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Abstract: The ocean’s mixed layer depth (MLD) plays an important role in understanding climate
dynamics, especially during extreme weather occurrences like hurricanes. This study investigates the
effects of Hurricane Katrina (2005) on the MLD in the Gulf of Mexico, using the Delft3D modeling sys-
tem. By integrating hydrodynamics and wave dynamics modules, we simulate the ocean’s response
to extreme weather, focusing on temperature, salinity and MLD variations. Our analysis reveals
significant cooling and mixing induced by Katrina, resulting in spatial and temporal fluctuations
in temperature (~£4 °C) and salinity (~+1.5 ppt). The MLD is estimated using a simple threshold
method, revealing a substantial deepening to ~120 m on 29-30 August during Hurricane Katrina
in the middle of the northern Gulf of Mexico, compared to an average MLD of ~20-40 m during
pre-storm conditions. It took about 18 days to recover to ~84% of the pre-storm level after Katrina.
Compared to the stand-alone FLOW model, the coupled FLOW+WAVE model yields a deeper MLD
of ~5%. The MLD recovery and wave effect on the MLD provide insights from various scientific, en-
vironmental and operational perspectives, offering a valuable basis for ocean management, planning
and applications, particularly during extreme weather events.

Keywords: mixed layer depth; extreme weather events; Delft3D; temperature; salinity

1. Introduction

The ocean mixed layer plays an important role in the global climate dynamics due to
its capacity to store vast amounts of heat compared to the atmosphere. Its variability is
one of the most important quantities of the upper ocean processes because it can identify
the surface region that directly interacts with the atmosphere. It has a broad influence
on determining the volume or mass of distributed net surface heat flux [1], near-surface
acoustic pulse propagation [2] and ocean ecosystem [3-7]. Ocean waves, surface currents,
winds, and evaporation and precipitation can all cause significant mixing in the upper
ocean which in turn effects changes in the mixed layer depth [8-15].

The ocean mixed layer depth is generally defined as a homogeneous region in the
upper ocean where there is little variation in temperature (0.2-0.5 °C [16,17]) or density
(0.01-0.03 kg /m3 [16,18]) with depth. It is predominantly determined by the process of the
turbulent mixing due to the winds and heat exchange at the air-sea interface. The MLD is
generally derived from the temperature/salinity /density profiles which can be homoge-
neous from the water surface to a certain depth [19]. Typically, salinity and temperature
fields are controlled by wind-driven processes and thermohaline circulation [20]. They
are transported and transformed by interaction with currents and turbulent mixing in the
ocean, which are often driven by winds. Data show that intense winds, such as “Shamal” in
the Arabian Gulf [21], “Mistral” in the Northern Mediterranean Sea [22] and “Bora” in the
Adriatic Sea [23], lead to surface mixing, convective cooling and overturning with surface
heat loss leading to significant changes in the mixed layer.
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Extreme weather conditions, such as tropical cyclones and intense storms, are particu-
larly likely to have a major impact on mixing dynamics and transport by surface forcing
(e.g., wind stress, heat flux, surface wave effects, transport). However, it is not yet fully
understood how the extreme weather conditions might affect the mixed layer, nor is it
clear how much time it takes before the ocean returns to its former state. Several studies of
Hurricanes Gilbert [24,25], Opal [26], Lili [27], Ivan [28], Katrina and Rita [29-31] in the Gulf
of Mexico have analyzed the impact of storms on upper ocean variability by the tropical
cyclone intensity. Early observations including ship-based [32,33], aircraft-based [34] and
mooring-based [35,36] observations resulted in maximum sea surface temperature (SST)
decreases of 1 °C to 6 °C to the right of the storm track. The temperature in upper ocean
mixed layer was reduced by about 6 °C [37], 1-5 °C [30], 34 °C [38], 2—4.5 °C [39] and
more than 5 °C [28,40] by hurricanes in the Gulf of Mexico. These changes are attributed to
the dynamic cooling and dissipative heating processes at the surface layer [41,42], which
can affect the transport of heat flux and establishment of thermocline strength [43].

Unfortunately, the lack of temperature and salinity profiles in any particular region
inhibits the description of proper definition of the MLD, which may cause misleading
information and incorrect predictions on the upper ocean mixed layer. The lack of adequate
observation hinders description of thermocline, thermohaline and pycnocline processes and
variations in lateral and vertical mixing and physical and oceanic processes for deducing the
MLD, particularly during extreme weather events. Thus, it is also important to determine
the MLD in the ocean during extreme weather conditions because it plays an important
role in a wide variety of oceanic investigations [18]. The recovery rate (or time) of the MLD
from strong wind and other extreme weather events will help to minimize the potential
errors and incorrect predictions during humanitarian and military operations. Because of
the high importance of the MLD in the global ocean, many techniques have been used to
determine the MLD. Several studies [24,44-48], including field data analysis, experiments
and numerical simulations, show the influence of spatial and temporal variations of the
MLD on tropical cyclones.

