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Tropical cyclones are one of the costliest and deadliest natural disasters globally,
and impacts are currently expected to worsen with a changing climate.
Hurricane Ida (2021) made landfall as a category 4 storm on the US Gulf coast
after intensifying over a Loop Current eddy and a freshwater barrier layer. This
freshwater layer extended from the coast to the open ocean waters south of the
shelf-break of the northern Gulf of Mexico (GoM). An autonomous underwater
glider sampled this ocean feature ahead of Hurricane Ida operated through a
partnership between NOAA, Navy, and academic institutions. In this study we
evaluate hurricane upper ocean metrics ahead of and during the storm as well as
carry out 1-D shear driven mixed layer model simulations to investigate the
sensitivity of the upper ocean mixing to a barrier layer during Ida’s intensification
period. In our simulations we find that the freshwater barrier layer inhibited
cooling by as much as 57% and resulted in enhanced enthalpy flux to the
atmosphere by as much as 11% and an increase in dynamic potential intensity
(DPI) of 5 m s7* (~9.72 knots) in the 16 hours leading up to landfall. This highlights
the utility of new ocean observing systems in identifying localized ocean features
that may impact storm intensity ahead of landfall. It also emphasizes the northern
Gulf of Mexico and the associated Mississippi River plume as a region and feature
where the details of upper ocean metrics need to be carefully considered ahead
of landfalling storms.

KEYWORDS

hurricanes, barrier layers, uncrewed systems, ocean observing networks, and upper
ocean mixing

1 Introduction

Tropical cyclones (TCs) are one of the costliest and deadliest natural disasters on the
planet (Smith, 2020). The ability to forecast TC intensity has improved recently (Cangialosi
et al,, 2020), however intensity forecast errors remain large (~12 kts at 72 hours). The
primary controls of the intensity of mature TCs are vertical wind shear, dry air intrusion,
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and the fluxes of enthalpy and momentum between the surface
ocean and atmosphere (Emanuel, 1986). Numerous studies have
shown that the upper ocean can evolve rapidly beneath TCs and
feedback on storm intensity (Cione and Uhlhorn, 2003; Black et al.,
2007; D’Asaro et al., 2007; Zedler et al., 2009; Mrvaljevic et al., 2013;
Steffen and Bourassa, 2020) among many others therein. Recent
studies have focused on coastal ocean processes and their feedbacks
on storm intensity, including coastal upwelling, downwelling, and
enhanced shear-driven mixing (Glenn et al., 2016; Seroka et al,
2016; Miles et al., 2017; Seroka et al., 2017; Zhang et al., 2018;
Dzwonkowski et al., 2021; Gramer et al., 2022), with a particular
focus on highly stratified water columns. A common hurricane
intensity forecasting challenge in regions with large river runoff are
upper ocean salinity barrier layers (Lukas and Lindstrom, 1991;
Sprintall and Tomczak, 1992; Foltz and McPhaden, 2009; Grodsky
etal, 2012; Steffen and Bourassa, 2018). Generally, stratification can
inhibit vertical mixing and limit entrainment of cool subsurface
waters into the mixed layer during TC passage (e.g. Rudzin et al,
2018). These ocean features are found on continental shelves, near
river outflows (Sengupta et al., 2008), and over the open ocean with
offshore transport of freshwater (Pailler et al., 1999; Grodsky et al.,
2012). Barrier layers increase the potential energy gradient, inhibit

10.3389/fmars.2023.1224609

sea surface temperature (SST) cooling, and can support enhanced
enthalpy fluxes into the atmosphere during hurricanes (Wang et al.,
2011; Balaguru et al., 2012; Rudzin et al., 2018; Rudzin et al., 2019;
Balaguru et al., 2020; Rudzin et al., 2020; Sanabia and Jayne, 2020).
Only a few observations and studies have explicitly focused on the
interactions of TCs passing over the Mississippi river-induced
salinity barrier layer (Le Henaff et al, 2021; John et al, 2023).
This barrier layer is a product of the largest river outflow in the US
from the Mississippi River, in a region where strong hurricanes
make landfall and coastal communities have repeatedly been
devastated by powerful landfalling hurricanes, including
Hurricane Ida in the summer of 2021.

