by the reflected waves from the boundary, the explicit
Orlanski radiation (ORE) was used as the boundary condition, along with the appropriate
numbers of sponge layers. Further details about the model setup and verification versus
field data can be found in Allahdadi and Li [24]. The heat exchange between the hurricane
and the water surface was not included because the major contribution to mixed layer
deepening is turbulent entrainment [4,10]. Furthermore, studying the direct effect of wind
on the SST and MLD over the shelf was the primary goal of this study. The pre-storm
oceanic heat and salt content are prescribed by initial vertical temperature and salinity
profiles. Selecting appropriate distributions for these profiles is crucial for a high-accuracy
simulation of the response of the water column to the hurricane since it defines the gradi-
ents across the thermocline that affects the deepening rate of the mixed layer [10]. However,
data over the Louisiana inner and outer shelves are scarce just before Katrina. Hence, the
climatological profiles of temperature and salinity from the World Ocean Atlas (WOA)
database for August (the month in which Katrina occurred) were selected as the initial
condition (http://www.nodc.noaa.gov/access/allproducts.html, accessed on 1 Decem-
ber 2021). Temperature profiles of WOA for eight points over the Louisiana shelf have
been shown in Figure 4. The profiles show average conditions in August for each station
that can be altered by intense mixing forces caused by severe storms, such as hurricanes.
The mixed water column will be restored to its non-disturbed condition after the mixing
force was removed, likely due to the pressure gradient balance. Climatological profiles
have successfully been used to study upper ocean response to tropical storms (e.g., [6,31]).
Since the objective is to study the destruction and resumption of stratification because of
hurricane-induced mixing, this approach is reasonable because hurricane’s alteration to the

vertical hydrography is significantly greater than the relatively small variations of normal
conditions from the climatological mean.
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Figure 4. (a) Locations of extracted temperature and salinity profiles from the WOA database over
the Louisiana shelf, (b) the corresponding temperature profiles for points P1-P8.

3.3. Model Verification

Although the aim of the present study is not to provide a fully realistic hurricane-
induced mixing by including all forces, it would be helpful to validate model results with
some observations to make sure that the model correctly simulates wind-induced mixing.
This can be a reasonable approach since, based on several studies, up to 90% of the mixed-
layer heat budget corresponds to the entrainment caused by vertical mixing (in this case
by hurricane winds). Water temperature/salinity profiles are controlled by the vertical
turbulent mixing, which is resolved using the Mellor-Yamada level 2.5 turbulent closure.
Two associated parameters, including the background vertical eddy viscosity (K;) and
energy dissipation coefficient (B1), can be used to tune the vertical turbulent flux in the
model. The model’s simulated SST and MLD need to be verified, since they will be used for
further analysis. Regarding the scarcity of temperature field data, especially temperature
vertical profiles during Hurricane Katrina, satellite data of SST can be used for model
verification. Satellite sensors, such as MODIS, provide a relatively high spatial resolution
(1 km) images of SST with daily time resolution. However, the extensive cloud coverage
during Katrina’s impact on the Louisiana shelf contaminated satellite measurements of SST
from MODIS and AVHRR, as the measurements are based on infrared and near-infrared
wavelength bands. These wavelengths are absorbed by atmospheric water vapor. Since
water vapor is transparent to microwave band, SST derived from microwave band can be
used for hurricane period. The microwave optimally interpolated (MW-OI) SST is reliable
for model evaluation [6,31]. Data are accessible from the remote sensing systems (www.
remss.com, accessed on 28 June 2022). A more recent product combines the measurement
by microwave band and the infrared measurement to provide high-resolution (9 km) SST
maps for both inner-shelf and outer-shelf regions. SST data from MW-OI are available daily
at about 12:00 UTC. It should be noted that the cloudiness itself has an important influence
on the origin of tropical storms [32,33], but in this case, it contaminates the measurement of
sea surface temperature through traditional infrared /near-infrared channels.

