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Abstract: Winter storms occur in the Gulf of Mexico (GoM) every few years, but there are not many
studies on oceanic responses to severe winter storms. Although usually considered less destructive
than hurricanes, they can result in cumulative damages. Winter Storm Outbreak of February 2021
(WSO21), the most intense winter storm to impact Texas and the GoM in 30 years, passed over the
western GoM and brought severe cold to the GoM coastal regions, which caused a sudden cooling
of the ocean surface, resulting in an extensive loss of marine life. In this study, we analyze multiple
datasets from both in situ and satellite observations to examine the oceanic changes due to WSO21 in
order to improve our understanding of oceanic responses to winter storms. Although the pre-storm
sea surface temperature (SST) was 1-2 °C warmer than normal, severe coastal cold spells caused a
significant cooling of the order of —3 °C to —5 °C during WSO21 and a —1 °C average cooling in the
mixed layer (ML) over the western GoM. Net surface heat loss played a primary role in the upper
ocean cooling during WSO21 and explained more than 50% of the cooling that occurred. Convective
mixing due to surface cooling and turbulent mixing induced by enhanced wind speeds significantly
increase the surface ML in the western GoM. Apart from rapid changes in SST and heat fluxes due
to air-sea interactions, persistent upwelling brings nutrients to the surface and can produce coastal
“winter” blooms along the Texas and Mexico coast. Prominent salinity increases along the coastal
regions during and after WSO21 were another indicator of wind-induced coastal upwelling. Our
study demonstrates the utility of publicly-available datasets for studying the impact of winter storms
on the ocean surface.

Keywords: Gulf of Mexico; cold spell; Winter Storm Uri; convective mixing; surface heat flux; satellite
observations; in situ observations; chlorophyll a; Arctic outbreak; ice storm

1. Introduction

Despite the rapid warming of the global atmosphere and ocean, the United States
(U.S.) has experienced an increasingly frequent number of extremely cold winter weather
events over the past several decades [1]. The occurrences of many winter storms (also
known as cold waves/fronts/snaps) in the U.S. are associated with the frequency of polar
stretched vortexes [1]. Winter storm-induced cooling and mixing is one of the main causes
of marine cold spells (MCSs) in the U.S. coastal regions. A marine cold spell is a period of
exceptionally cold surface water that has an acute impact on the marine ecosystem [2].

The first United States billion-dollar weather-related disaster in 2021 was from a winter
storm. This storm has been commonly referred to as the “Great Texas Freeze”, “Winter
Storm Uri”, or, the term used in this study, “Winter Storm Outbreak of February 2021
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(WS021)”. Unlike many other winter storms (e.g., the blizzard of 1996), where snow and
other forms of frozen precipitation made the headlines, WSO21 is most infamous for the
severe and long-lasting cold it brought to the south-central and Gulf Coast of the United
States and, in particular, Texas and the northwest Gulf of Mexico (GoM). WSO21 caused
cascading failures of natural gas supplies, power generation and interconnected energy
systems in Texas, which restricted the electricity supply and left more than 4.5 million
Texans without heat or electricity for several days [3]. In Texas, at least 246 individuals
died directly or indirectly due to the severe cold [4]. The total damages were estimated to
amount to approximately USD 295.0 billion [5].

WSO21 came about due to disruptions in the synoptic-scale atmospheric pattern in
mid-February 2021. The polar vortex was in a weakened state and the Arctic Oscillation
was in a strongly negative phase; this allowed for a large and deep trough to develop
over central United States which funneled Arctic air southward from Canada to Texas.
WSO21 was associated with three separate cold fronts that came through southeastern
Texas between 2/11 and 2/17 and helped pump cold air into the region: a weaker front on
2/11 and a much stronger front on 2/14, followed by a weaker front on 2/17. It was also
reported using the National Weather Service’s Weather Prediction Center (WPC) surface
analysis of pressure fields and upper air patterns (500 hPa height contours) that the cold
arctic air gradually spilled southward into Texas, resulting in precipitation in the form of
snow, sleet and freezing rain. The WPC surface analysis showed the three prominent cold
fronts passing through the GoM over the same period (https://www.weather.gov/fwd/Fe
b-2021-WinterEvent) (accessed on 17 May 2023). The Arctic cold front that pushed through
on 2/14 shattered many cold temperature records throughout the state of Texas. It was the
coldest winter storm experienced in this area since December 1989. Galveston, which is
located on the southeast coast of Texas and where the temperature is often modulated by
the GoM, experienced 37 consecutive hours of below-freezing temperatures from 2/15 to
2/16. Additionally, their daily average temperature departure from normal was —10.8 °C
between 2/12 and 2/18, with a —16.7 °C departure experienced on 2/15.

WS021 was a very dynamic and complex weather system, but satellite and weather
stations allow for attempts to understand the different atmospheric processes and their
effect on land [3,6]. However, due to the lack of studies on the ocean, the oceanic processes
during winter storms are still not well understood.

Winter storms can occur every few years in the GoM [7], with severe events recorded
in 1899, 1940, 1951, 1983, 1989, 2011 and 2021 [3,8]. The GoM has a long coastline with a
large body of shallow bay water. Because the coastal water is so shallow, winter storms
can cause dramatic drops in coastal water temperature accompanied by extremely rapid
air temperature drops. Besides impacts on human and land ecological systems, winter
storms also influence ecosystems in the GoM. Significant marine life mortality and extensive
destruction have occasionally been observed in the coastal region (e.g., [8-11]) after a winter
storm passage. For example, at least 1 million pounds of fish perished due to cold in the
bay water of the GoM during the January 1940 MCS [8], and 60-90 million pounds of fish
perished during the 1951 MCS [9]. Three MCSs that occurred in the Texas coastal region in
the 1980s caused the death of ~32 million fish in total [11]. Both the duration of the MCS
and the rapidity of the temperature drop played important roles in influencing the amount
of fish mortality [8,9]. The damage to fish caused by an MCS event can bring a significant
reduction to the commercial catch in the following year [8,9]. Cold weather events in the
GoM can cause sea turtle cold-stun stranding events (e.g., thousands of juvenile green
sea turtles were stranded in St. Joseph Bay, Florida, in the winter of 2010 [12]). During
WS021, more than 12,000 cold-stunned sea turtles were rescued along the Texas coast, and
only 35% of them survived, making it the largest sea turtle cold-stun event in recorded
history [13]. At least 3.8 million fish were killed coastal-wide due to WSO21, the highest
fish mortality rate in the past 30 years [11]. WSO21 also influenced coastal wetlands and
caused ecosystem shifts between salt marshes and mangroves along the Texas coast [14].
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Winter storms over the GoM can cause accelerated oceanic heat loss and sea surface tem-
perature (SST) decreases through wind-driven upwelling and convective mixing [15-17]. The
GoM SST has a clear seasonal cycle, with the minimum SST typically occurring in February
or March (13-15 °C in the northern coastal regions [18,19], 22-24 °C in the western gulf and
24-26 °C in the eastern gulf [15]). The Gulf of Mexico Regional Climatology [20], generated
from historical ocean profile data within the World Ocean Database [21], estimated the
long-term mean conditions over the 1955-2017 period. The long-term mean conditions
during February are shown in Figure 1. Figure 1a displays the February SST climatology,
with the coldest waters (<16 °C) along the United States coast in the northwest GoM, with
a gradual increase in temperature with decreasing latitude, reaching temperatures >26 °C
in the Yucatan Basin. To understand the background vertical structure from climatology,
a 0-200 m meridional cross-section at 95°W (Figure 1b) and 0-200 m zonal cross-section
at 28°N (Figure 1c) in the GoM is plotted. Figure 1b reveals fresh (salinity < 34) and cold
(<15 °C) water near the northwest coast, which rapidly increases towards the south, and
Figure 1c shows rapidly increasing temperature and salinity from near the Texas coast to
the interior Gulf. Thus, the expected climatological conditions near the northwest coast
of GoM (Texas) are for the near-coast to experience fresh (<34) and cold (<15 °C) condi-
tions with rapidly increasing temperature and salinity towards the interior Gulf. Based
on Figure 1b,c, temperatures are vertically homogeneous throughout much of the GoM,
with increasing vertical stratification occurring at approximately 100 m in the interior GoM,
driven by rapidly decreasing temperatures at this depth. Salinity is vertically uniform in
the mixed layer (ML), but increases slightly to >36.4 below the ML and then decreases again
with depth.