This study aimed to examine how extreme weather events, particularly Hurricane
Katrina in 2005, impact the mixed layer depth (MLD) in the Gulf of Mexico. We utilized
the Delft3D modeling system, which offers advanced simulations of ocean physics like
hydrodynamics and wave dynamics. This allows for a detailed understanding of processes
such as wind-wave interactions, dissipation of surface waves due to white-capping and
depth-induced surface wave breaking which are crucial for accurately capturing the ocean’s
response to severe weather. Our goal was to gain insights into how hurricanes affect ocean
dynamics, temperature, salinity and the recovery rates of the MLD. It is worth noting
that intense storms can cause regional mixing, anomalies in temperature and salinity, and
variations in heat transport and the strength of the thermocline, which impacts its recovery
time. These effects can have implications for environmental health and various civilian
and military operations in the affected area. While data during extreme events are limited
in the Gulf of Mexico, we utilized available Argo profile and reanalysis (e.g., HYCOM)
data to inform our modeling approach. By employing the comprehensive Delft3D system,
we aimed to better understand the hydrographic responses of oceanic water columns to
extreme weather events.

2. General Background and Methods
2.1. Study Area

The Gulf of Mexico, situated between the Strait of Florida and the Yucatan Chan-
nel, stretches across the coordinates of 18-31° N and 99-81° W (Figure 1), representing
a vast expanse of water. Its diverse terrain includes coastal regions, continental shelves
and an abyssal plain, boasting an average depth of approximately 1615 m over its ex-
pansive 1.6 million km? surface area [49]. Economically and ecologically, the Gulf holds
significant importance both regionally and globally. Its rich energy resources support a
thriving industry, with oil production reaching 1.65 million barrels per day in 2017 [50],
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sustaining over 55,000 jobs [51]. Additionally, the Gulf’s diverse marine ecosystems, in-
cluding vibrant coral environments, harbor a plethora of marine species, underscoring its
ecological significance [52].
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Figure 1. Map of Gulf of Mexico with hurricane tracks of Katrina and Rita, NDBC buoy locations
(B1-B10), NOAA water level stations (A1-A8), temperature and salinity profile locations (P1 and
P2) and IHO stations (W1-W4). The best tracks of Hurricane Katrina (23-31 August) and Rita
(18-26 September) in 2005 are shown with the wind intensity.

The mixed layer depth (MLD) within the Gulf is of considerable importance for
dynamic ocean management and fisheries applications. Understanding its fluctuations
aids in predicting the distribution and abundance of marine life and informs management
strategies amidst global climate change [53]. Due to the Gulf’s varied geological provinces
at different depths, salinity and temperature exhibit notable seasonal variations. Salinity
typically ranges between 30 and 36 ppt at a depth of 10 m due to coastal inflows, while
deeper depths experience less variability at around 35.5-37 ppt. Likewise, sea surface
temperatures vary seasonally, ranging from 28 to 29 °C in summer, from 16 to 18 °C in the
northern Gulf and from 24 to 26 °C in the southern Gulf during winter [54]. Freshwater
influx from the Mississippi river delta and other tributaries further influences salinity and
temperature dynamics, particularly in the northern Gulf [55,56].

The Gulf’s physiographic diversity manifests in subtropical and tropical characteris-
tics, driven by the Loop Current—a warm ocean current converging with the Yucatan and
Florida currents [57-59]. This intricate circulation pattern, along with the Loop Current’s
associated eddies, significantly impacts ocean circulation patterns [60-62] and biological
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communities [63,64] and even influences the development of hurricanes. Notably, hur-
ricanes such as Katrina and Rita in 2005, intensifying rapidly over the warm waters of
the Loop Current, highlight the Gulf’s vulnerability to extreme weather events [30,65,66].
Given the Gulf’s advantageous position for oceanographic and atmospheric observa-
tions, as well as its support for marine life and operational predictions across industrial,
civilian and military sectors, significant weather events like hurricanes can profoundly
impact these processes and environments. Investigating the spatial and temporal vari-
ability of the MLD under extreme weather events can enhance our understanding of the
Gulf’s physical climate, offshore industrial operations and the maintenance of oceanic and
atmospheric observations.

2.2. Hurricane Katrina (2005)

Hurricane Katrina, the impactful storm that struck the Gulf of Mexico in 2005, stands
out as a suitable case study for this work due to its notable characteristics and significant
socio-economic consequences along the Gulf Coast. Katrina exhibited remarkable strength,
reaching Category 5 status with maximum sustained winds of 175 mph (280 km/h) and a
center pressure of 902 mbar on 28 August. The trajectory of Hurricane Katrina presents a
unique opportunity to examine the hydrographic responses of thermohaline processes to
the intensification of wind forcing in the Gulf of Mexico. Initially, Katrina made landfall
as a Category 1 hurricane on the southeastern coast of Florida. Subsequently, it rapidly
intensified into a Category 3 hurricane within the Gulf, escalating to Category 5 status
in less than 12 h. This swift intensification, coupled with fluctuations in strength as it
progressed towards the northern Gulf coast, provides a dynamic scenario for investigating
oceanographic responses. Furthermore, the profound impact of Hurricane Katrina on
coastal communities and infrastructure underscores the importance of understanding
the underlying oceanic dynamics during extreme weather events. Through our focus
on Katrina, we aim to elucidate the complex interactions between atmospheric forcing
and oceanic processes, shedding light on the mechanisms driving the intensification and
propagation of tropical cyclones in the Gulf of Mexico. Our selection of Hurricane Katrina
for this study is motivated by its exceptional characteristics, trajectory and socio-economic
significance, which collectively provide a compelling basis for exploring the hydrographic
responses of thermohaline processes in the Gulf region.