Several sets of background vertical eddy viscosity (Kp) and energy dissipation coef-
ficient (B1) were considered to obtain the best match with SST data. Values for K;, were
between 0.000001 and 0.01, while B values ranged from 4 to 25. A comparison of simulated
SST with that from MW-OI data for several days before and after Katrina’s landfall showed
that the case with Kj, = 0.00001 and B; = 8 resulted in the best match. Figure 5 shows an
example of the comparison between MW-Ol-derived temperatures and the model simula-
tion results for the best match case for 30 August 2005 at 12:00 UTC, several hours after the
landfall, as it is seen. Model and satellite measurements show smaller SST on the right side
of the track and higher values on the left. The minimum SST from both data and model is
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25-25.5 °C. In both figures, the effect of shelf-break on separating high and low SST regions
in the inner and outer-shelf is clear (the yellow color corresponding to SST of 28°C). The
higher simulated SSTs in the coastal and the remote regions on the left side of the track
could be due to using the climatological temperature/salinity profiles instead of the real
pre-storm profiles, which were, unfortunately, unavailable due to lack of observations.
Since the simulated SSTs are consistent with satellite data, mainly in the vicinity of the
track, we are using them to analyze and further investigate the shelf temperature response
to Katrina.
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Figure 5. Comparison of simulated SST under the best match simulation scenario and the observed
SST from MW-OI product for 30 August 2005 at 12:00 UTC. The solid black line shows the track
of Katrina.

With a lack of field measurements over the Louisiana shelf during Hurricane Katrina,
the MLD values were calculated using the MW-OI-derived SST data based on an approach
suggested by Pan and Sun [31]. They assumed that the turbulence entrainment at the
base of the mixed layer accounts for most of the mixed layer heat budget and the effect of
advection and surface heat flux is minor [1,4,5]. A relationship for estimating MLD is thus
used [31]:

0
T-— %/_D Ty (z)dz 3)

in which T is the current mixed layer temperature, which is the same as the satellite-derived
SST at the time of interest (e.g., a time after the hurricane passed), D is mixed layer depth,
and Ty (z) is the pre-storm temperature at depth z. Equation (3) was used for finding the
mixed layer depth (MLD or D) by using the temperature profiles presented in Section 3.2
as Ty (z). With this approach, the MLD is roughly inversely proportional to the logarithm
of SST (Figure 6). This relationship was applied to the MW-Ol-derived SST data, producing
the MLD maps for different days during Hurricane Katrina. Figure 7 show an example
of the calculated MLD over the shelf in comparison to the simulated MLD using the best
match parameters for 30 August 2005 at 12:00 UTC. As expected, the maximum MLD
values are along the hurricane’s track, with a bias on the right-hand side, and as seen, there
is a good agreement between the model and calculations in representing the maximum
mixing zone. Both show a maximum mixing depth of 70-80 m on the right side of the track.
However, it should be noted that the MLD values within the upwelling area (about 1 RMW
from the hurricane’s track) should be used with caution [31]. The discrepancies between
MLDs from the model and calculations using Equation (3) can partly be attributed to the
differences between the climatological temperature profiles (used as the initial condition)
with the actual profile. It also should be noted that this approach for calculating the MLD
from SST data only works for regions affected by the intense hurricane winds over which
the hurricane wind is the main mixing force [6]. Therefore, the mixing depths in the remote
areas by the hurricane track are not applicable, nor of interest here.
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Figure 7. (Left) Calculated MLD based on Equation (3) and MW-OI SST data on 30 August 2005 at
12:00 UTC, and (right) the simulated MLD for the same time and date.

4. Model Results

The numerical model experiments were done using the turbulence parameters ob-
tained in 3.3. The model runs included about ten pre-storm days and ten days after the
hurricane landed (a total of 20 days). This section discusses the distributions of temperature
affected by the hurricane.