Hurricane Ida (2021) underwent rapid intensification (RI) over
the warm waters of the Gulf of Mexico (GoM) (Figure 1), with an
increase in maximum wind speed of 60 kts (~30 m/s) in 24 hours
(Beven et al., 2022). Ida continued to intensify as it passed over the
continental shelf before making landfall as a category 4 hurricane in
Louisiana on August 20t (Figure 1) as the second costliest storm to
make landfall in the region after Hurricane Katrina (2005); (Smith,
2020). A recent study (Zhu et al., 2022) identified that nearshore
SSTs ahead of Ida were >30°C, above the mean SSTs (28.7°C) that
other major hurricanes crossed over in the region. They also
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(colored circles) as well as the storms landfall time (dashed grey line).
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A map (top) of Hurricane Ida's NHC best track with colored circles denoting the storm’s category in three-hour increments, with an additional purple
triangle denoting landfall. Arrows pointing to track locations indicate Ida's position on 8/28, 8/29, and 8/30 for reference. The black line indicates
the NG645 glider track, with additional arrows indicating the glider position on 8/19 and 8/28 for reference to profiles used to initialize our PWP
experiments. NDBC Buoy 42040 is represented by the red star. A time-series (bottom) of Ida's NHC best track maximum wind speed and intensity
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indicated that slow translation speeds kept the backside of the storm
over these warm and fresh waters for an extended duration,
contributing to Ida’s slow weakening after landfall. While there is
a large body of research on freshwater plume, or salinity barrier
layer, impacts on hurricane intensity there are only a few focused on
the Mississippi River plume (Le Heénaff et al., 2021; John et al,
2023). Despite major hurricanes regularly transiting this region,
there are limited upper ocean observations during storm events in
this region. For example, in the highly dynamic region where Ida
rapidly reached and maintained category 4 (Figure 1) from 27.5° to
30° N and between 91° and 88.5° W only 20 Argo floats and 252
profiles are available in the last 20 years (~13 profiles/year) during
hurricane season (https://erddap.ifremer.fr/erddap/index.html).
According to Beven et al. (2022), official forecasts for Hurricane
Ida (2021) generally outperformed guidance and the previous five
year mean official forecasts for the full storm period. However, few
models or official forecasts captured Ida’s peak winds at landfall
including as Ida rapidly intensified over the warm waters of the
central GoM and fresh Mississippi River plume coastal waters
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(Figures 2, 3). Fortunately, as part of the 2021 Hurricane Glider
Program (Miles et al., 2021) a Navy operated and NOAA
coordinated autonomous underwater glider, NG645, was deployed
ahead of and during Ida’s eye passage over the region (Figures 1-3).
Ahead of the storm, in the deep ocean (>100m depth) just south of
the GoM northern escarpment NG645 observed (Figure 2) warm sea
surface temperatures, low salinity, and heat content near a threshold
(60 kJ cm™) typically conducive for intensification (Mainelli et al.,
2008). The presence of the freshwater barrier layer and elevated SST's
suggest that, even with marginal ocean heat content, these ocean
conditions are conducive to storm intensification. In this study we
investigate upper ocean metrics for storm intensification in the
region Hurricane Ida (2021) passed over, as well as the sensitivity
of SST cooling to the strong vertical salinity stratification in the
region ahead of landfall. To carry out this work we combine the in-
situ observations from NG645 and satellite remote sensing with a 1-
D mixed layer model sensitivity experiments to evaluate the impact
of barrier layer presence and absence with the Price-Weller-Pinkel
(PWP) model (Price et al., 1986).
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Maps of upper ocean metrics calculated from NG645. From left to right, scatter plot of NG645 sea surface temperature (SST), sea surface salinity
(SSS), ocean heat content (OHC), respectively, represented by colored markers. Hurricane Ida’s storm track as-in Figure 1, with an additional time

reference arrow at 8/29.
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Maps of Sea Surface Temperature (SST) from GOES16 SST daily composite SST on 8/25 (left) and 9/3 (middle). The right panel is the difference (8/25 -
9/3) in SST with positive values indicating ocean cooling. Hurricane Ida's storm track as-in Figure 1, with an additional time reference arrow at 8/29.
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2 Methods

Ocean observations ahead of and during Hurricane Ida were
obtained from Slocum glider (Schofield et al., 2007) NG645,
operated by the Naval Oceanographic office in close collaboration
with the Integrated Ocean Observing System (IOOS) Hurricane
Glider Program. Slocum gliders are buoyancy driven uncrewed
underwater vehicles that can profile vertically (up to 1000 m at ~20
cm s') and horizontally (~ 20 km day™"). They typically collect data
at up-to 2 second intervals, resulting in high (<1m) vertical
resolution. These systems have been used over the past decade to
study upper ocean processes during TCs (Domingues et al., 2015;
Glenn et al., 2016; Seroka et al., 2016; Miles et al., 2017; Seroka et al.,
2017; Lim et al, 2020) and to provide near real-time data for
assimilation into operational hurricane forecast models (Miles et al.,
2021). NG645 specifically was operated as part of an agreement
between NOAA and the Navy with the goal of providing real-time
in-situ glider observations to improve and inform hurricane
intensity forecasts.

NG645 was deployed on June 13", 2021, offshore of the
continental shelf at 27.6°N and 94.6°W. In mid-August the glider
was navigated eastward south of the escarpment of the northern
GoM (Figures 1-3), through the northwestern edge of a loop
current eddy (LCE) and into a gap region south of the
continental shelf, but north of the LCE. The glider transited in
the deep (>1000 m) of water off the continental shelf for the
duration of the mission. NG645 crossed ahead of Ida’s track at
89.23°W and 28.12°N on August 19", 60 km from the shelf-break
and 100 km from the nearest land point. The glider did not station
keep at this location but was piloted to collect a broad swath of data
further eastward before station keeping on August 27" ahead of the
storm at 88.17°W and 28.57°N. The region to the east of Ida’s track
was a gap region between the continental shelf to the north and the
LCE to the south. In this study we present data from NG645
through August 31°', however the glider continued sampling
through September 24™ in further support of hurricane forecast
models. NG645 was equipped with a standard Seabird Scientific,
Inc. (SBE) pumped conductivity, temperature, and depth sensor
(CTD), which reported data in at ~8s intervals. The Naval
Oceanographic Office submitted data in near real-time and for
archiving via the IOOS Glider Data Assembly Center (DAC).
However, post-deployment data was not made available, thus
intermittent data transmission issues resulted in periodic data gaps.