2.3. Model Configuration

We employ the Delft3D modeling system, integrating Delft3D-FLOW and Delft3D-
WAVE modules [67], to investigate changes in thermohaline/thermocline characteristics
induced by hurricanes in the Gulf of Mexico. Delft3D-FLOW, grounded in the three-
dimensional Navier-Stokes equations for incompressible fluids, utilizes the Generalized
Lagrangian Mean (GLM) formulation. In 3D mode, solutions are derived via the bottom-
following o- or fixed-level z-coordinate system, incorporating the shallow water approxi-
mation and Boussinesq approximation for buoyancy-driven flow. The model dynamically
evolves hydrodynamics’ vertical structure, encompassing salinity, temperature, and result-
ing density gradients. Concurrently, the Delft3D-WAVE module integrates the Simulating
WAves Nearshore (SWAN) model, a third-generation spectral wave model, to analyze
wind-wave growth, wave—current interaction, dissipation and depth-induced surface wave
breaking [68]. This module enables FLOW to access SWAN-modeled wave information, in-
cluding wave orbital velocity, wave forcing and Stokes drift, while SWAN accesses surface
currents and water levels from FLOW.

The model domain encompasses the entire Gulf of Mexico with open boundaries
as shown in Figure 1. It is a spherical rectangular grid with a resolution of 0.04° x0.04°
(~4 km) and vertical discretization of 40 vertical layers in the z-coordinate system. Layer
thickness linearly increases from surface to bottom, with maximum layer thickness at
15.29% at the bottom and minimum at 0.03% at the surface. Combined bathymetry from the
GEneral Bathymetric Chart of the Ocean [69] and Coastal Relief Model [70] is adopted in
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the model. In addition, we utilize the HYbrid Coordinate Ocean Model (HYCOM) + Navy
Coupled Ocean Data Assimilation (NCODA) GoM 1/25° Reanalysis (GOMu0.04 expt_50.1
year-2005) data to provide the initial and boundary conditions. These data represent time-
and space (via the layers)-varying boundary conditions of water level, current, salinity and
temperature with high resolution (0.25°, ~3.5 km and 3 hourly) in the regional domain.
Time series of Riemann invariants along the southern open boundary and current velocity
along the eastern open boundary were used to simulate a weakly reflective boundary. The
wave grid has a lower resolution of 0.1° x 0.1° (~10 km) and covers the hydrodynamic
grid, with 24 frequency bins, ranging from 0.033 to 0.5 Hz, and 36 directional components.
SWAN is run in non-stationary mode with a 10 min time-step and coupled with FLOW
every 30 min. The coupled model simulation spans approximately 54 days from 1 July to
23 August with restart files containing the hydrodynamic conditions for the subsequent
model runs.

Winds from the HRD Real-Time Hurricane Wind Analysis System (H*WIND, [71])
which provides high-accuracy and high-resolution wind field in a 4° x 4° grid around
the center of the storm were combined with the winds from Coupled Ocean-Atmosphere
Mesoscale Prediction System (COAMPS, [72,73]) for areas not covered by the H*WIND
grid. This provided a more accurate wind field during extreme weather conditions, as
compared with observed data from the National Data Buoy Center (NDBC) stations (as
shown in Figure 2). The three wind drag coefficients are specified with the wind speed
(0.001 at 0 m/s, 0.003 at 25 m/s, 0.00723 at 100 m/s) in Delft3D, and the k-¢ 3D turbulence
model is applied with constant horizontal eddy viscosity and diffusivity (10 m?/s). In ad-
dition, the Ocean Heat Flux model [74,75] typically applied for a large body of water [67] is
used for the Gulf of Mexico. Several sources, including the COAMPS, National Centers for
Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) and Objec-
tively Analyzed Air-Sea Fluxes (OAFlux), were incorporated to provide the meteorological
data such as precipitation, evaporation air temperature, humidity and cloud coverage in
the Gulf for the modeling system. These represent the three-hourly meteorological data
over the entire Gulf of Mexico. In addition, the other specified physical parameters are
given in Table 1.

Table 1. The physical parameters used in Delft3D modeling system.