4.1. Sea Surface and Bottom Temperature from the Simulations

Figure 8 shows the calculated cooling induced by Hurricane Katrina over the inner
and outer shelves at different times based on simulation results. The time origin for these
in Figure 8 and also Figure 9 is the landfall time over the birds foot delta (landfall time
is zero). Hence, all times before the landfall are negative and times after the landfall are
positive. About 4 h before landfall over the birds foot delta (hour —4), the eye was located
almost 80 km southwest of the birds foot delta (Figure 8a); the category four hurricane
produced substantial amounts of cooling over the outer shelf. Surface cooling as large
as 6 °C occurred along the track, with significantly larger cooling areas on the right side
of the track. At the edge of the shelf break off the Barataria Bay and the Terrebonne Bay,
the cooling was 3 °C and 2 °C, respectively. The surface cooling decreased landward and
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stopped at the mouth of the Terrebonne and the Atchafalaya Bay. Two hours later, when the
eye was 25 km southwest of the Southwest Pass (Figure 8b), the maximum surface cooling
was 1 °C. The distribution of surface cooling over the inner-shelf was similar. At landfall,
the inner-shelf area on both sides of the track experienced surface cooling of 2-2.5 °C,
while at the mouth of Barataria Bay and off the Terrebonne Bay, there was abouta 1 °C
warming (Figure 8c). The near-bottom water cooling along the lowest sigma level is shown
in Figure 9. Over the inner shelf, the lowest sigma level represents the bottom water, while
over the deep waters, the associated depths were generally larger than 100 m. At hour
—4, the bottom water at the edge of shelf-break off the Barataria Bay had a warming of
about 0.5-1 °C. There was bottom warming for the shelf-break area off the Terrebonne
Bay of 1-1.5 °C. The bottom warming over this area was likely due to less surface mixing
and a lower rate of warm surface water entrainment down the water column. Over the
inner-shelf on the left of the track, the bottom water temperature was almost unchanged,
while on the right side of the track, the decrease in bottom water temperate was 1 to 2 °C,
apparently due to the hurricane-induced upwelling. Two hours later, when the eye was
almost over the shelf break at the west of the birds foot delta, there was a warming over
the shelf break off the Barataria Bay of about 1-2 °C. The bottom temperature over the
inner shelf on the left side of the track was still unchanged. At landfall, for the next two
hours, the birds foot delta area experienced the maximum warming of 1 °C over the shelf
off the Terrebonne and Atchafalaya Bays, most likely due to the downwelling caused by
the northwesterly /westerly hurricane winds over these areas.
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Figure 8. Simulated sea surface temperature cooling at (a) —4 h, (b) —2 h, (c) 0 h, and (d) +2 h, the
solid line shows Katrina’s track, and red dots indicate the locations of its eye. AB: Atchafalaya Bay,
TB: Terrebonne Bay, and BB: Barataria Bay.
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Figure 9. Simulated bottom temperature cooling at (a) —4 h, (b) —2h, (c) 0 h, and (d) +2 h.

4.2. Time Series of Water Temperature

To further evaluate the evolution of the hurricane-induced temperature mixing across
the water column over the Louisiana shelf, the time series of vertical water temperature
variations are examined at several points on both sides of the hurricane’s track (Figure 10).
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Figure 10. Locations of points over the Louisiana shelf selected for studying temperature time series.

For each point, the temperature variations were investigated for 50 h before and 50 h
after the time that the hurricane’s eye was right at the west of the Southwest Pass (hereafter
called CP time). Hence, positive time is after the eye passed this location, while negative
time is before the eye was at these locations. The timeseries” are examined in all locations,
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but for the sake of brevity, only the details at P3, P4, P5, and P5 that are on the left and
the right side of Katrina’s track (almost within 1 RMW) are presented (Figure 11) For each
station, the upper panel timeseries show SST, while the colored contours show the vertical
variations of water temperature with time). Stations P1 and P2 are far from 1 RMW, and
the effect of hurricane wind on their SST and MLD are not as significant as others. Station
P7 is located on the hurricane track, and its SST and MLD are affected mainly by upwelling
and with less contribution by the wind-induced turbulent mixing.
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Figure 11. Time variations of simulated SST and vertical temperature at P3-P6, for 50 h before and
50 h after the time that Katrina passed the closest proximity of this point; upper panel for each station
is SST, and the lower panel for each station is the temperature across the water column for the same
period (horizontal axes in all panels shows relative time).

Station P3 is located off the Terrebonne Bay at a water depth of 33 m about 40 km west
of the hurricane’s track (left side). At hour —3, the SST dropped to about 28.6 °C, with
about 2.4 °C surface cooling. This minimum was followed by a peak of 30.2°C, caused
by the advection of warm water. In 10 h, turbulent mixing decreased the SST to 29.4 °C,
but after the hurricane’s landfall, the SST began the relaxation phase and increased to a
stable value of 29.8 °C at hour 50. The initial stratification was affected by the hurricane
winds starting several hours before the CP time. An ephemeral mixed layer with a depth
of 15 m and a temperature of 30.2 °C at CP time was present. During the next several
hours, the MLD and temperature decreased to 12 m and 29.4 °C, respectively; and 5 m
and 29.8 °C, respectively, during the relaxation phase (the post-storm time). The lower
level water temperature (below ~20 m) was affected by upwelling. The coastal upwelling
over the Louisiana shelf on the left side of Katrina’s eye was produced by the westerly
to southwesterly hurricane winds (Figure 3). These winds were at about the landfall and
beyond. Station P4 (left side of the track), with a water depth of ~30 m, was closer to the
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mouth of Barataria Bay and was located northeast of P3. The distance from the hurricane’s
track was 25 km (note that for Katrina, the radius of maximum wind was 30-35 km over
the Louisiana shelf). Hence, a more significant effect of turbulence mixing was expected
at this station. SST at this location decreased almost linearly from 30.5 °C at hour —10 to
27.8 °C at hour 5. The SST rebound started after the landfall and increased to 29.6 °C at
hour 50. At about hour —10, the shear entrainment mixed the surface warm water with
bottom cold water down to 25 m. This significant mixing event produced a mixed layer
depth of about 20 m and a temperature of about 28 °C at hour 3. The mixed layer stayed
almost the same for several hours until the relaxation phase started at hour 10 when the
water column started to warm again. During this period, the MLD decreased from 20 m
at hour 5 to a stable value of 5 m at hour 50. The upwelling was less intense than other
stations west of the track because of the closer proximity of P4 to the coastline.