2.1 Upper ocean metrics

Upper ocean metrics relevant to hurricane intensity and salinity
barrier layers were calculated from NG645 CTD data extracted
from the IOOS GDAC (https://gliders.ioos.us/erddap/tabledap/
index.html). This includes sea surface temperature and salinity
and metrics described below starting with Ocean Heat Content
(OHC). OHC, introduced by Leipper and Volgenau (1972), and
used in operational hurricane forecasting is the vertical integral of
heat from the 26°C isotherm to the surface calculated as:
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Q= p,5 /O(T —26)dz
ZZG

Where p,=1025 kg m™ and cp=4x 10° J kg'°C and Zy4 is
the depth of the 26°C isotherm. The 26°C isotherm has historically
been chosen to represent average subtropical atmospheric boundary
layer temperatures, implying that ocean temperatures and
associated heat warmer than that value would be available for flux
into the relatively cooler atmosphere during a storm event, leading
to storm intensification. Mainelli et al. (2008) found that in
statistical hurricane intensity predictions, OHC values greater
than 60 kJ cm? were predictive of storm intensification, while
OHC below
However, Mainelli et al. (2008) also proposed that the larger

this threshold were predictive of weakening.

OHC was not the direct cause of storm intensification, but rather
larger OHC were related to deeper warm temperatures and thus
limited SST cooling throughout storms. Other OHC value
thresholds have been discussed for intensification (Jaimes et al.,
2016), however for simplicity we use 60 k] cm™ as a reference
throughout this work. More recent work (Balaguru et al,, 2018;
Potter and Rudzin, 2021) has also shown that pre-storm SST and
OHC are not always a good predictor of storm intensity,
particularly when there are shallow mixed layers present. Price
(2009) detailed an alternative upper ocean average temperature
metric Ty, where d = 100m over the deep ocean (indicated as a
typical depth of mixing for a category 3 tropical cyclone) or d = the
water column depth on shallow continental shelves. As NG645 was
located off the continental shelf in more than 100m of water for the
duration of its deployment we calculate T4 metric to 100m (T100).

Price (2009) briefly discussed necessary modifications of T4 for
salinity stratified water columns, where mixing would not reach
100m in deep ocean cases or the bottom on continental shelves, and
alternative dynamic temperature metrics (Balaguru et al., 2018)
have been used to represent upper ocean temperatures down to the
26°C isotherm. To evaluate the role of salinity stratification in the
case of Hurricane Ida we additionally calculate the potential energy
anomaly (PEA), ¢, which is the amount of energy required to
vertically redistribute the mass of the water column from stratified
to fully mixed (Simpson and Hunter, 1974; Simpson et al., 1981),
represented by the equations:

1 /0 1 /0
0=y [ (0-pigez p=3 [ pis
h J-n h Jon

In this case h is equal to the 100m water depth, p is the density
measured at a given depth z, and g is the gravitational constant. We
limit the PEA to the upper 100m for similar reasons as T100, e.g. we
expect TC induced upper ocean mixing to be limited to water
shallower than 100m. While PEA is a useful water column metric,
we also calculate barrier layer thickness (BLT) as the difference
between the isothermal layer depth (ILD) and mixed layer depth
(MLD). Each glider profile was evaluated for the presence of a
barrier layer where the MLD was defined following de Boyer
Montegut et al. (2007) using the potential density:

Aoy = 0yp(T. - AT, S,) — 0y(T.,S.)
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where T, and S, are the 2m temperature and salinity,
respectively. AT is 0.5°C. We calculated the ILD as the shallowest
depth where the temperature is 0.5°C less than the T, and the BLT
as the distance between the ILD and the MLD. The 0.5°C criterion is
larger than that used by de Boyer Montégut et al. (2007) however it
is aligned with Rudzin et al. (2017), which adapted the criteria for
salinity barrier layers.

2.2 1-D mixed layer experiments

Upper ocean mixing experiments were carried out with twin
PWP model simulations at two sites to investigate the role of
salinity stratification in shear-driven upper ocean mixing as Ida
(2021) approached and made landfall on the Louisiana coastline.
The 1-D PWP model has been used extensively to study ocean
mixing during hurricane conditions (Zedler et al., 2002; Wang et al.,
2011; Rudzin et al., 2018; Yang et al., 2019). The PWP model is
initialized from profiles of temperature and salinity and forced with
observed or idealized wind stress, freshwater surface flux, and heat
flux. The bulk and gradient Richardson numbers determine mixed
layer and shear stability, respectively. The model uses boundary
conditions to solve a non-advective momentum equation for
velocity, temperature, and salinity. During the implementation of
forcing at each time-step the model will check both bulk (R, = 0.65
) and gradient (R, > 0.25) Richardson number stability criteria. If
there is an instability present the water column will be iteratively
mixed until the criteria are satisfied. PWP primarily includes
processes and parameterizations that represent shear-induced
mixing and buoyancy forcing processes, as well as rotational
effects due to Coriolis, and is not designed to evaluate 3-D mixing
or advective processes. Considering this limitation, we expect our
model results to provide insights on the forced stage sensitivity to
barrier layer presence and absence analysis of the model simulations
on the ahead-of-eye forced stage and sensitivity to barrier layer
presence and absence. We do not expect the PWP model to account
for all upper ocean mixing and cooling processes during Ida and
expect future studies to investigate those processes more broadly.