Dalton 0.0041
Stanton 0.0041
Air Density 1.15kg/m?
Bottom Roughness Manning’s Formula
Water: 0.02, Land: 0.08
Secchi Depth 15m
Background Horizontal

Viscosity 10m?/s
Diffusivity 10m?/s

The Multi-Directional Upwind Explicit (MDUE, [76]) scheme and Van-Leer 2 [77]
method were used for momentum and transport solvers in the Z-coordinate system,
respectively. In order to avoid computational noise, such as loss of imposing significant
amplitude in a steeply peaked solution, the Forester filtering technique [78] was applied to
smooth salinity and temperature variations in horizontal and vertical mixing. In addition,
a slope limiter was used to prevent the large velocity gradients along the very steep
bottom slopes.
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Figure 2. Comparison of wind speed (m/s) and direction (°) between NDBC (e) stations, COAMPS
(+ in red) and blended (m=m in blue) winds (COAMPS+HWIND).

2.4. Model Calibration

Multiple calibration steps were performed to achieve an optimal model configuration
for thermohaline processes. These dynamical variables are influenced by various oceano-
graphic conditions and expected to have a strong impact on thermohaline/thermocline
predictions: Key parameters include eddy viscosity and diffusivity, Secchi depth and
Dalton-Stanton number, which were selected based on values recommended in the model
user’s manual or literature. Horizontal eddy viscosity and diffusivity are associated with
three-dimensional turbulence eddies, horizontal motions, dispersion and forcing not re-
solved by the horizontal grid [67]. These values significantly contribute to salinity and
temperature variations, affecting the characteristics of water mixing processes. Since they
represent physics unresolved in the equations, they are utilized as calibration parameters.
Recommended values vary widely, and we selected several sets of background horizontal
eddy viscosity and diffusivity (1, 5, 10, 15 m?/s) to assess their impact. Secchi depth [79,80],
as a measure of water transparency or turbidity in a body of water [81], is linked to the
heat flux of net incident solar radiation. In the Ocean Heat Flux model, Secchi depth is
used to compute the absorption of heat in the water column, influencing vertical mixing
and thermohaline/thermocline structures [67]. The temporal and spatial incoming energy
flux may induce vertical mixing and influence the thermohaline/thermocline structures. A
number of studies [82-87] showed the significant effects of Secchi depth on temperature
and salinity anomalies. The Secchi depths used here follow those used by FGDC [88].
The considered Secchi depths are 3.5, 5, 10 and 15 (m). Evaporation and heat exchange at
the interface between ocean and air contribute significantly to the water temperature and
salinity. Dalton and Stanton numbers are usually applied to compute the latent evaporative
heat flux [67,89] and heat convection. In order to obtain a realistic hurricane simulation,
the ratio of enthalpy to drag coefficient, C;, /Cp (the range of 1.2~1.5, [90,91]), was applied
to produce ensembles of Dalton and Stanton numbers in the calibration process. Here,
Cy is the exchange coefficient of heat which is a Dalton or Stanton number, and Cp is
surface drag coefficient. Table 2 provides a summary of the physical parameters in the
calibration process.
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Table 2. A summary of physical parameters in the calibration process.

Parameter Value 1 Value 2 Value 3 Value 4
Eddy Viscosity /Diffusivity (m?/s) 01/01 05/05 10/10 15/15
Secchi Depth (m) 35 5.0 10.0 15.0
Dalton and Stanton Number 0.0013/0.0013 0.0014/0.0014 0.0041/0.0041 0.0098/0.0098

2.5. Model Skill Metrics

These observations are depicted in Figure 1. Various error statistics, including root
mean squared error (RMSE), Pearson’s correlation coefficient (CC) and refined index of
agreement (RIA, [92]), were calculated for all available observed stations using data and
model predictions.

n
cC — n(X PiOi) — (LP)(X0i) )
Jlie e - cr?] [igoz - oy’
1= L0l when IR - O < ¢x £ (|0~ 0))
RIA = - )

cx }1:1(|Oi75|)

spoor - — L when Ty [P — 04 > e x Y .(|oi—-0))

Here, n = total number of data; P; = predicted model value; O; = observed field value;
c is scale constant (c = 2, preferred). Several Taylor diagrams [93] provide a summary of the
statistical results between each model result in calibration processes and observation. Three
statistics are included: the RMS error of model results is represented by the grey dashed
line; Pearson’s correlation coefficient (CC), which can quantify the similarity in pattern
between modeled and observed points, is depicted in dashed-dotted contours; the refined
index of agreement (RIA), proportional to the radial distance, is shown in dashed contours.
The predicted water level and vertical profiles of salinity and temperature were compared
to four tidal stations, two vertical profiles and HYCOM results. Figures 3 and 4 show
the results of total error statistics for water level change and vertical profiles, respectively.
Although no obvious trends emerge due to the different parameters, minimal impact is
observed across the range of values chosen, even for the background eddy viscosity and
diffusivity. However, certain stations tend to exhibit better performance with specific sets of
values. A combination of specified forcing using the optimal parameter set, with the values
of 10/10 (m?/s) for eddy viscosity and diffusivity, 10 m for Secchi depth and 0.0041/0.0041
for Dalton and Stanton number (Table 2), was utilized for the results presented in the
remainder of this study.
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Figure 4. Taylor diagram for error statistics of vertical profiles of salinity and temperature. Cases
refer to Table 2. The locations of profiles P1 and P2 are in Figure 1.