More winter storms could occur during the El Nifio-Southern Oscillation years and
could cause enhanced mixing of the upper water column, which might result in higher
phytoplankton concentrations in the deep GoM [16]. Muller-Karger et al. [22] found that
cooler winters relative to the seasonal climatology were less frequent in the 2000s than
in the 1980s in the GoM, which was likely due to global warming. A winter storm could
cause periodic upwelling and the offshore transport of nutrient-rich water from the coast
to the inner shelf of the northern GoM, resulting in enhanced phytoplankton growth in
the inner shelf regions [23]. Winter storms are also critical in determining the long-term
sediment-transport pathways in the northern GoM [24].

Although winter storms can cause billions of dollars in losses and massive ecosystem
damages that are comparable to those resulting from tropical storms and hurricanes, their
oceanic responses have not received sufficient attention to date. In this study, we combined
available data from both in situ and remote satellite observations to characterize the oceanic
changes during WSO21 in the GoM. The focus will be specifically on the cooling process
because that was one of the most notable phenomena that occurred during this winter
storm. A physical understanding of how the upper ocean responds to a winter storm
may be useful for conservation, management and modeling purposes. We also discuss
how MCS changes with time under a regime of global warming and climate change as
winter storms are one of the biggest contributors to MCS. The frequency and intensity of
MCS are decreasing globally due to SST warming [25]. The average SST over the GoM
has risen at a rate of approximately 0.15-0.3 °C/decade since the 1980s [18,22,26,27] and,
during the most recent decades (2011-2022), the average SST has increased by >1.0 °C
compared to that in the 1970s [27]. We use WSO21, one of the most recent and intense
winter storms, to investigate how the GoM responded to a severe winter weather event.
We investigate changes in SST, turbulent heat fluxes, salinity, wind, chlorophyll-a, mixed
layer depth (MLD) and upwelling, with a special focus on the mechanisms controlling the
water temperature cooling process during WSO21.

The structure of this paper is as follows. The Section 2 describes datasets and analysis
methods. The Section 3 describes the results, followed by a discussion in Section 4 and a
summary of this study in Section 5.
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Figure 1. The 1955-2017 GoM February climatology. (a) February sea surface temperature.
(b) Meridional cross section (shown by the meridional line in (a)) of temperature (shaded) and
salinity (contour) between 0 and 200 m at 95°W. (¢) Zonal cross section (shown by zonal line in (a)) of
temperature (shaded) and salinity (contour) between 0 and 200 m at 28°N.

2. Data and Methods

To improve our understanding of how the surface ocean responded to WSO21, we
consider both in situ and satellite observations collected in February 2021. We analyze SST
anomalies derived from removing the long-term climatological mean and also review the
before, during and after storm conditions caused by WSO21 for multiple other geophysical
and biological variables discussed in this section. The primary focus of this study is the
western GoM (west of 90°W; white rectangle in Figure 2).

2.1. Datasets
2.1.1. Surface Buoy Observations

Surface buoy data were obtained from the National Buoy Data Center (NBDC) and
Texas Automated Buoy System (TABS) in the western GoM. Buoy locations with bathymetry
data are shown in Figure 2a and Table 1. Only buoys with SST observations in February
2021 were selected for our analysis. There was a total of 10 stations that met this criterion
(Table 1). Most buoys also measure air temperature, wind speed and direction, and sea
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level pressure. Salinity (density) and water current speed/direction observations were
all obtained from the TABS. For wind and current directions, we followed the nautical
definition. The direction of the wind was considered as the direction from where it was
blowing, while the direction of ocean currents was considered as the direction they were
headed for. Buoy names are shown next to the buoy stations (red squares) in Figure 2a.
Stations PTAT2 and ANPT2 are so close to each other that they cannot be shown separately.
Stations 42043, 42045 and 42048 are TABS buoys and, therefore, have both five-digital NDBC
buoy names and one-letter TABS buoy names, with the TABS name shown in parenthesis.
Buoy X is a TABS buoy with no NBDC name. The listing order of stations in Table 1 is
based on their water depths from shallow to deep, roughly corresponding to the distance
offshore. The shallowest station is PTAT2, with water depth observations of 1.0 m, while
the deepest station (42002) is located at more than 3000 m. For stations with two names in
Table 1, the one in parenthesis is the TABS name. For the variable changes due to WSO21,
the mean shows the average difference between Periods III and I (the average between
13-21 February 2021 minus the average between 8-10 February 2021). The max shows the
maximum/minimum changes due to WSO21 (the minimum is shown for air and water
temperatures and the maximum is shown for the rest of the variables). A blank space in
Table 1 means the variable was not measured at that station.

30
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Figure 2. (a) Locations of the selected buoys in the northwestern Gulf of Mexico (red squares) with
station names. The contour map shows the approximate bathymetry of the northern Gulf of Mexico.
(b) Map of the Gulf of Mexico and average SST between 8 and 10 February 2021 from Daily Optimum
Interpolation SST. The white square shows the average area referred to in Section 4.

2.1.2. Daily Optimum Interpolation Sea Surface Temperature (DOISST)

SST and SST Anomaly (SSTA) data were derived from the National Oceanic and
Atmospheric Administration (NOAA) DOISST version v2.1, which is a global daily SST
product with a spatial resolution of 0.25°, starting from September 1981 [28,29]. DOISST
blends in situ and bias-corrected advanced very high-resolution radiometer (AVHRR) SST
measurements. The AVHRR SSTs were adjusted to the global buoy SSTs at the nominal
depth of 0.2 m. In the ice-covered regions, the proxy SSTs from ice concentrations [30]
were blended with other in situ and AVHRR SSTs, if available. Figure 2b shows the SST
map obtained from the DOISST during the pre-storm period (the average between 8 and
10 February 2021) as an example.
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Table 1. NDBC Buoy station names, locations, water depths and changes during the WSO21 passage
(Period IIT) compared to pre-storm conditions (Period I). # Due to the 7 °C QC limitation, the
temperature drops at these two stations might be underestimated.