The effect of Hurricane Katrina on vertical mixing on the right side of the track was
investigated by examining the time series of SST and vertical temperature structures at
stations P5 and P6. It is found that the shelf response on the right side is highly affected
by the geometry of the birds foot delta with the rightward bias caused by the asymmetric
wind of a moving hurricane. Station P5 was located northwest of the South Pass, where
the water depth was about 11 m, and the distance from the hurricane’s track was about
10 km. The simulated SST at this location shows that the SST decreased from about 30.5 °C
at hour —10 to 28.8 °C at hour 0, indicating 2 °C of surface cooling from the initial SST of
30.8 °C. After the hurricane passed the station, SST began to increase and reached 29.3 °Cin
24 h. Afterward, the SST continued increasing at a slower rate and reached 29.5 °C at hour
50. The hurricane’s effect on the stratification at this station started at about hour —22. A
change from the initial stratification started to be visible at this time. After about 24 h (at
hour 2), the water column was fully mixed to about 29 °C. This was about 1 C lower than
the initial water temperature at the bottom. It indicates the effect of cold water upwelling
and advection from the deeper shelf areas in the south. This station remained fully mixed
for the next 50 h, and the temperature increased to about 29.4 °C. Since station P5 is located
within 1 RMW, its temperature was highly affected by the hurricane-induced upwelling.
Station P6 was also on the right side of Katrina’s track. It was located south of the South
Pass at 30 m water and was about 10 km from the track. Katrina caused 2.5 °C surface
cooling at this station. The main part of the cooling started from hour —20, when the SST
was about 30.5 °C. The SST decreased to about 28.5 °C at hour 10 and remained the same
for the next 40 h before it started a gentle increase. The initial stratification at this station
was disturbed primarily by the upwelling at about hour —10. This caused an increase of
2.5 °C in water temperature at about 25 m. Due to the station’s proximity to the outer shelf
and deep waters, the recovery of water column temperature after the hurricane’s landfall
was relatively slow, as illustrated by the vertical structure at hour 50.

To better understand the mixing and stratification timescale, a longer time series
(15 days) of SST and vertical temperature structure are examined for P4 and P6 (not shown).
At P4, SST and stratification became stable at hour 50 and exhibited consistent patterns for
temperature and the MLD values over time. At this time, the SST was 1.2 °C lower than
the pre-storm SST. The post-landfall temperature response at station P6 was similar to P4.
However, as mentioned before, it took a longer time (longer than 50 h after the landfall) for
both SST and stratification to reach a stable condition (almost constant water temperature
and MLD over time). The SST on the 9th day after the landfall was still 1.5 °C lower than
the initial value. Longer model results showed that this stable condition continued for at
least two weeks after the landfall.