We limited external PWP model forcing to surface wind stress
as in previous studies (Balaguru et al., 2020) to evaluate the isolated
impact of salinity stratification on upper ocean shear-driven mixing
processes. The surface wind stress was extracted in real-time from
the publicly available High Resolution Rapid Refresh (HRRR)
model operated by NOAA via their Operational Model Archive
and Distribution System. HRRR is a 3km horizontal resolution
implementation of the Weather Research and Forecasting model
(Skamarock et al., 2019) updated hourly. We evaluated HRRR with
the nearest National Data Buoy Center (NDBC) buoy 42040 to the
northeast of Ida’s track (Figure 1). Other sites were considered,
however available data were either located over land, far away from
study sites or experienced data loss ahead-of and during the storm
event. Evaluation of the HRRR model 10m wind speeds vs 42040
showed that the wind speed magnitudes mean bias for the longest
model forcing duration (08/19 to 08/31) was 0.14 m s with a
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correlation coefficient of 0.92. Maximum HRRR winds were
23.63 m s at the buoy site, or 1.24 m s’! faster than observed,
occurring an hour and forty minutes earlier.

2.3 Enthalpy flux and dynamic
potential intensity

For intercomparison of model experiments we estimate both
enthalpy flux and dynamic potential intensity. Our enthalpy flux
calculations are based on bulk formula as presented in Jaimes et al.
(2015) and derived from numerous observational studies in high
winds (Powell et al., 2003; Black et al., 2007; Zhang et al., 2008) with
wind speed dependent exchange coefficients of momentum and
enthalpy. Ocean properties used in bulk formula are extracted from
the PWP model experiments with an assumed 98% saturation state.
However, atmospheric parameters such as 10m wind speed (Uy,),
air temperature T,, and atmospheric specific humidity (gq,) are
estimated from HRRR model output with an assumed relative
humidity of 95%.

For an additional comparison with the PWP model output we
calculate the dynamic potential intensity (DPI) (Balaguru et al,
2015; Rudzin et al., 2020) of our pre-storm glider data with and
without the barrier layer included to evaluate how the influence of
barrier layer presence and absence could potentially impact storm
intensity. The DPI is calculated as:

ppr= v2, = L= ToCx

—_— kr —k
max To CD( Ty )

Where T, is the average temperature of the upper ocean, Ty is
the hurricane outflow temperature at 200mb (assumed to be 221 K),
kr 5 18 the enthalpy of air above an ocean with a temperature of Ty,
and k is the specific enthalpy of air near the surface ocean. The ratio
of enthalpy and drag coefficients is set to 1 for simplicity as in
Rudzin et al. (2020).

1 L
Tdy ZzA T(Z)dZ

2 uit 3
L=h+ < P )
Kgo

Where h is the MLD; py is a reference density of 1025 kg m™; tis
the mixing time period calculated as the radius of maximum winds

of the storm divided by the storm’s translation speed (1= Ryax/Up, =
1.15 hours); u, is the surface friction velocity calculated using the
maximum wind stress from HRRR output during time ¢, kis the von
Karman constant of 0.4; g is gravitational acceleration; ¢ is the
vertical density stratification below the mixed layer calculated as the
density gradient from the MLD to 50m below the MLD. L is the
forecasted mixing depth based on the initial profile and storm
properties based on the Monin-Obukhov mixing length (Balaguru
etal, 2015). Ty, is the temperature of the upper ocean if the passing
storm homogeneously mixes the ocean down to a depth of L.
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2.4 Additional datasets

Sea surface temperature (SST) data from the GOES-16 (Schmit
et al., 2017) geostationary satellite are used to show storm SST
cooling throughout the Gulf of Mexico. Daily composites of hourly
GOES-16 images were extracted from 8/25 and 09/03, the last and
first clear composite images before and after the storm respectively.
Hurricane Ida (2021) best track information was extracted from the
International Best Track Archive for Climate Stewardship
(IBTrACS) dataset (Knapp et al, 2010; Knapp et al, 2018)
including position and maximum wind speeds at 3 hourly
intervals, with additional reported data at landfall times.

3 Results

Hurricane Ida impacted Cuba and entered the GoM late on 08/
27 and into 08/28 as a category 1 storm (Figure 1). It began to
intensify over the central GoM late on 08/28, and rapidly intensified
to a category 4 storm over the northern GoM and continental shelf
until landfall at 08/29 16:00, gradually weakening on 08/30 as it
moved inland (Figure 1). A zoomed in view of Ida’s track and
intensity in relation to glider NG645’s position and pre-storm in-
situ SST, salinity, and OHC are shown in Figure 2. These in-situ
data show that the upper ocean was warm, and a freshwater barrier
layer was present to the right of the storm track in the week prior to
Ida’s passage.