Buoys Lat Lon ]‘;ﬁi l::}r‘ Changes  Wind PreAs;re T?I;rp ;Z::le; Salinity  Density IXZ iilgﬁt Current
Units ° © m m/s mb °C °C PSU kg/m3 m m/s
. me mm 0 T M 7E e

ANPT2 — 27.857  —97.039 108 . 1?6.2859 27i.9629 :gég :186.()107##

oo p2m -saas 162 U SR SO TRl e

42048 (D) 27939 —96.843 18 . :;Z‘;’ B%f’ (1]:2451

2092 27774 —96972 189 e :g:é; (1):;18

203 @) 289 eamy 19 O N3l ie i@ 40 56,04
L5 26217 9650 @ T Gl 60 T 0 125 093 %67
oo a0 —sxs o TR 00 B s im 307

X ozo0 -seaw 2s U N 0 i iss oo 048 257
42002 26055 93646 3088 T 15’i.2585 125.9820 :15i%‘§3 :8:52 éi%

2.1.3. Wind and Surface Heat Flux Data

The new version of a blended wind product (NOAA NCEI Blended Seawinds version
v2.0-NBSv2) [31], which was developed recently to resolve very high winds associated with
hurricanes and storms, was used to determine the Ekman suction/pumping from the curl of
the wind stress to estimate upwelling/downwelling. The daily level-2 turbulent heat fluxes,
including both the latent heat flux (LHF) and the sensible heat flux (SHF), over the GoM
were obtained from the Cyclone Global Navigation Satellite System (CYGNSS) [32] of the
Jet Propulsion Laboratory (JPL) Physical Oceanography Distributed Active Archive Center
(PoDAAC) repository. To calculate net surface heat flux during WSO21, shortwave and
longwave radiation data were obtained from the fifth generation of ECMWF Reanalysis
(ERAS5) data. The ERAS5 surface heat flux dataset was provided at a high spatial and
temporal resolution, with data available every hour and at a grid spacing of approximately
0.25 degrees (25 km). We also compared the CYGNSS sensible and latent heat fluxes with
those from ERA5 and they agree reasonably well during February 2021.

2.1.4. NOAA Daily Level-4 Science Quality Multi-Sensor Chlorophyll Gap-Filled Analysis

The chlorophyll-a concentration data, produced by the NOAA Center for Satellite
Applications and Research (STAR) and NOAA CoastWatch, comprises a global level-4
gap-filled analysis merging the observations of the Visible and Infrared Imaging Radiome-
ter Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership (Suomi NPP)
and NOAA-20 satellite missions [33]. The data are on a 0.083° x 0.083° grid and pro-
cessed using NOAA Multi-Sensor Level 1 to Level 2 processing systems (MSL12) devel-
oped by the NOAA /STAR Ocean Color Team; they can be downloaded from the NOAA
CoastWatch website.
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2.1.5. Seven-Day Global Multi-Mission Optimally Interpolated (OI) Sea Surface Salinity
(OISSS) Dataset

The multi-mission OISSS level 4, 7-day running-mean-gridded dataset was produced
by the International Pacific Research Center (IPRC) and the University of Hawaii at Manoa
in collaboration with Remote Sensing Systems (RSS), Santa Rosa, California. The data
merge the L2 swath data from the Aquarius/Satélite de Aplicaciones Cientificas (SAC)-
D, Soil Moisture Active Passive (SMAP) and Soil Moisture and Ocean Salinity (SMOS)
missions [34] using optimal interpolation (OI) with a 7-day decorrelation time scale. The
OISSS v1.0 7-day running mean data were generated on a uniform grid with a 0.25°
resolution at a 4-day interval from September 2011 to the present.

2.1.6. HYbrid Coordinate Ocean Model (HYCOM)

Changes in MLD during the passage of WSO21 were obtained from a reanalysis
version of the HYCOM. For this study, we used HYCOM experiment no. 90.1 run by
the US Naval Research Laboratory, Stennis Space Center, MS. This version of HYCOM
has a horizontal resolution of 1/25° and 40 hybrid layers. It is isopycnal in the open
stratified ocean but reverts to a terrain-following coordinate in shallow coastal regions, and
to z-level coordinates near the surface in the ML [35]. This HYCOM experiment used the
Navy Coupled Ocean Data Assimilation (NCODA) system to assimilate available satellite-
derived SST and altimeter as well as in-situ salinity and temperature data from Argo floats,
conductivity-temperature-depth profiles, and moored buoys [36,37]. HYCOM has been
compared with the NOAA NCEI World Ocean Database (WOD) in the GoM and has been
found to perform favorably well [38,39].

2.2. Parameter Estimates
2.2.1. MLD

We estimated the MLD from HYCOM using a variable density threshold equivalent to
a potential temperature change of 0.2 °C [39]:

Ay = 0p(Ti9 — 0.2, S10, Po) — 09(T10, S10, Po) 1)

where Aoy is the change in potential density between a reference depth (10 dbar) and the
base of the ML. T1g and Sy are, respectively, temperature and salinity at 10 dbar, and Py is
sea surface pressure.

2.2.2. Ekman Suction

We computed Ekman suction velocity (w,) from the following equation:
W= -V x T @)

where V x T is the curl of the wind stress, p, is the density of seawater (1024 kg m~3)
and f is the Coriolis parameter (i.e., 2Qsing, where () is the angular velocity of Earth
and @ is the latitude). The NBSv2 wind data product [31] was used for Ekman suction
velocity calculation.

2.2.3. Latent Heat Flux (LHF) and Sensible Heat Flux (SHF)

LHF and SHF are primarily driven by wind speeds and differences in temperature
and specific humidity, respectively, between the ocean surface and the lowest levels of the
atmosphere. Both LHF and SHF are derived using bulk aerodynamic formulas [40]:

LHF = paLoCpeW(gs — qa) 3)
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where, p, is the air density (in kg m™3), L, is the latent heat of vaporization (~2.5 x 1007 kg’l),
Cpk is the exchange coefficient of moisture and Cppy is its counterpart in sensible heat. ¢,
is the specific heat capacity of air at constant pressure (1004 J K~! kg~'). W is the surface
wind speed (in m s !); T, and g, are the temperature (in K) and specific humidity (kg kg ')
at the reference height of 10 m above the sea surface, respectively, and g5 and T; are the
saturation humidity and temperature at the surface, respectively.

2.3. WSO21 Periods Definition

Based on the WSO21 arrival time and changes in air temperature, sea level pressure
and other parameters measured by the buoy stations (Figure 3), we separated the WS021
time periods in our analysis into four intervals: (I) Pre-storm period, 8-10 February 2021,
which defines the pre-storm conditions before WSO21 arrived. (II) Transition period, 11-12
February 2021. Unlike tropical storms, winter storms usually move slowly and do not have
a clear storm center. 11-12 February 2021 is considered the transition/development period
of WSO21 from the coastal to the interior ocean. (III) Storm period, 13-21 February 2021,
when the GoM was most affected by WSO21. (IV) Recovery period, 22-26 February 2021.
The atmosphere and ocean conditions started to return to pre-storm conditions.
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Figure 3. Buoy observations from February 2021: (a) Air temperature. (b) Sea level pressure.
(c) Zonal wind. (d) Meridional wind. (e) Wave height. (f) Sea surface water temperature. (g) Salinity.
(h) Density. (i) Zonal current. (j) Meridional current. The same color is used for the same variable
measured at different stations.

These four periods were defined mostly based on atmospheric parameters measured
by buoys in the northwestern GoM. There may be some short (1-2 days) delays in the
oceanic response to atmospheric forcing. In the following analysis, the periods for different
parameters/datasets might be slightly different based on the actual oceanic responses to
WS021, but we make every attempt to follow the periods defined here when possible. The
key is to capture the most significant changes due to WSO21. Therefore, sub-periods or
daily data may also be used to show the evolution of WSO21’s direct impact on oceanic
changes during the storm period (period III).
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The Texas coast and the western GoM were the main areas affected by WSO21; there-
fore, our analysis focuses mainly on the western GoM (west of 90°W, white rectangular
box in Figure 2b). Moreover, in February 2021, the Loop Current extended far north to the
Mississippi River Delta (Figure 2b), which brought warm water to the northern GoM and
reduced the cooling impact on the eastern GoM during WSO21.

3. Results

In this section, we describe the detailed oceanic responses to WSO21 to understand
how the surface and upper oceans are affected by winter storms in the GoM. We first focus
on coastal responses using buoy observations and then investigate the oceanic response
over the western GoM using multiple in situ and satellite-based parameters.