4.3. Shelf-Wide and Cross-Shelf Distribution of Temperature across the Water Column

We also examined the vertical structures of water temperature across two north-south
(cross-shelf) and east-west (along-shelf) cross-sections. Figure 1 shows the locations of
east-west section 1 and north-south cross-sections A and B.
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The east-west section 1 crossed the latitude of 28.8, which is roughly corresponding to
the shelf break. The eye passed over this section at 6:00 (UTC) on 29 August 2005. For this
section, temperature variations were examined with respect to the time that the eye crossed
the section (Figure 12). At hour —12, the initial stratification was almost intact, while at
hour zero, intense mixing was produced under the eye and on the right of the track. The
maximum MLD was ~65 m with a water temperature of 25 °C and was observed at about
40 km from the eye, which was about 1 RMW. Under the eye, the MLD was about 50 m as a
result of smaller turbulence mixing and the hurricane-induced upwelling. The amplitude
of oscillations produced at the base of the mixed layer and the right side of the track was
about 10 m. These oscillations dissipated when they hit bottom and produced a complex
pattern of temperature variations across the lower water column off the Barataria and the
Terrebonne Bays (Figure 11, hour 0). The MLD and mixed layer temperature, produced
due to the turbulence mixing, was about 35 m and 28 °C, respectively, off the Barataria
Bay. These values changed almost linearly to about 20 m and 30 °C, respectively, off the
Terrebonne Bay. No significant mixing was produced west of this area along section 1. The
main feature of the temperature structure across this section at hour 3 was the formation of
distinct mixing zones with different temperatures as functions of the distance from where
the eye crossed the section. A zone of maximum mixing similar to time zero was present at
40-80 km on the right side of the eye. Another zone of substantial mixing with smaller MLD
(about 50 m) was under the eye’s location and a third one on the right side of the maximum
MLD. The mixing region over the shelf west of the track can also be divided into different
zones, with decreasing MLD westward. These temperatures and patterns lasted until at
least hour 6. Eighteen hours later (+1 day), the stratification in the shelf water west of
Barataria Bay and off Terrebonne and Barataria Bays almost started to recover. The pattern
stayed the same for mixed zones on the right of the track with slightly reduced MLD. A
completely stratified water column off the Barataria Bay was the most distinct feature of
temperature distribution at the beginning of day nine after the eye crossed the section.
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Figure 12. Variations of simulated water temperature across section 1 for different times: (a) —12 h,
(b) 0 h, (c) +3 h. The arrow on the upper left panel shows the location of Katrina’s eye over the
cross-section. AB: Atchafalaya Bay, TB: Terrebonne Bay, and BB: Barataria Bay.
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Similar to the east-west section, the temperature response along the north—-south
transects is presented for six different times, i.e., hours —12, 0, 3, 6, 24 (+1 day), and +196
(or 9 days). Several transects over the Louisiana shelf were examined to reveal the mixing
and re-stratification during and after Katrina. The mixing and re-stratification patterns for
all sections were similar, and the differences were mostly regarding the intensity of mixing
that varied depending on the distance from Katrina’s track. Here, the simulation results
across two cross-sections, one on the left side of track (A) and one on the right side (B),
which are described in detail. Temperature variations along these two transects and across
the water column are shown in Figures 13 and 14.
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Figure 13. Distribution of simulated temperature across transect A for different times.
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Figure 14. Distribution of simulated temperature across transect B for different times.

Transect A was selected at the distance of 20 km on the left of the hurricane’s track, in
front of Barataria Bay. The initial stratification was broken at time zero when the maximum
MLD was about 45 m at the offshore edge of the transect (Figure 13). This substantial
mixing was due to the intense hurricane wind within the 1 RMW. The MLD decreased
linearly to about 10 m at 15 m water depth, while the mixed layer temperature decreased
from 27.5 °C at the offshore edge to about 29.5 °C at a depth of 15 m. At depths greater than
50 m, the upwelling was pronounced. There was an intense temperature gradient between
the surface mixed layer and the bottom upwelled water. As the eye reached the latitude of
the upper transect (at hour +3), the mixed layer temperature along the transect was already
uniform. At hour +6, the maximum MLD decreased to about 35 m, and the upwelled
water started to decrease the MLD at the mid-shelf. At +1 day, the surface water was still
mixed with an MLD of about 10 m. At depths greater than 25 m, the upwelling started to
recede, but the isotherms were still inclined shoreward. Isotherms between 15 m and 30 m
showed shoreward and offshore-ward slopes, respectively. It suggests the combined effect
of baroclinic and barotropic features on water column temperature.
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Transect B was on the west of the Southwest Pass and 10 km of the right side of the
track. At this location, a remarkable effect of the hurricane wind on stratification was seen.
At time zero (Figure 14), the MLD reached its maximum value of 55 m at the offshore end of
the transect, where the total water depth was 90 m. Strong upwelling was produced under
the mixed layer, transporting cold water to the coastal areas up to a depth of 10 m. At hour
+3, turbulence mixing dominated the upwelling, and most parts of the transect were mixed.
The MLD at this time varied from 60 m at the offshore end to 10 m at the onshore end of
the transect. Due to intense vertical shear induced by the hurricane, the water column for
a water depth smaller than 25 m was fully mixed. The mixed layer temperature varied
between 26 °C and 29 °C. The fast deepening of the mixed layer interrupted the upwelling
at a depth of 55 m. The pattern at hour +6 was similar to that at hour +3. Mixing was still
dominant in the upper 12 m at the end of day +1 when stratification in waters deeper than
50 m was re-developed.