SST imagery ahead of the storm (08/25) showed warm pre-storm
SSTs above 30°C along the storm track (Figure 3). The first clear
composite image was available approximately 4-days after landfall
and showed significant cooling (Figures 3) of more than 1°C over
more than 230,000 km? of the GoM, a maximum cooling of 3.8°C on

Pre-storm Survey

Depth [m]

Depth [m]

10.3389/fmars.2023.1224609

the shelf near the landfall location and 2.38°C near the glider station
keeping location. Ida’s rapid intensification despite this cooling
implies that a significant portion of the satellite observed SST
cooling occurred after the storm’s eye-passage. We use in-situ
glider data to investigate the specific timing of the cooling further.

Cross-sections (Figure 4) and derived upper ocean metrics
(Figure 4) demonstrate pre-storm ocean properties during the
cross-track storm survey period (08/17 - 08/27) and the ocean
response to the right of the storm track during the station keeping
period (08/27 - 08/31). During the pre-storm survey period the
glider observed an isothermal warm (>30°C) layer extending to ~30
meters depth to the west and ahead of the storm track. As the glider
progressed eastward the isothermal layer shoaled to<20 meters. In
contrast, the MLD was found near the surface (<5m) because of a
shallow layer of low salinity water (~ 32.5 to 34.5 PSU) aside from a
brief salty surface salinity on 08/17.

T100 showed warm average upper ocean temperatures to the
west peaking at (28.2°C) and cooler temperatures to the east
reaching a minimum of 23.4°C where the glider began its station
keeping mission (Figure 5C). Ocean heat content (Figure 5D) had a
similar pattern as T100, notably with values above the 60 kJ cm™
threshold identified for hurricane intensification by Mainelli et al.
(2008) on the western portion of the track. Observed OHC dropped
below that threshold on 08/23 as the glider progressed eastward
reaching a minimum of 25 kJ cm™ as the glider started its station
keeping mission. Aside from a brief dip to 400 ] m™ on 08/21 the
PEA remained near 500 J m™ throughout the pre-storm survey
(Figure 5E). The consistently high PEA indicates that the water
column stability was high, and the SST was not likely to cool to the
full T100 value, despite the strength of the storm. For context, later
in section 4 we detail the difference in PEA with and without a
barrier layer as shown in (Figure 6).
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Glider NG645 cross-sections of temperature (A, C) and salinity (B, D) during the pre-storm survey (A, B) 8/17 to 8/27 and glider station keeping (c,d)
8/27 to 8/30 0900. MLD and ILD estimates are represented by x's and triangles, respectively in all panels. The arrow in the pre-storm survey (A, B)
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respectively.
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FIGURE 5

Upper ocean metrics derived from NG645 data split into pre-storm survey (A—E) 8/17 to 8/27 and glider station keeping (F-J) 8/27 to 8/30. SST (A,
F), SSS (B, G), T100 (C, H), OHC (D, 1), and PEA (E, J). Note the glider station keeping y-axis differs from the pre-storm survey. The vertical lines
represent the times when Hurricane Ida passed the glider (dashed line) and made landfall (solid line), respectively.

During the station keeping period the glider showed that the
upper ocean cooled, increased in salinity, and both the ILD and
MLD deepened throughout and following the storm event
(Figures 5F-]). From 8/28 to eye-passage and landfall the SST
cooled by 1.1°C and 1.96°C, respectively. This represents less than
half of the satellite observed ocean cooling by eye-passage, and 82%
by landfall. Sea surface salinity only experienced a small increase of
0.44 PSU for a brief period between eye-passage and landfall
(Figure 5G). The MLD and ILD deepened from ~5m to ~20m
and ~18m to ~30m. T100 and OHC experienced negligible changes
throughout the storm mixing period (Figures 5H, I), while PEA
dropped almost 100 ] m™ from the station keeping period to
landfall and continued to drop to 350 ] m™ following landfall
(Figure 5]). The minimal changes in T100 and OHC paired with a
large drop in PEA suggest ocean mixing processes were first
breaking down the upper ocean salinity stratification before
accessing deeper cold subsurface waters. We evaluate this with
the 1-D PWP model in the following section.
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3.1 PWP model simulations

We carry out four 1-D model mixing experiments using the
PWP model to evaluate sensitivity of upper ocean temperatures to
the presence and absence of the salinity barrier layer. We initialized
the PWP model with temperature and salinity profiles extracted
from the pre-storm glider data at two locations and times (Figure 6).
Specifically, 08/19 ~02:00 where NG645 crossed ahead of Ida’s
future track, and 08/28 00:00 as NG645 was station keeping to the
right of the storm track (Figures 1-3). We selected these two sites to
focus on 1) the region of high salinity stratification directly beneath
the storms track and 2) the region to the right of the track where the
glider was located throughout the storm event.