3.1. Oceanic Responses in the Northwestern Region from Coastal Buoys

The instruments on the 10 buoys (Figure 2a) recorded dramatic atmospheric and
oceanic responses to WSO21 along the Texas coast (Figure 3). The average and maximum
changes between Periods III and I for all the buoy variables are shown in Table 1. During
the pre-storm period, most variables were very stable with minimal variability. Both air
and water temperatures were several degrees lower at near-shore shallow stations (water
depth < 20 m) than those at offshore stations (water depth > 50 m) (Figure 3). The first
six stations in Table 1 are shallow stations with water depths of less than 20 m. The air
temperature at the near shore stations (PTAT2, ANPT2, 42035 and 42043) began to drop
around midnight on 11 February, followed by the air temperature at the further offshore
stations (42045, 42019 and X). The deepest station, Station 42022, is located at >3000 m
water depth and was affected by WSO21 approximately 1.5 days after the first impacts
were observed at the onshore stations (Figure 3a). The air temperature decreased rapidly by
more than 10.0 °C in the first several hours when on 11 February, the first front of WSO21
arrived at the onshore stations. A second rapid air temperature drop, associated with the
second front, occurred after midnight on 15 February, which brought air temperatures
much below the freezing point (with a minimum of ~—10 °C, Figure 3a). Unlike the
progressive temperature drop on 11 February, the air temperature decrease on 15 February
happened nearly simultaneously at all stations, suggesting a fast-moving Arctic front on
14-15 February. The air temperature increased on 16 and 17 February, and then slowly
decreased again on 18 and 19 February, due to the third and final cold front sliding through
the region. From 20 February, the air temperatures began to increase at all stations and
gradually returned to pre-storm values after 22 February.

Three waves of cooling events during WSO21 were measured from 11 to 12 February,
15 to 16 February and 18 to 19 February, respectively. The waves were also indicated by sea
level pressure changes (Figure 3b) during the same periods. The wind was relatively weaker
during the pre-storm period (Period I) and the wind direction was mostly southeasterly,
except at the deepest station, 42002 (Figure 3c,d). As the first cold front associated with
WSO021 arrived on 11 February, the meridional (north-south) wind quickly reversed from
southerly to northerly at all stations located north of 27°N. Winds mostly maintained a
northerly component from 11 to 20 February due to the reinforcing and much colder Arctic
front on 14 February and the weaker cold front on 17 February. There was a short window
during the night of 16 February when the winds became southerly, the temperatures
warmed and the air pressure dropped. This was due to the warm air advection moving in
ahead of the final cold front on 17 February. The zonal wind also showed large variations
during WSO21. The oscillations in air temperature and sea level pressure and the changes
in wind direction suggested strong frontal dynamics associated with the successive rounds
of Arctic air plunging into the GoM. During the pre-storm period, the wave heights were
less than 1.0 m at all three stations where wave measurements were available (Figure 3e).
For the wind and current directions, we followed the nautical definition. The direction of
the wind was considered as the direction from where it was blowing, while the direction of
ocean currents was considered as the direction they were headed for. Due to the enhanced
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wind speed, the wave heights during Period III almost doubled or tripled (Figure 3e), with
some peak wave heights reaching more than 4.0 m at Station 42002 on 16 February.

Due to significant differences in heat capacity, water temperatures changed much
more gradually than air temperatures and experienced fewer oscillations during WSO21
(Figure 3f). Water temperatures could be separated into two groups based on their changes
and station water depths. At the shallow stations, pre-storm water temperatures were
~15 °C. The temperatures steadily decreased between 12 and 19 February, and then slowly
increased between 20 and 26 February to near pre-storm temperatures. The lowest water
temperatures were measured at PTAT2 and ANPT2 between 15 and 19 February. Any
water temperature less than 7 °C is considered “bad” data by the NDBC quality control
(QC) procedure and was thus removed from the database. The data gaps between 15
and 19 February at PTAT2 and ANPT2 were caused by this QC procedure. In the case
of WS021, these temperatures were not “bad”, they simply signify an extremely cold
anomalous event, but were unfortunately removed as “bad” data from the NBDC database.
The four interior GoM stations in Table 1 (water depth > 50 m) had pre-storm SSTs of
more than 20 °C, approximately 5 °C higher than those of the coastal stations. The large
temperature difference between the coastal and interior GoM can also be observed in
the SST plot in Figure 2b and is consistent with WOA climatologies (e.g., Figure 1a) and
previous studies [15,18,22]. The offshore stations also showed declines in temperature
during WSO21, but they were less prominent compared to those of onshore stations.
Surface cooling can greatly decrease the water temperature of the upper water column,
especially at coastal stations where the water depth is less than the MLD. For the offshore
stations, due to the large heat capacity of seawater, more energy loss is required to cool
down a larger body of water and, therefore, the temperature change was less prominent
than that for the onshore stations.

Two mechanisms controlled the cooling process during WSO21. Convective mixing
occurred due to surface cooling, which effectively reduced the water temperature of the
surface ML. WSO21 also brought high winds to the study region and thus caused stronger
turbulent mixing. Both processes deepened the MLD and brought cool and salty water
from the pycnocline to the surface, particularly at stations near the coast where the saltier
water is less deep and can be mixed up more easily (See Figure 1a,b). This was supported by
the salinity increase during WSO21 at the near-coastal stations, 42043 and 42045 (Figure 3g).
Water density increases were also measured at the four TABS stations during WSO21, which
indicated a combined effect of cooling and salinity increase (Figure 3h). The magnitude
of ocean currents at 42043 and 42044 increased during WSO21 (Table 1 and Figure 3). The
dominant current was east/southeast at 42043 most of the time, except between 15 and
17 February when the coldest weather occurred. The water currents at 42045 and X were
similar and were mostly southwesterly during WSO21. Two large southerly current peaks
(Figure 3j) were measured during two of the three cooling waves (Figure 3a) on 15 and
18 February at Station 42043 and X, respectively. A notable peak with current magnitudes
greater than 0.5 m/s was measured on 17 February at station 42043. The persistent presence
of southerly (north to south) currents throughout the WSO21 storm period were consistent
with persistent cold winds coming from the north.

Based on the atmospheric measurements of the buoys, WSO21’s first cold front moved
through the region around 11 February 2021 and the region then experienced two successive
cooling waves later that week, shown by the air temperature and sea level pressure changes.
Wind, wave heights and water currents all displayed corresponding responses to the last
two successive cold waves. The air temperature decreased by more than 10 °C on average
at most stations during WSO21, with a maximum decrease of more than 25.5 °C at the two
shallowest stations (Table 1). Water temperature decreases were mainly confined to the
coastal regions (Table 1). Sea level pressure, wave height, wind and current magnitudes,
and density all increased during WSO21 (Table 1).
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3.2. Response to WSO21 in the Western GoM
3.2.1. Cooling Caused by WS021

As described in Section 3.1, WSO21 substantially cooled the western GoM (Figure 4).
During the pre-storm period (Period I; Figure 4a), the SSTAs were 1° to 2 °C above normal
(the long-term average between 1982 and 2021) in the western GoM, 1° to 3 °C above
normal in the central GoM related to the Loop Current position (Figure 2b), —1° to —2 °C
below normal along the northwestern coasts of the GoM and —1° to —3 °C below normal
along the eastern coasts of the GoM. During Period II (Figure 4b), SSTAs decreased by
approximately 0.5 °C near the western coasts of GoM but increased slightly in the central
GoM, while cold SSTAs remained in the western, northern and eastern coasts of the GoM.
During Period I1I, (the storm period, Figure 4c), the SSTAs clearly decreased ~3 °C along
the northwestern coasts of the GoM, which is consistent with the buoy observations (Table 1
and Figure 3). The SSTAs decreased by approximately 1 °C in the eastern-central GoM but
increased by approximately 2 °C along the eastern coasts of the GoM, which is outside of
the area that WSO21 impacted.