3. Results
3.1. Model Validations—Water Levels, Winds and Waves

A total of six NOAA tidal stations (station locations in Table 3) were used to compare
the water elevation with the model results (as shown in Figure 5) along the Louisiana and
Mississippi coasts during Hurricane Katrina. Water levels at stations Norco, B Labranche
(#A3) and Cypremort Point (#A4) were somewhat over- and under-estimated, respectively,
during the hurricane event, but the other four stations in open water show great agreement,
which boosts confidence in our model results.

The predicted significant wave height and wave peak period were compared with
observed data from NDBC stations in Figure 6. The model exhibits great performance
over the buoy stations in the eastern Gulf (right side of storm track). Minor differences in
significant wave height and peak period are attributable to wind uncertainty, currents and
bathymetry profile. However, the significant wave heights observed at stations 42,001 (#B6)
and 42,002 (#B7) are notably smaller than the model results, likely due to the hurricane’s
counter-clockwise rotation leading to less energetic waves to the left side of the eye because
these waves encounter opposing winds and absorb less energy from them [94], which
is likely to have a significant impact on the development of wave height. However, this
effect is not accounted for in SWAN and consequently results in larger than observed wave
height predictions. Overall, the coupled model (Delft3D FLOW+WAVE) agrees well with
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the measured wave and wind parameters at NDBC stations as shown in Figure 6. Table 3
gives the summary of statistical results for water levels and vertical profiles.

@ A2: Grand Isle, LA

@ A1: Pilots Station East, S.W. Pass, LA

Water Level (m)

-0.5

@ A4: Cypremort Point, LA

Aug/23 Aug/27 Aug/31 Aug/23 Aug/27 Aug/31

Figure 5. Comparisons of water level change during Hurricane Katrina in 2005: data () of NOAA
stations and Delft3D model results ().

Table 3. Information of NOAA stations and profiles and statistical results of model validation during
1 July-1 September 2005.

Lat Lon Parameter RMSE CC RIA

NOAA Stations (water level from mean sea level)

Corpus Christi, TX 27.58 —97.22 Water level 0.085 0.942 0.818
Freeport, TX 28.95 —95.32 ” 0.081 0.942 0.831
Calcasieu, LA 29.77 —93.35 ” 0.114 0.921 0.768
Grand Isle, LA 29.27 —89.95 ” 0.118 0.855 0.643
S.W Pass, LA 28.93 —89.40 ” 0.196 0.806 0.368
Wave Land, MS 30.28 —89.37 ” 0.138 0.922 0.671
Ocean Springs, MS 30.40 —88.80 ” 0.187 0.914 0.573
Apalachicola, FL 29.73 —84.98 ” 0.267 0.848 0.321
Tampa, FL 27.87 —82.55 ” 0.229 0.877 0.543

Profiles (vertical structure of salinity and temperature)
Profile on 10 July 27.79 —86.20 Salinity /Temperature 0.18/0.85 0.999/0.999  0.89/0.92
Profile on 19 July 28.01 —86.28 ” 0.26/0.69  0.926/0.996  0.89/0.92
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Figure 6. Comparisons of wave (significant wave height and peak period) and wind (speed and
direction) properties at NDBC stations. Data (e) and model results ().

3.2. Model Validations—Vertical Profiles of Salinity and Temperature

Only two observed vertical profiles (in Figure 1) were available during July and
August in 2005. Figure 7 shows the comparisons of vertical profiles for the salinity and
temperature on 10 and 19 July. The model demonstrates a good agreement with the
observed value, except for the surface anomaly in salinity for 10 July. In addition, the
model results align with the HYCOM reanalysis data which provided the salinity and
temperature conditions initially in the entire domain and along the boundary during the
simulation. The RMSE was 0.46 ppt/0.84 °C on 10 July and 0.26 ppt/0.7 °C on 19 July. One
drawback in the model validation is insufficient historical profile data during the period
of time in this study, but the agreement of the model results with available measurements
of water levels/winds/waves lends confidence in the model. To ensure the adequacy
of model configurations and the model’s ability to accurately simulate hydrodynamic
and thermohaline processes, we compared profiles across various locations within the
model domain to HYCOM reanalysis data. This comparison is depicted in Figure 7,
demonstrating relatively good agreement between our model and HYCOM at multiple
locations. In addition, the comparison of sea surface height from the model and altimetry
(shown in Figure 8) can support whether the model accurately represents pertinent ocean
circulation in terms of spatial and temporal distribution and current intensity. The satellite-
based radar altimetry measurements of the sea surface height anomaly (SSHA) from
satellites such as TOPography EXperiment (TOPEX)/Poseidon, European Remote Sensing
Satellite (ERS-1, ERS-2), Geosat Follow-On, Envisat and Jason-1 are merged into daily
gridded data maps and utilized for comparison with the surface water elevation from
the model. By aligning our model results with data from these satellite altimeters, which
provide measurements based on the geoid representing mean sea level, we can directly
evaluate the performance of the model in reproducing sea surface height variations. This
comparison helps in determining whether the model (its performance) has the relevant
ocean circulations and processes in the right place and with the right current strength.
Figure 8 shows the comparison between daily mean water levels from the model and daily
altimetry data. The correlation between the daily mean water level and sea surface height
anomaly was estimated to be between 0.78 and 0.91 over the Gulf of Mexico for the given
period. Additionally, salinity /temperature profiles and water level observations serve as
validation metrics for the model.
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between both data: the dashed-black line is the slope (linear fit), and correlation coefficients (CCs)
were estimated for each time span.