Twin model experiments for each site included cases with the
barrier layer removed at each study site. Initial profiles of
temperature and salinity from the glider and calculated ILD and
MLDs are presented in Figure 6 at each site. At both sites the initial
surface temperatures were >30°C. At the along-track site
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FIGURE 6

Initial profiles of temperature (A, C) and salinity (B, D) from Glider NG645 on 8/19 and 8/28 used to initalize PWP experiments 1 (A, B) and 2 (B, C)
Panel a shows the initial temperature profiles from 8/19 for ExplA and Expl1B. Panel b) shows the initial salinity profiles from 8/19 for ExplA inclusive
of the barrier layer (solid black line) and Exp1B - barrier layer removed (dashed black line). Panel c shows the initial temperature profiles from 8/28
for Exp2A and Exp2B. (D) shows the initial salinity profiles from 8/28 for Exp2A inclusive of the barrier layer (solid black line) and Exp2B - barrier layer
removed (dashed black line). In all panels, the dashed gray line and dashed red line represent the MLD and ILD, respectively

(Figures 6A, B) the MLD and ILD were at 3.29m and 19.9m,
respectively resulting in a 16.61m BLT. Salinity above the MLD was
at 32.5 PSU and increased to 36.3 PSU at the ILD. At the glider
station keep location (Figures 6C, D) the initial MLD was deeper at
9.36m and ILD shallower at 15.17m, resulting in a smaller barrier

Frontiers in Marine Science

layer of 5.81m. Salinity above the MLD was 34.4 PSU and increased
t0 35.79 PSU at the ILD. To remove the barrier layer at both sites we
extrapolated the salinity from the ILD to the sea surface as in Wang
etal. (2011). Experiment 1A (ExplA) and 1B (Exp1B) were carried
out with the initial profiles from the along-track site, while
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experiment 2A (Exp2A) and 2B (Exp2B) were carried out with
initial profiles from NG645’s station keeping location. B
experiments used extrapolated salinity to artificially remove the
barrier layer as shown in Figures 6B, D.

Wind speeds extracted from the HRRR model at each study
location are shown in Figure 7. Winds at both locations rapidly
increased late on 8/28 and through 8/29 reaching a first peak just
ahead of eye-passage at 8/29 08:00. Winds at the glider station-keep
location used in Exp2A and Exp2B steadily decreased following this
peak, while at the along-track site used in ExplA and Exp1B winds
dropped dramatically as the eye-passed and reached a second,
higher, peak of over 30 m s from the back side of the storm just
before it made landfall. Wind speeds then dramatically weakened as
the storm moved inland.

PWP model results for ExplA and ExplB are presented in
Figures 8, 9. Minimal upper ocean mixing occurred during the first
6 days of the simulation thus we present results starting on 8/25
through when Ida was downgraded to a tropical storm. The upper
ocean in Exp1B, with the barrier layer removed, cooled earlier and
the ILD and MLD reached deeper depths than ExplA. In ExplA
SSTs were reduced by 0.19°C at eye-passage and a total of 0.44°C by
landfall. ILD and MLD reached 38m and 34m, respectively
(Figures 8A, C). In ExplB SSTs were reduced by 0.4°C at eye-
passage and a total of 0.71°C by landfall. The ILD and MLD reached
44m and 41m, respectively (Figures 8B, D). With the barrier layer
removed, SST cooled by an additional 0.21°C by eye-passage and
0.27°C by landfall (Figure 9B). Inclusion of the barrier layer resulted
in an additional 7% cumulative enthalpy flux to the atmosphere
over the 16 hours from 8/29 to landfall (Figure 9D).

For Exp2A and Exp2B presented in Figures 10, 11 we show the
period 08/28 00:00 through 08/30 09:00. The upper ocean in Exp2B,
with the barrier layer removed, cooled earlier and the ILD and MLD
reached deeper depths than Exp2A. In Exp2A SST's were reduced by
0.44°C at eye-passage and a total of 0.65°C by landfall. ILD and
MLD reached 29m and 28m, respectively (Figures 10A, C). In
Exp2B SSTs were reduced by 0.73°C at eye-passage and a total of
0.98°C by landfall. ILD and MLD reached 32m and 31m,

10.3389/fmars.2023.1224609

respectively (Figures 10B, D). Thus, with the barrier layer
removed SST cooled by an additional 0.29°C by eye passage and
0.34°C by landfall (Figure 11B). Similar to Expl, inclusion of the
barrier layer resulted in an additional 11% cumulative enthalpy flux
over the 16 hours from 8/29 to landfall (Figure 11D).

The Exp2A control run cooled by 0.66°C and 1.31°C less than
the glider observed at eye-passage and landfall, respectively. The
PWP experiments presented here represent 40% (33%) of the glider
observed cooling at eye-passage (landfall). This suggests that PWP
captures a significant portion of the cooling and ocean processes
ahead of eye-passage but has less utility in the period between eye-
passage and landfall. As described previously, we did not expect
PWP to capture the full range of 3-D upper ocean mixing processes
(advection, Ekman pumping, inertial mixing, waves, and sub-
mesoscale stratified upper ocean mixing processes). However, the
twin model experiments indicate that for the 1-D shear driven
processes represented by PWP the SST cooling during the landfall
approach of Hurricane Ida had a large sensitivity to the presence
and absence of the barrier layer. This finding agrees with idealized
PWP simulations from Rudzin et al. (2019) that showed sensitivity
in SST cooling to shear-driven mixing between strong and weak
salinity stratification for TC wind forcing.