(a) Pre—storm SSTA, 2/8-10 (b) Transition SSTA, 2/11-12
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(c) Storm period SSTA, 2/13-21 (d) MCS min SSTA, 2021
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Figure 4. Average SSTAs during (a) pre-storm period, (b) transition period and (c) storm period.
(d) Minimum SSTAs of MCS in 2021. (e) Averaged SSTAs (dotted black) in the GoM region with a
linear trend of 0.021 + 0.001 °C per year (solid red).
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MCSs, the counterpart to marine heatwaves, which are defined as cold events when
SSTs are lower than the 95 percentile SST and sustained for longer than 5 days [41,42],
are plotted in Figure 4d. The dropping of the SSTAs triggered strong MCSs (Figure 4d)
with minimum SSTAs of —3° to —5 °C along the northwestern coasts and weaker MCSs
in the central GoM with minimum SSTAs of —1° to —2 °C. Overall, MCSs were confined
to the northwestern coasts of the GoM, while most of the central GoM was MCS-free,
which was directly associated with the warmer-than-normal SSTAs during the pre-storm
period (Figure 4a) and the warm water transportation by the Loop Current (Figure 2b) into
the mid-GoM. The limited MCSs caused by WSO21 in February 2021 were also impacted
by the long-term warming trend of the GoM. Figure 4e shows the daily averaged SSTA
data for the entire GoM. The linear trend in the anomalies (red line) is overlaid on the
anomaly line. The GoM shows a significant increase in SSTA, with temperature increases
of ~0.2 °C per decade (p << 0.05) between 1982 and 2021. The trend of SST increase is
comparable to estimates in previous studies [18,22,27]. The minimum SSTA each year also
increases with time as the overall warming rate increases [18]. The average minimum SSTA
after 2015 is approximately 1.0 °C higher than the average minimum before 1990. Note,
our data also show the 2010 and 2011 cold events, which have been described in [18,22].
The warmer-than-normal pre-storm SST conditions greatly reduced the chances for the
formation of MCSs during WSO21, and are investigated further in the Section 4. Even
with a limited area of MCSs, WSO21 still caused significant mortality to sea turtles and
fish [11,13].

3.2.2. Surface Turbulent Heat Fluxes Response

Surface heat flux is the exchange of heat per unit area between the surface of the
ocean and the atmosphere. These fluxes include latent heat flux (LHF) and sensible heat
flux (SHF). They play an important role in the genesis and evolution of winter storms.
Both the LHF and SHF during the passage of WSO21 were obtained using the CYGNSS
data [32]. Large air—sea temperature and humidity differences were observed during the
winter season, which were enhanced by winter storms due to the cold and often windy
weather associated with them. Figures 5 and 6 show the LHF and SHE, respectively, over
the region of interest during the four periods of WSO21. By convention, positive LHF and
SHF values indicate upward flux or heat coming out of the ocean, while negative values
indicate downward flux, i.e., heat flowing into the ocean.

The CYGNSS heat flux data were validated [32,43] against many global buoy networks
including Kuroshio extension (KIO), National Data Buoy Center (NDBC), OceanSITES
and tropical moored buoy systems (i.e., TAO, TRITON, PIRATA, RAMA, etc.). Both
studies [32,43] showed that CYGNSS validation with the global buoy networks yielded
average RMSEs of ~33 to 39 W/m? and ~6 to 9 W/m? for LHF and SHF, respectively. The
overall bias in CYGNSS LHF data was ~—3.6 W/m?, signifying that the CYGNSS LHF was
underestimated when compared to in situ measurements. SHF was slightly overestimated
by 1.5 W/m?. These biases and errors were less significant for the Atlantic Ocean compared
to the Pacific and Indian Oceans. When compared with ERAS heat fluxes (plots not shown
here), it was observed that during the pre-storm conditions, CYGNSS underestimated by a
mean difference of~2 W/m?; this underestimation further increased by ~10 to 14 W/ m?2
during the storm period and returned to ~5 W/m? during the post-storm recovery period.
This underestimation indicates that the turbulent heat fluxes from CYGNSS yielded less
heat loss to the atmosphere compared to that estimated from ERAS heat fluxes.

From Figures 5a and 6a, one can observe higher LHF and SHF, as expected during
winter months. During 8-10 February, when the conditions were pre-storm, LHF along
the northwest and west coasts of the GoM (where the cold front entered the GoM) were in
the range of 50 to 120 W/m? with a small region of higher values (~250 W/m?) over the
Loop Current area. The corresponding SHF values were within the range of 20 W/m? to
50 W/m?2, with high values over the Loop Current area. During the storm transition
(Figures 5b and 6b) phase as the winter storm was near the southeast coast of Texas and
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about to reach the warm waters of the northwest and western GoM, some sporadic high
values of LHF (~220 W/m?) and SHF (40 to 70 W/m?) could be observed. As the cold
front moved through the northwestern and western shores of the GoM, carrying very dry
and cold winds (air temperatures approximately 10 degrees below the freezing point) over
a very moist and relatively warm ocean surface, these large temperature and humidity
differences led to abnormally high heat fluxes (LHF > 300 W/m? and SHF~100 W/m?),
which cooled the ocean (Figures 5c and 6¢). These higher heat fluxes, associated with very
high winds and cold air temperatures, further died down as the multiple cold fronts moved
away from the area during the post-storm recovery period (Figures 5d and 6d).
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Figure 5. Average LHF estimated during the (a) pre-storm period of 8-10 February, (b) transi-
tion period of 11-12 February, (c) storm period of 13-21 February and (d) recovery period of
22-26 February.

3.2.3. Ekman Suction

Responses of the ocean subsurface to storm conditions can be observed through
Ekman pumping/suction due to changes in wind direction and magnitude. Ekman suction
is a manifestation of thermocline shoaling/deepening due to changes in the curl of the
wind stress. Ekman suction, which occurs when there is a cyclonic rotation of the winds
(which is typically associated with storms), brings salty and cooler subsurface waters to
the surface ocean of the GoM. Prior to the formation of WSO21 (Figure 7a), Ekman suction
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was mostly non-existent in most parts of the GoM. As the wind regime changed with the
buildup of the storm (Figure 7b), Ekman suction became more noticeable in the western
GoM. During Period III (Figure 7c), the cyclonic winds strengthened, causing a greater
suction (i.e., upwelling) of cold/salty subsurface waters in most parts of the western GoM.
Post WSO21 (Figure 7d), as the winds weakened and changed direction, the entire GoM
returned to pre-storm conditions, with very weak Ekman suction.
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Figure 6. Average SHF estimated during the (a) pre-storm period of 8-10 February, (b) transi-
tion period of 11-12 February, (c) storm period of 13-21 February and (d) recovery period of
22-26 February.

Figure 7c shows the average Ekman suction during Period III. Upwelling happened
almost everywhere in the western GoM (red color). Apart from the sudden cooling due to
direct air-sea interaction, this is an important mechanism in helping to cool the near-surface
water temperatures, as shown in Figures 3 and 4, and, more importantly, explains the near-
coastal salinity and chlorophyll-a increase during WSO21 (shown below). As in Figure 3,
the wind magnitude and direction changed rapidly during WSO21; therefore, in Figure §,
we show the daily Ekman suction at 12 UTC to demonstrate the localized upwelling and
rapid wind reversal during WSO21. In fact, the wind direction and magnitude could
significantly change within hours based on the 6-hourly wind data.
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Figure 7. Mean Ekman suction velocity (color shading, ms~1) during the (a) pre-storm period of 8-10
February, (b) transition period of 11-12 February, (c) storm period of 13-21 February and (d) recovery
period of 22-26 February. Red indicates Ekman suction and blue indicates Ekman pumping.