3.3. Vertical Variability of Salinity and Temperature

Figures 9 and 10 show the temperature and salinity differences following Hurricane
Katrina’s passage, delineating the left and right sides of the storm, as well as ahead of
the eye and in the wake at various times within the upper 200 m in depth. As shown in
Figure 9, the stronger wind force on the right side of the storm’s eye induces horizontal
and vertical temperature changes of £4 °C and salinity changes of £1.5 ppt after Katrina’s
passage at 20:30:00 on 28 August. Conversely, Figure 10 depicts spatial and temporal
variations along the eye at the same time, showcasing an increase and decrease of ~£2.5 °C
in temperature and ~+ 1.0 ppt in salinity due to the strong hurricane winds and influx
of warm water possibly associated with the Loop Current. Temperature and salinity
differences were calculated relative to a three-day mean sea state (21-23 August) preceding
the storm. As shown in both figures, the water mass exchanges driven by the strong winds
drive the various processes, such as disturbance, mixing and transport, leading to abrupt
changes in temperature and salinity. The turbulence caused by the strong wind-driven
current in the upper ocean can uplift colder water from the thermocline to the mixed layer,
resulting in thickening and cooling [95]. Although the likelihood of upwelling process
influence is not significantly higher [96], the combination of turbulence-driven vertical
mixing and enhanced upwelling caused by geostrophic flow, such as the Loop Current and
frontal cyclones [30,97], contributes to cooling beneath the storm. This effect is particularly
pronounced on the right side of the eye, as depicted in Figure 10. Salinity anomalies
are less distinct compared to temperature. Typically, salinity increases gradually with
depth. However, during Hurricane Katrina, intense vertical mixing led to salinity increases
in the mixed layer due to the intense entrainment of high salinity from the subsurface
layer [24,98-100]. Additionally, the energy absorbed from the environment during the
evaporation process can likely lead to cooling of the upper ocean layer and salinization of
the ocean mixed layer [101], as observed in the results for 28 August at 20:30:00 in Figure 10.

Right Aug-26-2005-20:30:00 Left Middle Right

P _

S0b — =}

100 b — i

g~

o-_‘..'_‘ — ; — -

s0p — - — — e —

1
Lat®

Depth (m)
|
[
]

T —

s0f

“100p —

150 : -

< ¥ }

1000 m—

T T3

LB

TR
TIRLA D

ew 1uw [

-00f -

As0F — —_ —— - =

-200

o 500 1000 0 500 1000 0 500 1000 -95 =90 -85 =80 0 500 1000 0 500 1000 © 500 1000
Distance along path (km) Lon® Distance along path (km)
Temperature Difference(°C) Wind Speed(m/s) Salinity Difference(ppt)
-4 -3 2 -4 1 2 3 4 [ 20 40 60 -1.5 A -0.5 0 05 1 15

0

Figure 9. Differences of vertical cross-sections (along the black dashed lines) of temperature (°C) and
salinity (ppt) along the lines; left side, center and right side of the storm’s eye. The direction of the
path is indicated as A to B.
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Figure 10. Differences of vertical cross—sections (along the black dashed lines) of temperature (°C)
and salinity (ppt) along the lines; upper, middle and lower portions of the storm’s eye. The direction
of the path is indicated as A to B.

3.4. Mixed Layer Depth during Katrina

A simple threshold approach [16,102-105] is utilized to identify the MLD from model
results based on a temperature variation of 0.2 °C from the surface/reference depth. The
strong current generated by hurricane winds, along with mixing induced by waves and
turbulence in the upper ocean layer, significantly influence temperature variations during
extreme weather events [45,48,106-108]. Dynamic cooling and dissipative heating processes
at the surface layer also drive these variations [41,42], subsequently affecting the transport
of heat flux and the thermocline structure [43]. Figure 11 illustrates the distribution of daily
mean mixed layer depth relative to the development of hurricane winds. Figure 11(al)
depicts the initial phases of the wind field and the mean MLD over three days preceding
the storm (21-23 August). Utilizing a temperature variation of 0.2 °C, we observe a
pre-storm MLD ranging from 20 to 40 m (Figure 11), consistent with seasonal values.
Notably, the MLD substantially deepens to around 120 m on 29-30 August in the middle of
the northeastern Gulf. As discussed below, the MLD gradually returns to pre-hurricane
conditions following the passage of Hurricane Katrina.
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Figure 11. Estimated daily mean mixed layer depths (MLDs, m, a2-h2) and wind fields (WSs, m/s,
al-h1) of Hurricane Katrina, ranging between 26 August and 1 September. Reference sea state and
winds are averaged MLDs and WSs during 21-23 August, respectively. (a) average wind speed
and MLD during August 21-23, wind speed and MLD on (b) August 26 12:00, (c) August 27 12:00,
(d) August 28 12:00, (e) August 29 12:00, (f) August 30 12:00, (g) August 31 12:00, (h) September
01 12:00.