4.4. Mixed Layer Depth

Variations of the MLD over the inner and outer Louisiana shelves were calculated
using the model results. A criterion for determining the mixed layer was applied following
Montegut et al. [34]. Based on this criterion, if the temperature difference was less than
0.2 °C, the water column was assumed to be mixed. The MLD maps are presented at four
different times, at hours —4, —2, 0, and 2, where time 0 is the landfall time (Figure 15).
At hour —4, the maximum MLD over the deep water on the right side of the track was
about 40 m. An extensive area with an MLD of about 20-25 m was observed on the left
side of the track. The effect of the hurricane on the deepening of the mixed layer was
pronounced off the Barataria Bay midway between the shelf break and the Bay’s mouth.
The deepening extended to the west, off the Terrebonne Bay near the shelf-break, where
the MLD was about 10 m. Over the rest of the inner-shelf, the MLD was about 5 m. At the
time of landfall, more areas over the inner shelf east of the Atchafalaya Bay were affected
by the MLD deepening. The deepening also occurred in front of Barataria Bay and west of
the birds foot delta.
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Figure 15. Variations of simulated MLD over the Louisiana shelf at different times: (a) —4 h, (b) —2h,
(c)Oh, (d)+2 h.
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5. Discussion
5.1. Mixing Mechanism over the Louisiana Shelf

Simulation results for water temperature response across the east-west sections and
north—south transects indicated that during Hurricane Katrina, water column properties
were affected by both turbulence mixing and upwelling/downwelling depending on the
relative locations with respect to the eye and shelf bathymetry and geometry. Turbulence
mixing is the dominant force across the water column at locations within 1 to 1.5 RMW
from the eye [35], while at the interior area with a radius less than 1 RMW, upwelling
depresses the mixed layer induced by turbulence mixing [7]. The interaction between
turbulence mixing and upwelling determines the temperature and mixing properties over
the Louisiana shelf. Both mechanisms are significant for most locations, especially those
located east of Terrebonne Bay. A simple conceptual diagram of water column mixing
induced by Katrina over the inner-shelf is shown in Figure 16a. A mixed layer was produced
by turbulence mixing for the upper half of the water column, while the lower part of the
water column was affected by upwelling. A transition zone of oscillatory temperature
existed between these two zones. These oscillations caused mixed layer deepening when
turbulence mixing was strong, upwelling was suppressed, and large mixed layer depths
resulted. However, in the absence of strong turbulence mixing, the oscillations dissipated
with the progression of upwelling.
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Figure 16. (a) A schematic of water column mixing over the Louisiana shelf during Katrina, (b) time
series of Buoyancy frequency, and (c) Richardson number (lower panel) at station P4.

In order to determine the dominant mixing mechanism over the Louisiana shelf during
Hurricane Katrina, the gradient Richardson number and buoyancy frequency (Equation (1))
are examined for the mid-water depths at different locations on the shelf (e.g., Figure 16b,c
for station P4). Although substantial declines (up to 75%) in the buoyancy frequency off
the Atchafalaya and Terrebonne Bays (stations P1 and P2) occurred several hours before
the landfall, the resulted gradient Richardson number was about 2, which was larger
than 0.25 for a fully mixed water column [23]. It suggests that turbulence mixing at these
two locations was not enough to mix the upper water column. The abrupt increase in
buoyancy frequency for these stations indicated that the cooling by upwelling increased the
density gradient over the uplifted thermocline. A very small gradient Richardson number
at stations P3 and P4 for several hours before and after the CP time showed the mixed
water column at these two locations at least from the surface to mid-depth. The maximum
effect of turbulence mixing was identified at station P5 on the right side of the track and
west of the delta, where both the Richardson number and buoyancy frequency approached
zero almost at the CP time, and the water column stayed mixed at least for the next two
days. This area was confined between the eye and the birds foot delta; hence, very intense
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surface current (up to 3.5 m/s) produced a strong vertical shear which fully mixed the
water column and dominated the cooling effect of advected water from the shelf break to
this area.

5.2. Shelf Re-Stratification Mechanism

After the turbulence mixing at the water surface is subsided (several hours after the eye
pass over a specific location or after landfall), the re-stratification processes come into action
and decrease the mixed layer depth until a stable stratification is reached. Over the deep
waters, two main re-stratification forces are solar heat flux and baroclinic instability [36-38].
Solar insulation primarily affects the stratification over the upper part of the mixed layer
up to a depth of 25 m [36,38]. Baroclinic instability is related to the horizontal gradient of
buoyancy, which is in turn affected by turbulence mixing. Furthermore, lateral gradients of
water density itself could cause re-stratification due to gravitational circulation [36].