When WSO21 arrived on 11 February 2021, upwelling was observed only in the coastal
regions because the dominant wind was mostly southwesterly (Figure 8). The northerly
wind then expanded from the coastal northwest GoM to the interior GoM and became the
dominant wind in the western GoM on 13 February. Correspondingly, the upwelling zone
expanded from the western coastal regions to the entire western GoM from 11 February to
13 February and further expanded to most of the eastern GoM on 14 February. Upwelling
occurred along a long divergence zone in the central northern GoM, where the winds
of different air masses diverged on 13 and 14 February. The upwelling was strongest
and associated with the arrival of the most robust Arctic front of WSO21 on 15 February
in the western and northwestern GoM, but was only observed along coastal regions on
16 February. In most regions of the western GoM, the wind on 17 February reversed to
southeasterly, still causing strong upwelling along the western coastal regions. Associated
with the passage of the third and final cold front during WSO21, on 18 and 19 February, the
wind reverted to northerly and upwelling was formed in most regions of the western GoM.
As the recovery period built up, the wind direction changed from northerly to southeasterly,
with no upwelling in the northwest coastal GoM.

Coastal upwelling was observed almost every day during WSO21 at the northwest
corner, where many of the buoys are located. Upwelling is one of the keys to explaining the
phenomena observed by those buoys. From Figure 8, we also find that both the intensity
and location of the upwelling could change rapidly. It is critical to examine the upwelling
using daily or higher resolution wind data to fully understand the chlorophyll-a and salinity
change below.
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Figure 8. (a-1) Daily Ekman pumping/suction velocity (color shading, 10~#-ms~!) and wind direc-
tion (black arrows) between 11 and 22 February to show the detailed evolution of Ekman suction
during WSO21.
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From Figure 8, we can observe that the variability in wind strength and direction was
quite high over the storm period, which is indicative of multiple cold fronts related to
WSO021 crossing the GoM, as discussed in the Section 1. On 11 February (Figure 8a), there
were weak southeasterly winds throughout the GoM, with the first cold front beginning
to slide through the northwestern GoM on 12 February (Figure 8b) and fully through the
northwestern GoM on 13 February. This can be clearly observed from the wind patterns
on 13 February (Figure 8c), with strong northerly winds in the northwestern GoM and
southerly winds in the southeastern GoM. In Figure 8d, the front appears to continue to
move southeasterly through the GoM on 14 February, with another cold and much stronger
front right on its heels, moving through the northwestern GoM on 15 February (Figure 8e).
Once again, there was a clear delineation in the wind directions, which marked the location
of the front, with cold northwesterly winds on the backside and southerly winds out in
front. The front nearly cleared the whole GoM by 16 February, which was illustrated by
most of the GoM experiencing northerly winds (Figure 8f). On 17 February, the winds
began to return to pre-storm conditions, with southeasterly winds dominating much of
the GoM; however, another cold front came through the western GoM, with its presence
once again observable in the strong northerly winds on the backside in the western GoM
and southerly winds out ahead of it (Figure 8g,h). The front slowly moved through the
entire GoM on 19 and 20 February (Figure 8i,j), with pre-storm conditions beginning to
prevail in the GoM on 21 and 22 February (Figure 8k,1). The multiple cold fronts that passed
through the GoM during the 12 to 20 February time period caused multiple instances of
strong northerly winds on the backside of the front, with southerly winds out in front.
These repetitive cyclonic rotations in the western half of the GoM led to Ekman suction
and, when averaged out during the entire week, we can understand why Ekman suction
and thus upwelling dominated much of the western half of the GoM over the storm period
(Figure 7c).

3.2.4. Mixed Layer Depth

The ML is an indicator of turbulent mixing processes that occur in the upper ocean. The
response of the ML to conditions during the passage of WSO21 is shown in Figure 9. During
the pre-storm phase of WSO21 (Figure 9a), the ML was relatively deep in the western GoM,
with a core centered around 95W, 24N. A narrower band of deeper ML was observed in the
northeastern GoM. During the transition period (Figure 9b), the MLDs reduced and became
more localized. The impacts of storm-related turbulent mixing conditions such as surface
forcing (e.g., strong winds and heat fluxes) and lateral advection were clearly noticeable
during the WSO21 storm period (Figure 9c). At this time, the MLD was deepened (>100 m)
relative to pre-storm conditions and was more widespread, covering nearly the entire
western GoM. After the passage of WSO21 (Figure 9d), there was a drastic reduction in the
MLD in the entire GoM, reaching values lower than those of pre-storm conditions in many
regions of the GoM.

3.2.5. Changes in Ocean Color and Sea Surface Salinity (SSS)

To highlight the changes during WSO21 for ocean color and SSS, we show the changes
during Periods II-IV in reference to the pre-storm conditions (average of Period I) in
the following analysis. This allows us to show the evolution of chlorophyll-a and SSS
during WSO21.

Figure 10 shows the daily changes of chlorophyll-a during WSO21. The changes
of chlorophyll-a exhibited a notable decrease along the Mississippi River Delta (MRD)
region in the first half of the storm period from 13 to 18 February (Figure 10c-h), cor-
responding to a warmer water mass (daily SSTA, not shown) and weak downwelling
(Figure 8) at that region. The chlorophyll-a in the offshore of the MRD started to increase
between 19 and 21 February, and the entire MRD region had enhanced chlorophyll-a from
22 to 26 February (Figure 10i-p). Strong upwelling was observed (Figure 8h,i) on 18 and
19 February, which may have been responsible for the chlorophyll-a increase in the MRD.
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During the second half of WSO21, anomalous increased chlorophyll-a also occurred along
the central northern coast of the GoM (Figure 10k—p, 21-26 February). On the northwest-
ern coast, an increase in chlorophyll-a was visible from 13 to 15 February and became
more noticeable with a southward extension along the west coast during WSO21. The
location of the coastal chlorophyll-a bloom is consistent with the coastal upwelling zone
shown in Figure 8, with an expected time delay. Compared to the wind field and up-
welling, accumulation of chlorophyll-a still persisted (Figure 101-p, 22-26 February) after
the wind field recovered from the storm (Figure 7d) and lasted longer. The phytoplank-
ton growth in the GoM is nutrient-limited [22]. For the GoM, chlorophyll-a maximum
is usually measured in February [18,22], when upwelling and mixing bring nutrients to
the surface and cause phytoplankton growth in the winter in the northern GoM [18]. The
chlorophyll-a concentration of the deep western GoM was also slightly increased during
the post-storm period (22-26 February) compared to the beginning of WS021 (11-15 Febru-
ary). Chlorophyll-a enhancement was also found in the western region of the Yucatan
Peninsula in the southwest GOM starting from 20 February. It is unclear whether that
was WSO21-related.

30N

26N A

3
50
22N A =
40
30
20
18N - 2 ) ' : : , - » : ! r ' : . 10
98W 94W 20w 36W 82W 98w 94w 20w 86W 82W
. | , \ , , | \ | " \ \ s \ 120
c) 2021/2/13-21 d) 2021/2/22-26
30N-( ) SN 30N-( ) —~— 110
v 9
o 100
90
26N - 20
0 _
60 g
=
50
=

98W 94W 90w 86W 82W 98W 94W 90W 86W 2W
Figure 9. Mean HYCOM MLD (m) during the (a) pre-storm period of 8-10 February, (b) tran-

sition period of 11-12 February, (c) storm period of 13-21 February and (d) recovery period of
22-26 February.