4. Further Discussion
4.1. MLD Recovery

The recovery of the MLD from storm disturbances appears to vary depending on the
background climate [109]. Understanding the degree (e.g., duration) it takes for the MLD to
revert to pre-storm levels aids in comprehending the upper ocean’s response to storms. The
relative change in the MLD, expressed as a percentage (%), is calculated using the equation

do — d;

MLD Recovery (%) = 7
0

x 100 (4)

where d represents the mean MLD computed over the two days preceding the storm im-
pactand d; is the MLD at time i after the storm’s passage. Figure 12 presents the Gulf’s MLD
change resulting from several hurricanes, encompassing the period from July to August
(before Katrina) and extending to September 2005, based on MLD variations attributable
to each storm’s impact. Mean MLD distributions during 1-2 July (a) and 21-22 August
(b) serve as benchmarks for determining MLD changes induced by hurricane impacts.
Following Hurricane Cindy, a Category 1 storm with maximum winds of 33.4 m/s that
traversed from south to north across the middle of the Gulf, the Gulf failed to fully return
to its normal sea state due to the subsequent Hurricane Dennis. Post-Cindy, the MLD recov-
ered to approximately 81%, but it subsequently dropped to 72% following Dennis’s impact.
Despite Dennis being upgraded to a Category 3—4 hurricane, it resulted in only a 9% addi-
tional decrease from Cindy’s impact, with the MLD recovering to 79% by 16-17 July. Due
to Dennis’s more eastern storm track, the shallow depth and continental shelf regions along
the western side of the Florida Panhandle were likely unaffected in terms of MLD evolution.
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100

Hurricane Emily, reaching Category 5 intensity in the Caribbean Sea, drove warm water
through the Yucatan Channel, inducing anomalously high temperatures and salinity [110],
before moving west to northwest. Emily’s impact led to a significant MLD decrease to
55-57%, gradually rebounding to over 75% post-storm. Even during the interlude between
Hurricanes Emily and Katrina, the Gulf’s MLD had not fully recovered, remaining below
80%. The cumulative impact of multiple storms within a short period may compromise the
Gulf’s oceanic hydrodynamic resilience, altering the region’s climate background.
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Figure 12. (a) MLD recovery (%) from July in the Gulf of Mexico before Hurricane Katrina compared
with mean MLD during 1-3 July; (b) MLD recovery from Hurricane Katrina compared with mean
MLD during 1-3 July (») and 21-23 August (e).

In Figure 12b, two different mean-MLD bases are utilized, computed during 1-2 July
and 21-22 August. Compared to the preceding hurricanes, Katrina inflicted the most sub-
stantial MLD impact, with the MLD level plummeting to 37-39% using the July basis. Even
three weeks later (before Hurricane Rita), the MLD level remained below 70%. Katrina’s
influence was anticipated to cause significant changes in thermohaline processes, circula-
tion and mixing during and after impact. When compared to the August basis, Katrina still
induced a substantial MLD change of 60%, with an eventual recovery to approximately 84%.
The Gulf had not fully rebounded from Katrina’s impact and was subsequently affected by
Hurricane Rita on 20 September (not examined here). A longer duration may be necessary
for the Gulf to recover to over 90% of its former sea state, but multiple hurricane strikes
during the Atlantic hurricane season impede full recovery.

4.2. Wave Effect on MLD

A strong hurricane event is expected to have a major impact on mixing and transport
via surface waves. However, the influence of waves on the thermohaline structure and the
subsequent impacts of white-capping on said structure remain areas of ongoing investiga-
tion [111]. To address this gap, we utilized both model results from FLOW and the coupled
FLOW+WAVE to scrutinize the wind-driven wave effect on parameters such as the mixed
layer depth (MLD), temperature and salinity.

In Figure 13, we present comparisons of daily mean MLD distributions during Hurricane
Katrina, contrasting results from the FLOW and FLOW+WAVE coupled models. Additionally,
we depict wave length and MLD along a cross-section down the long axis of the Gulf at each
time step. During the early stages of the storm on 26 August, the MLDs showed minimal
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response to the waves. However, the intense hurricane wind-driven waves on 28-29 August
led to more significant variations in MLD in the northeastern Gulf of Mexico compared
to predictions without wave effects. Notably, on 30 August, even as Hurricane Katrina
weakened while moving inland over southern and central Mississippi, both models estimated
wider and deeper MLDs, hinting at the persistent influence of the storm’s dynamics.
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Figure 13. Variations in MLD during Hurricane Katrina: (1) wind-field, (2) MLD in FLOW model,
(3) MLD in coupled FLOW+WAVE model, (4) wave length along the line, (5) comparison of MLD
along the black dashed line: FLOW (+) and FLOW+WAVE ().