As an additional comparison we calculate the dynamic potential
intensity as described in section 2.3, specifically for the initial
conditions extracted from the glider in ExplA and modified for the
removal of the barrier layer in ExplB at the along-track site. ExplA
initial conditions (Table 1) showed a shallower mixing depth, warmer
depth integrated temperature, and higher DPI than Exp1B with the
barrier layer removed. The removal of the barrier layer reduced
stratification, deepened the initial MLD, resulting in a deeper mixing
depth. The enhanced cooling in Exp1B led to a decrease in DPI of
5.01 m s™', which is approximately the order of the 2022 NHC official
intensity error (Cangialosi et al., 2020). These findings along with the
PWP model simulations show that there is a demonstrated potential
for the freshwater barrier layer to enhance enthalpy flux into the
atmosphere by restricting upper ocean cooling, thus contributing to
Ida’s continued intensification ahead of landfall.

35
—— HRRR 8/19 PWP Site
307 —— HRRR 8/28 PWP Site
25 - = Eye-passage
- Landfall
7 20
0
€15

HRRR 10m Wind Speed
T
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FIGURE 7

08/28

08/29 08/30 08/31

10m HRRR windspeeds extracted from the 8/19 Expl study-site (blue) and 8/28 Exp2 study-site (brown) used to force PWP simulations. The vertical
lines represent the times at which Hurricane Ida’s eye-passage (dashed line) and landfall (solid line).
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As-in Figure 8, but for experiment 2 initialized on 08/28 00:00

4 Discussion

Observations from Slocum glider NG645 ahead of and beneath
Hurricane Ida (2021) in the GoM captured upper ocean cooling

ahead of eye-passage and landfall (Figures 4, 5). Despite this
cooling, SST at the glider location just prior to landfall remained
warm (28.1°C), approximately 3.5°C above T100 (24.6°C) at
landfall. This indicates that the standard assumption made in
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TABLE 1 A table of dynamic potential intensity parameters showing the
difference between Exp1A (Barrier Layer) and Exp1B (No Barrier Layer)
initial conditions from the glider location on 08/19.

Lpred [m] Tay [°Cl  DPI[ms’]
ExplA (Barrier Layer) 14,51 ‘ 30.52 84.49
Exp1B (No Barrier Layer) 18.10 ‘ 30.10 79.48
Difference 3.58 ‘ 0.42 5.01

Price (2009) that a typical category 3 hurricane will mix to ~100m
was not valid for Hurricane Ida (2021) passing over the northern
GoM. The freshwater barrier layer located over the deep ocean
suggests that the northern GoM could be added to the list of regions
where T100 is an unreliable metric such as the Bay of Bengal
(McPhaden et al., 2009) or western Tropical Pacific (Price, 2009).
Additionally, the glider observed OHC was just above the
intensification threshold of 60 k] cm™ suggested by Mainelli et al.
(2008) in its pre-storm survey period (Figure 6) and well below that
threshold during the glider station keep period. Despite this
relatively low OHC, Ida underwent RI and maintained its status
as a Category 4 storm as it passed over the glider sampled region
and made landfall. This indicates that OHC in this region was a
poor metric for storm intensification, again likely due to salinity
stratification as described in Price (2009). In contrast, both in the
pre-storm survey and glider station- keep time periods (Figure 5)
PEA of the upper 100m suggested the water column was highly
stable. For reference, the PEA of the initial profiles used in PWP
ExplA and Exp2A were 460 and 477 ] m™. With the barrier layer
removed in Exp1B and Exp2B the initial PEAs were reduced to 327
and 381 ] m™, respectively. This represents a reduction in stability
of 29% and 20%, respectively with the largest reduction in the
along-track region.

The reduced cooling in PWP experiments at both the along-
track and glider locations simulated here due to the barrier layer is
consistent with previous studies focused on other regions. In these
twin model experiments the salinity barrier layer inhibited SST
cooling in Expl (and Exp2) by 53% (57%) ahead-of-eye passage,
38% (32%) by landfall. For example, Balaguru et al. (2012) identified
a 33% reduction in cooling due to barrier layers in the category 4
hurricane Omar (2008) in the northeastern Caribbean. In the Bay of
Bengal Neetu et al. (2012) showed that monsoon generated barrier
layers are responsible for a ~40% reduction in cooling by TCs
relative to post monsoon seasons. Idealized PWP experiments in
Rudzin et al. (2018) were designed to represent a range of ocean
features in the eastern Caribbean that showed cooling ranges of 0.4
to 0.8 °C, also consistent with the total cooling presented here.
Similarly, an idealized coupled numerical modeling barrier layer
sensitivity study (Hlywiak and Nolan, 2019) showed reduced
cooling of more than 0.6°C for TCs that were slow moving,
strong, and with favorable atmospheric conditions for generation
using barrier layer conditions typical of the Amazon-Orinoco River
Plume. Balaguru et al. (2020) also carried out extensive PWP model
experiments with and without salinity stratification for the
Amazon-Orinoco River plume to evaluate the connection
between rapid intensification (RI) and salinity barrier layer
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cooling inhibition. They found for idealized RI cases, salinity
barrier layers reduced SST cooling by up to 0.3°C, which is
consistent with what we simulated for a rapidly intensifying
Hurricane Ida. For non-RI cases in their study, salinity barrier
layers were only responsible for inhibiting 0.15°C of cooling,
highlighting potential feedbacks between barrier layers and RI.
Despite their findings in the Amazon-Orinoco River Plume, they
found that barrier layers had limited impact on storm intensity in
the GoM. Their study utilized the Navy Global Ocean Forecast
System (GOES) to initialize PWP. The dearth of upper ocean
observations to support data assimilation in the northern GoM,
and practice of using climatological river inputs in GOFS may have
limited their ability to resolve the sharp upper ocean salinity
gradients such as those observed by NG645.