Because SSS is already a 7-day running mean, we used selected data on 12, 16, 20
and 24 February as representatives in Figure 11 to show the evolution of salinity changes
during WSO21. The changes in SSS during the WSO21 storm period were characterized
by notable salinity increases along the coastal regions in the western GoM (Figure 11c,d).
The salinity increases were generally isolated to some coastal locales on 12 and 16 February
(Figure 11a,b), but spread to engulf much of the western GoM coastal region on 20 and 24
February (Figure 11c,d). This is consistent with the coastal upwelling (Figure 8) during
WSO021 because the coastal salinity at depth was larger than the salinity in the surface ML
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2021-02-11

(Figure 1). Salinity is a good indicator of upwelling in the coastal region of the western
GoM. Upwelling and mixing bring salty water from the base of the ML, as evident from
the climatological mean values of salinity in February (Figure 1b,c), to the surface and
can cause the salinity to increase in the coastal regions in the western GoM. This is also

consistent with the coastal chlorophyll-a increase shown in Figure 10.
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Another prominent feature during WSO21 was the reduction of salinity in the north-
western GoM centered around 95°W, 27°N during the beginning of WSO21 (Figure 11a,b).
WSO021 brought some precipitation to the GoM from 11 to 18 February (Figure 12), which
may have been responsible for the interior northwestern GoM sea surface salinity reduction
shown in Figure 11. The satellite SSS freshening may be linearly correlated to the rain
rate [44,45]. The regions near the Mississippi River plume and the coastal regions usually
have low salinity waters. Offshore advection can also bring low coastal water to the interior

and cause a salinity decrease in the open ocean in the GoM.
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Figure 11. The difference of the 7-day running mean multi-satellite merged sea surface salinity
between (a) 12 February, (b) 16 February, (c) 20 February and (d) 24 February.
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confined to the northern GoM during WSO21.
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4. Discussion
4.1. Cooling in the Western GoM

To understand the processes that led to the GoM cooling during WSO21, we show the
average short-wave radiation, long-wave radiation, sensible heat flux and latent heat flux
for the western GoM in February 2021 (Figure 13a; positive: losing heat to the atmosphere;
negative: gaining heat in the ocean). The area averaged for Figure 13 is shown by the
white rectangle in Figure 2b, which was the area most impacted by WSO21. Although
long-wave radiation did not change significantly during WSO21, the magnitude of the
short-wave radiation rapidly reduced from ~200 W/m? to less than 120 W/m? with the
arrival of WSO21 on 12 February 2021. Sensible heat flux also changed from near 0 to
30-50 W/m?, which is consistent with Figure 5. The most noteworthy change was in
latent heat flux, which increased from near 0 to more than 250 W/m? during WSO21.
Both sensible and latent heat fluxes from ERA5 and CYGNSS showed the arrival and
movement of the three cold fronts, as indicated by the buoy data in Figure 3 and wind
data in Figure 8. The magnitude of the CYGNSS turbulent heat fluxes was slightly lower
than those estimated by ERA5 during WSO21. The net surface heat flux (Figure 13b) was
obtained by the sum of the four ERA5 heat flux components shown in Figure 13a. Before the
arrival of WSO21 between 5 and 11 February, the net surface heat flux was mostly negative,
which suggests the ocean was gaining heat from the atmosphere. During WSO21 and
its associated cold fronts, cooling continued to occur in the immediate aftermath of each
passing front. With the passage of the first two fronts on 2/11 and 2/14, there was a rapid
net surface heat flux change from —50 W/m? to more than 250 W/m? over just a few days
(11-15 February, Figure 13b). With the passage of each front, the ocean continued losing
heat to the atmosphere until the remnants of the final cold front associated with WSO21
(which passed through on 17 February) were no longer impacting the GoM (21 February).
The SST averaged over the western GoM (Figure 13c) demonstrates the cooling impact
from net surface heat flux on the surface ML. The SST was highest during the transition
period (11-12 February), with values of more than 22.5 °C, which was at least partly due to
the negative net surface heat flux before WSO21 (gaining heat). The SST then continuously
declined from 12 to 21 February during the storm period of WSO21 as the ocean heat was
lost to the atmosphere (Figure 13b). The average SST in the western GoM dropped by
~1°Cin 11 days during WSO21. The average ML temperature and MLD were estimated
from HYCOM (Figure 13c,d). The ML temperature showed a very similar trend and
magnitude as SST but lagged by approximately 1 day, suggesting that it takes approximately
a day for the entire ML to have the same temperature as the surface. In response to pre-
storm warming, the MLD was shallower (~44 m) when WSO21 arrived (transition period,
11-12 February). The ML deepened during WSO21 (Figure 13d), which is consistent with
the deepening shown in Figure 9.

The heat loss (cooling) and SST change could be investigated using a simple heat
budget balance.

Hipes = / pwCyATAR dt )

where Hj,, is the accumulated total heat loss from the ocean to the atmosphere during
WSO21, which can be estimated from the net surface heat flux (Figure 13b). During WSO21,
approximately 1.41 x 102 J of heat was lost to the atmosphere between 11 and 21 February,
with the study area being ~7.81 x 10! m? (A; the area of the white rectangular in Figure 2).
pw = 1026 kg/m? is the water density and C, = 3995 ] /kg/°C is the ocean heat capacity.
AT is the average water temperature change in the surface ML during WSO21 and h
is the thickness of the water column that can be cooled down due to surface heat loss.
Finally, dt is the integral time step, which is from 11 to 21 February. Both SST and average
MLD temperature suggested a ~1.0 °C temperature decrease over this area during WSO21
(Figure 13c). If we use AT = 1.0 °C from Figure 13c in Equation (5), this yield /1 = 42.9 m.
This calculation suggests that the heat loss to the atmosphere during WSO21 in the western
GoM could reduce the temperature in the upper 42.9 m by 1.0 °C. If the deepest ML around
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20 February is considered (h = ~80 m), the same amount of heat loss could reduce the
entire 80 m of ML temperature by 0.54 °C, which is more than half of the total temperature
decrease (~1.0 °C) during WSO21. Thus, more than half of the temperature drop can be
explained by net surface heat loss.
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Figure 13. Time series of average ocean properties in the western GOM in February 2021. (a) Surface
heat flux components from ERA5 and GYGNSS. (b) Net surface heat flux. (c) Sea surface temperature
(solid line) from DOISST and average temperature in the ML (dashed line) from HYCOM. (d) MLD
from HYCOM. The average area is shown by the white rectangular in Figure 2.

The cooling in the upper 42.9 m (the initial MLD in the transition period) can be fully
explained by the surface heat loss during WSO21, but there was more heat loss below the
initial MLD due to ML deepening. Because the MLD was almost doubled during WSO21,
the ocean heat content in the ML was not conserved. Knowing the net surface heat flux
could not yield a full explanation of the subsurface cooling in the ML during WSO21 means
the rest of the heat change should be due to entrainment, wind mixing, diffusion, upwelling,
horizontal mixing and advection. Those cannot be quantified without a full heat budget
model, which is beyond the scope of this paper. Nonetheless, using the surface heat flux,
we quantified the role of surface cooling, which should be responsible for at least 54% of
the temperature decrease during WSO21 when even the deepest MLD is considered. The
surface heat loss was the dominant process controlling the cooling.