The investigation of temperature variations across east-west sections and north-south
transects showed that post-storm temperature recovery and shelf re-stratification start sev-
eral hours after the hurricane’s landfall with a substantial re-stratification after 1 day. Verti-
cal temperature profiles across the transects, especially those located east of the Atchafalaya
Bay, were affected by two different forces. The upper part of the water column was mixed
by the hurricane-induced surface turbulence and vertical shear, while the pressure gradient
caused upwelling across the lower part of the water column. By the combination of these
two forces, a baroclinic response across the water column was produced. Offshore-ward
currents were generated within the surface mixed layer on the right side of the track, and
a compensative shore-ward current was dominated within the lower water column [24].
This compensative bottom current has also been reported by Chaichitehrani et al. [39]
during severe cold front events. On the right side of the track, current directions across both
upper and lower parts were reversed. After the hurricane, the force was removed, currents
started a geostrophic balance phase that caused south-eastward current over the inner-shelf.
Similar pot-storm surface currents and their associated deep water reverse circulations
were reported by Keen and Glen [35] for Hurricane Andrew (1992). The pressure gradient
produced as a result of vertical and horizontal water density variations triggered the re-
stratification. At the next stage of re-stratification, the offshore-ward advection associated
with the geostrophic currents re-distributed isotherms and sloped them in an offshore-ward
direction. Current vectors rotated clockwise under the geostrophic balance and directed
southward about 3 days after the landfall. This current lasted for several days and made
more contributions to the advection of surface water offshore-ward and reshaping the
isotherm toward a re-stratified shelf. The general pattern of re-stratifying isotherms across
the water column over the Louisiana shelf after Katrina’s landfall is presented in Figure 17.
Although a well-developed shelf-wide stratification was achieved 10 days after landfall,
isotherms were still inclined offshore-ward, and SST was about 1 °C smaller than the
initial value. Simulations for longer times after the landfall showed that even after 20 days,
isotherms were still tilted. This suggests that solar insolation may play an essential role in
re-stratifying the shelf, as examined by Allahdadi and Li [40] for the Louisiana shelf. They
showed that the summertime solar insolation significantly stratifies the shelf and increases
SST up to 1 °C after almost two weeks.

5.3. Mixed Layer Deepening and Seasonal Hypoxia

Water column mixing can significantly contribute to the bottom water’s re-oxygenation.
Hence, the mixing produced by Katrina over the Louisiana shelf can affect the seasonal
hypoxic zone formed during the summertime. Figure 18 shows maps of the simulated
mixed layer induced by Katrina overlaid by the border of the seasonal hypoxic zone over
the Louisiana shelf. This border defines the maximum area covered by annual midsummer
cruises by the Louisiana Universities Marine Consortium (LUMCON). Figure 18a represents
the map of averaged mixed layer over the shelf during the time that Katrina was translating
over the shelf. The hurricane-induced mixing affected the hypoxic zone from Terrebonne
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Latitude

Bay to the west of the birds foot delta. The MLD off the Barataria Bay inside the hypoxic
zone was 10-20 m, while it was about 10 m off the Terrebonne Bay. Even off the Atchafalaya
Bay, about 250 km away from the hurricane’s track, the induced mixed layer depth was
about 5 m. This mixing can cause mid to bottom water re-oxygenation for several hours.
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Figure 17. Typical distribution of isotherms across the water column during the re-stratification phase.
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Figure 18. Maps of simulated mixed layer depth over the Louisiana shelf overlaid by the border of
the hypoxic zone (the solid thick line: (a) the averaged mixed layer 2 h before and after the landfall
over the birds foot delta, (b) at time +12 h, (c) at time +1day, (d) at time +10 days.

Nevertheless, the mixing caused by Katrina was an ephemeral phenomenon. About
12 h after the landfall over the birds foot delta, the mixing over the hypoxic zone was highly
dissipated, and the average MLD over this area was 5 m. Over the area in the vicinity of
the track on both east and west sides, the mixing was still significant. The mixed layer
almost disappeared after about 10 days. It indicates that the effect of the mixing induced by
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Hurricane Katrina on the hypoxic zone was mostly local and was limited to regions within
1-2 RMW. The fact that the eye is present over the shelf for several hours (in the case of
Katrina, 3 h) suggests that the mixing lasted just several hours, which could not sustain the
bottom water re-oxygenation for more than 1-2 days.