One of the few studies (Le Henaff et al., 2021) of barrier layer
and hurricane interactions in the GoM identified a barrier layer
ahead of Hurricane Michael (2018). They identified SSS<34 PSU to
as far south as 27.5°N, above the 32.6 PSU SSS observed in the pre-
storm survey by NG645 (Figure 2) but ~75km further south.
However, a study of the intensification of Hurricane Isaac (Jaimes
et al., 2016), which followed a similar track to Ida, found no
evidence of barrier layers in profiles collected from air-deployed
expendables. A recently published study of the ocean conditions
ahead of Hurricane Sally (2020) (John et al., 2023) identified similar
freshwater salinity barrier layers from the Mississippi River Plume
as observed here in Ida, which contributed to continued
intensification over the continental shelf. A study investigated the
evolution of barrier layers during TCs globally with Argo floats
(Steffen and Bourassa, 2018) using a barrier layer potential energy
(BLPE) metric with similarities to PEA. They showed Argo floats
between 2001 and 2014 with both low BLPE approaching 0 J m™
and high >1200 ] m™ near overlapping at our study site. These
studies and our findings indicate that barrier layers in the GoM are
highly variable and can cover broad areas that hurricanes, such as
Isaac (2012), Michael (2018), Sally (2020), and Ida (2021) must pass
over before making landfall, and can have an impact on intensity.

The observations from NG645 and the results from the PWP
sensitivity study highlight the potential importance of salinity
stratification on the deep open ocean region off the continental
shelf in the northern GoM, which is clearly influenced by coastal
freshwater inputs. In the northern GoM a variety of thermal
stratification regimes exist. In the nearshore environment it can
be warm throughout the water column or highly thermally
stratified. Ahead of Hurricane Michael (2018) subsurface
temperatures of 22°C were observed near 10m depth to the
northeast of our study-site (Dzwonkowski et al., 2020). This
feature was removed during a marine heatwave that dramatically
warmed the shelf waters to over 28°C in a few days. Further offshore
the presence of LC/LCE waters can lead to warm and salty features
that extend throughout the upper 100m and beyond (Elliott, 1982).
In contrast, the region between the LC/LCE and continental shelf is
typically warm at the sea surface but can have cooler waters beneath
the seasonal thermocline in the upper ocean, as evidenced in the
glider observations by NG645. In this “gap” region between the LC/
LCEs and the continental shelf where the Mississippi River plume
can be exported off the continental shelf, our findings suggest that
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salinity barrier layers can increase stratification and further isolate
the subsurface cold water from mixing and cooling the surface.
These warm and fresh surface waters would theoretically support
storm intensification approaching landfall, or at a minimum reduce
the oceans contribution to storm weakening.

5 Conclusion

We have shown that the standard upper ocean metrics OHC
and T100 were likely not robust indicators of storm intensity in the
deep waters of the northern GoM escarpment ahead of Ida’s
landfall. An alternative stability metric, PEA, and 1-D upper
ocean mixing model experiments indicated that the presence of a
freshwater barrier layer likely inhibited additional sea surface
cooling and enhanced enthalpy flux under a rapidly intensifying
Hurricane Ida (2021). In our experiments the removal of the barrier
led to earlier, more rapid, and greater cooling, which resulted in
reduced enthalpy flux to the atmosphere, and a greater DPI. This is
particularly critical as it highlights an essential ocean feature, a
Mississippi River plume freshwater barrier layer, in the “gap” region
south of the continental shelf and north of the LC/LCE that
landfalling hurricanes must cross before impacting coastal
communities. While the limited utility of OHC on continental
shelves and T100 in freshwater stratified layers is well-known
(McPhaden et al., 2009; Price, 2009; Potter et al., 2019), salinity
observations are severely lacking in this region. This study
highlights the need and capability of expanded ocean observing
assets along the shelf-break of the GoM to identify freshwater
barrier layers and improve intensity forecasts of landfalling
hurricanes in this vulnerable region.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: NG645 was operated by the Naval
Oceanographic Office and coordinated by the Integrated Ocean
Observing System (IOOS) Regional Association Gulf of Mexico
Coastal Ocean Observing System through the Commercial
Engagement Through Ocean Technology Act of 2018. Data
sources included glider NG645 (https://gliders.ioos.us/erddap/
tabledap/ng645-20210613T0000.html), Buoy 42040 from the
National Data Buoy Center (https://www.ndbc.noaa.gov/
station_history.php?station=42040). The PWP model was adapted
from https://github.com/earlew/pwp_python_00.
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