4.2. Coastal Cooling during WSO21

Dramatic temperature declines were observed in the coastal regions during WS0O21
(Figures 3 and 4). To understand the magnitude of the cooling and its spatial extent in the
coastal regions, the DOISST data were used. The daily data were used to estimate the rate of
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change of SST per unit day and then accumulated along the four prominent storm periods
to estimate the cumulative change in SST (ASST). As most of the cooling was observed in
the coastal region of the GoM, where the largest loss of marine life was reported [11,13],
we plotted (in Figure 14) only the coastal region, using a mask where the bathymetry
data are <1000 m. During the pre-storm period, there was an increase in SST transitions
into slight cooling during the transition phase. As the winter storm hit the western GoM
shoreline, the sudden cooling began, and remained for the whole storm period (11 days),
with a maximum cooling of ~5 °C mostly isolated to the northwest and southwest coasts
of the GoM. This cooling of ~5 °C agrees with data from the three in-situ stations (42035,
42092, 42048), which are located very near the coast (Figure 3f). There is also one location
(PTAT2/ANPT2) very close to the coastline where the SST dropped by 10 °C. We did not
observe such a drop in the satellite data due to land contamination, where the gridded
data were unable to resolve the data so close to the coast. It is possible that the juvenile
green turtles, which are mostly found nearshore of coastal Texas (a foraging habitat), were
hypothermia stunned as the temperatures dropped ~5 to 10 °C along the coastal inshore
waters. These western coasts of GoM also had an abundance of forage and game fish that
also died in significant numbers. As the storm left the GoM, the temperatures began to

increase and head back towards normal temperatures, as shown in the recovery period
(Figure 14d).
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Figure 14. Cumulative SST changed in the coastal region during the (a) pre-storm period of
8-10 February, (b) transition period of 11-12 February, (c¢) storm period of 13-21 February and
(d) recovery period of 22-26 February.

4.3. Global Warming Impact on WSO21

Recent studies have found that GoM SST is warming faster than the global ocean at a
rate of approximately 0.2 °C/decade [18,27]. The SST warming began in the 1970s and the
average SST has increased approximately 1.0 °C in the past 50 years. Li et al. [18] found
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that the warming rate in the winter time is slower (at 0.05 °C/decade) than that in summer.
Before the arrival of WSO21, the GoM SST was 1-2 °C warmer than the climatological
average. The pre-storm warmer-than-normal SST helped to reduce the formation of MCS.
MCSs were only formed in the north/northwestern coastal regions and some isolated spots,
as shown in Figure 15a. To quantify the impact of GoM warming on cold spell formation,
we removed the warming effect on SST by detrending the SST data and recalculating
the MCS based on this detrended SST. The detrending process removed a linear trend in
SST to make the data collected in 2021 comparable to those collected during historical
winter storm events. The trend in SST was mostly due to global warming [18,27], but
multi-decadal variations might also have contributed to the long-term trend. Figure 15b
shows the distribution of cold spells in February 2021, assuming there was no background
warming in the GoM. In reality (Figure 15a), MCS only formed in approximately 14% of
the area west of 90W. However, MCS could form in 74% of the area west of 90°W if the
warming effect were removed in SST. This comparison indicates that the severity of WSO21
was greatly reduced due to the warming over the last several decades in the GoM. MCS
from the detrended SST should be used when comparing data with any historical winter
storms before the 1970s. This is also consistent with the findings of Muller-Karger et al. [22]
that cooler winters were less frequent in the 2000s than in the 1980s in the GoM, which is
likely due to surface warming.

(a) MCS with SST trend, 2021 (b) MCS without SST trend, 2021
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Figure 15. Distribution of marine cold spells during WSO21. (a) Actual MCS and (b) MCS after the
SST warming trend was removed. (a) is the same as Figure 4d, but for comparison purposes, we

replot it side-by-side with the MCS without the SST trend (b).

5. Summary

Studies on the oceanic responses to winter storms in the GoM are infrequent and
most previous studies have only focused on the biological impacts and fish-killing events
caused by winter storms [8,9]. This is partially due to the lack of observations during
winter storms in the GoM. In this study, using both in situ and satellite-based datasets, we
conducted a comprehensive analysis of changes in different oceanographic parameters
before, during and after WSO21, with the goal of advancing our understanding of winter
storm impacts in the GoM. Our analysis indicates that oceanic responses to winter storms
can be derived from a combination of in situ and satellite observations. In contrast to
satellite SST, buoy in situ observations are able to provide more localized details about
SST changes during WSO21. For example, the shallowest buoy stations showed that the
maximum SST decrease could be greater than 10 °C, but satellite SST underestimated
the temperature decline in very shallow waters due to the relatively coarse resolution of
satellite data and the dynamical nature of coastal water. However, satellite data are very
powerful and advantageous over in situ data as they captured the large-scale changes
during WSO21 and provided us with both the temporal and spatial evolutions of water
properties during a winter storm.

February is the coldest month [18] in the GoM and WSO21 happened between 11
and 21 February. Three atmospheric fronts brought by WSO21 were the main drivers
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of the oceanic changes: extreme cold air temperature and enhanced northerly dry wind.
Freezing air temperatures during WSO21 caused sea surface cooling (Figures 4, 14 and 15)
in the western GoM, which was evident through surface turbulent heat flux increase
(Figures 5 and 6) and net surface heat loss (Figure 13). Both higher-than-normal sensible
and latent heat flux accounted for the large amount of heat loss during the passage of the
cold fronts over the northwestern GoM. Convective mixing subsequently occurred because
of overturning density formed at the sea surface by cooling, which effectively deepened
the surface ML (Figure 9) and mixed up cooler, saltier and high-nutrient subsurface water
from the shallow western GoM coast to the surface.

Before WSO21 arrived, the winds were generally “warming winds” coming from the
south; however, with each passing cold front associated with W50O21, southerly winds to
the east of the front and northerly winds to the west created strong cyclonic winds that led
to the vertical suction of cold, salty water and the mixing of physical and biogeochemical
properties in the surface ML. Although there were wind reversals associated with each
passing front during WSO21, northerly winds were the dominant wind direction during the
storm period. Coastal upwelling was also generated by winds during WSO21 (Figure 8) as
there were multiple days with strong offshore winds. This manifested in both chlorophyll-a
and salinity increases about 1 week after WSO21 arrived (Figures 10 and 11). Based on
the buoy observations, the wave height showed significant increases during WSO21, with
maximum values four times larger than values of the pre-storm period.

The long-term trend of SSTA between 1982 and 2021 suggests that the sea surface water
in the GoM increased at a rate of approximately 0.2 °C/decade (Figure 4). Warming in the
GoM started in the 1970s [27], with the average SST in recent decades being approximately
1.0 °C higher than that in the 1970s. The daily SSTA implies that the temperature in the
deepwater of the western GoM is warmer than normal, but the coastal regions were cooler
than normal during WSO21. Therefore, marine cold spells are formed mainly in coastal
regions in the western GoM (Figure 4). Although sea surface cooling was clearly observed
in the deepwater during WSO21, cold spells only formed in a small region centered at
25°N, 92°W in the open ocean. During WSO21, the higher-than-normal SSTA in the eastern
GoM showed a strong anticyclonic northern extension of the Loop Current Circulation,
which also indicated the presence of a deep layer of warmer water. The northern extension
of the Loop Current played an important role in reducing the WSO21 cooling effect in the
eastern GoM. MCS from detrended SST also showed that the area of MCS could have been
much larger if there had been no warming in recent years (Figure 15).

More than 12,000 cold-stunned sea turtles were rescued, of which only 35% survived,
and at least 3.8 million fish were killed along the Texas coast during WSO21 [13]. These
dramatic biological impacts can occur when significant water temperature drops occur in
coastal regions, such as those caused by WSO21. Besides the initial sudden temperature
drops when WSO21 first arrived, the evidence from buoys, satellite SST and wind data
indicate that there were multiple cold fronts during WSO21 reinforcing the cold conditions.
We suspect that the damaging cold waves were the main cause of the loss of marine life,
which resulted in rapid decreases in SST, as was evident from the increase in heat fluxes.
The speed, number and strength with which the cold fronts strike in a given amount of time
should be an influencing parameter determining the mortality of fish and other marine
animals, which may not be detected by satellite data only. Therefore, to complement
satellite observations, more in situ observations are needed to measure the changes in
near-coast waters along the GoM’s long coast lines.
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