Various hydrodynamic and wave characteristics, such as time lag for MLD response
to strong winds and wave dynamics, as well as geological features and circulations, may
account for this phenomenon. Typically, wave effects penetrate to a depth of half their
wavelength [112,113], with predicted wavelengths in ranges conducive to affecting the
MLD, as depicted in Figure 13. We observe that strong wind-driven waves result in deeper
MLDs, approximately 3.5-5.4% deeper than those predicted by the FLOW model alone
(Figure 13). Although the additional mixing induced by wave effects may appear minor, it
provides invaluable insights into the contribution of wave-induced processes to overall
mixing. Even at a relatively small scale of 3.5-5.4%, this understanding is important for
systems reliant on acoustic (sonar) technology, which is highly sensitive to temperature
and density variations. Recognizing and comprehending the impact of waves on oceanic
processes, such as the MLD, allows stakeholders to improve their interpretation and adapt
their strategies for navigation, ocean monitoring and environmental assessment in storm-
prone regions like the Gulf of Mexico.

Figures 14 and 15 illustrate vertical variations in temperature and salinity caused by
wind-driven wave effects during Hurricane Katrina. These figures compare differences in
temperature and salinity between the coupled FLOW+WAVE model and the FLOW model
cross-sections along the specified lines. The coupled model results demonstrate greater
depth variations in temperature and salinity due to surface waves. While no significant
changes occur in the salinity field, the coupled model reveals spatial and temporal vari-
ations, with temperature fluctuations of up to £2.0 °C and salinity fluctuations of up to
+1.0 ppt compared to FLOW model results. Additionally, strong winds on the right side of
the storm track exhibit a more pronounced effect on temperature and salinity fields than
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those on the left side of the eye. The wave effects on the thermohaline process cross-sections,
as depicted in Figures 14 and 15, can be inferred from the model predictions between the
MLDs and associated wavelengths in Figure 13. These effects are likely attributable to

dynamic cooling, dissipative heating and wave processes acting as turbulent sources on
the ocean surface [42,114,115].
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Figure 14. Wave effects on the vertical cross-sections (along the black dashed lines) of temperature
(°C) and salinity (ppt) along the lines; left side, center and right side of the storm’s eye. The direction
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5. Conclusions

This study provides a comprehensive analysis of the hydrodynamic and wave effects
of Hurricane Katrina on the Gulf of Mexico’s upper ocean dynamics. Utilizing a sophis-
ticated modeling system integrating Delft3D FLOW and WAVE models, we evaluated
various parameters including water elevation, vertical profiles of salinity and temper-
ature, significant wave height, peak period, wind speed and direction. Our findings
indicate strong agreement between model predictions and observational data from NOAA,
NDBC, TOPEX and ERS-2 satellites, as well as the HYCOM model used for initial and
boundary conditions.

During Hurricane Katrina, the model accurately captured spatial and temporal varia-
tions in temperature and salinity, with notable increases and decreases observed. Under
the influence of extreme weather conditions, such as Hurricane Katrina, significant cooling,
wind-driven mixing and surface heat loss induce notable spatial and temporal variations
in temperature (~+4 °C) and salinity (~+1.5 ppt). The MLD is strongly developed with
~120 m (or more) on 29-30 August in the middle of the northeastern Gulf, compared to
pre-storm conditions (~20—40 m). Recovery analysis indicates that it takes about 18 days
for the MLD to rebound to approximately 84% of its pre-storm level following Hurricane
Katrina. Additionally, the incorporation of surface wave effects in the coupled model results
in a slightly deeper MLD (~5%) compared to the stand-alone hydrodynamic model. Our
findings underscore the importance of accurate modeling in predicting and understand-
ing the impacts of extreme weather events on ocean dynamics. These provide valuable
insights for scientific understanding, environmental management and operation applica-
tions, particularly in predicting and mitigating the impacts of extreme weather events on
ocean dynamics.

Future applications should focus on incorporating denser observational data to further
refine and validate the model, facilitating deeper insights into the complex responses of
thermohaline structure and circulation to hurricane-induced disturbances. By leveraging
advanced modeling techniques and observational data, we can deepen our understanding of
marine systems and inform strategies for mitigating the impacts of climate-related disasters.
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Mexico were obtained from NOAA’s NDBC (https://www.ndbc.noaa.gov) (accessed on 23 April 2022)
and NOAA'’s Tides and Currents (https:/ /tidesandcurrents.noaa.gov) (accessed on 23 April 2022),
respectively; (g) sea surface height anomaly (SSH-A) from the TOPography EXperiment (TOPEX)
and European Remote Sensing Satellite (ERS-2) is available at https://geo.gcoos.org/ssh/datal/
(accessed on 23 May 2022).
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