6. Summary and Suggestions

In this paper, the simulation of water column mixing and re-stratification over the
Louisiana shelf during and after the passage of Hurricane Katrina was simulated using
FVCOM, and the results were discussed by examining shelf-wide timeseries, maps, and
transects of temperature and mixing depth. The initial temperature and salinity profiles
were based on the climatological data for August from the WOA database. The climato-
logical temperature profiles were modified using available SST data from AVHRR and
measured temperatures at two different depths at a station located off the Terrebonne Bay.
Satellite SST data from MW-OI products were used to evaluate the model SST and tuning
two parameters used for calculating vertical eddy diffusivity. The MW-OI data were also
used to estimate MLD based on an analytical approach and were successfully utilized to
evaluate the simulated MLDs. The results were used to examine the temporal and spatial
characteristics of mixing and re-stratification over the inner shelf. Since Katrina translated
the inner shelf just west of the birds-foot delta, the mixing in most of the area between
the shelf waters off the Barataria Bay and the birds foot delta was affected. The MLDs
over this area were 10-30 m, while in the area west of Barataria Bay, the MLDs were 10 m
or less. The hurricane-induced upwelling significantly affected the bottom temperature
over the shelf from several hours before the hurricane reached the shelf to several days
after. For the shelf areas on the east of Terrebonne Bay, the typical response of the water
column was represented by a simple model, including a mixed upper water column, an
upwelling-dominated lower water column, and a transition zone in the middle containing
dissipating oscillations at the base of the mixed layer. The intense currents (up to 3 m/s)
and vertical shears fully mixed the water column west of the birds foot delta and on the
east side of the hurricane track. The main post-storm re-stratification mechanisms over the
inner shelf were vertical density gradients, lateral density gradients, and offshore pressure
gradients produced by upwelling across the shelf. Since the simulations did not include
solar insulation, the upper water column stratification and the SST did not return to their
respective initial conditions even 10 days after the landfall.

The comparison of the resulted MLDs during and after Katrina with the maximum
probable hypoxic zone over the shelf showed that the mixing over the hypoxic zone west
of the Terrebonne Bay could re-oxygenate the mid and bottom waters for several hours
during Katrina. However, since the mixing was ephemeral and damped quickly after the
landfall, the re-oxygenation appeared to be limited in time.

Compared to deep waters, the interaction of the atmospheric boundary layer and
water column with the coastal geometry and the bottom boundary layer produces a more
complicated response to a moving hurricane. The cooling induced by Katrina at the surface
over the deep water followed the general pattern described before for the deep water.
However, the surface cooling rate decreased toward the shelf break. At the shelf break, the
cooling intensity substantially decreased; hence, even at the hour that the eye was hovering
over the inner shelf, surface cooling was only significant in the vicinity of the track and
over the other parts of the inner shelf, especially west of the Barataria Bay, the surface
cooling was less than 1 °C. It suggests that the oscillations within the water column that
contributed to deepening the mixed layer were dissipated when the mixed layer reached
the bottom of the shelf break. Furthermore, the cross-shelf slope intensified the upwelling
signal over the inner shelf, which can prevent mixed layer deepening. The birds foot delta
highly affected currents and temperature response of the shelf waters confined between the
delta and the hurricane’s track. Very strong currents and vertical shear were identified over
this area. This produced a fully mixed water column and very small Richardson numbers
during the time that Katrina was translating the inner shelf.
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The results for the mixing pattern over the Louisiana shelf can be used for studying
the effect of storms on the extent of the seasonal hypoxic zone over this region and quan-
tifying the water column re-oxygenation either by using semi-empirical relationships or
by incorporating the model setup from this study to a full biogeochemical model. This
would be a topic for future relevant studies, regarding the efforts made during the last
two decades to study the seasonal hypoxia in the northern Gulf of Mexico and predict its
extension and intensity. The model setup with primary evaluation for the turbulent mixing
parameters can also be used for studying phytoplankton bloom and other biogeochemical
processes, as stated by McGee and He [19].

Examining the effect of turbulent mixing parameters on temperature/salinity mixing
is another aspect of this study that can enhance the knowledge about the parameterization
of vertical turbulent closure and selecting the optimum parameters for simulating heat
and salt transport. Although background eddy viscosity Kj and the constant B1 for energy
dissipation calculation are usually used as defaults in simulation, they could be site-specific
or depend on the intensity of the forcing in the model.
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