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Abstract Harvey entered the Gulf of Mexico as a tropical depression on 23 August 2017; two days later it
had strengthened to a category 1 hurricane. Over the following 30 hr Harvey rapidly intensified, reaching the
Texas Bight as a category 3 storm. This intensification continued while Harvey crossed the shelf, making
landfall as a category 4 storm 60 km east of Corpus Christi, TX on 26 August. A hydrographic survey two
weeks prior to landfall shows that the tropical cyclone heat potential across the Texas Bight was
approximately 35 kJ/cm?, which is 55 kJ/cm? less than the amount of upper ocean heat normally associated
with intensification. Combined with buoy, float, and satellite data, we use hydrographic surveys to study
the conditions of the Texas Bight that contributed to Harvey's rapid intensification. We find that, at the
time of landfall, the Texas Bight was well mixed with very warm water extending from the surface to bottom.
As a consequence, mixing induced by Harvey had a small impact on surface temperatures which remained
high and supported continued intensification. The results show that tropical cyclone heat potential is not
an effective metric for hurricane intensity prediction in shallow water, and illustrate the need for continuous
subsurface monitoring in order to improve hurricane forecasts.

Plain Language Summary Hurricanes rely on heat extracted from the upper ocean as their
energy source. When the ocean is warm conditions are more favorable and hurricanes are often stronger.
Hurricanes also mix the ocean which brings cold water from greater depth and can lead to intensity
reduction. Tropical cyclone heat potential is a measure of heat in the upper ocean which is available as an
energy source for hurricanes. In shallow water tropical cyclone heat potential is typically low because
there is not as much water to store heat; therefore, hurricanes are not expected to intensify over shallow
water. In this paper we show that hurricane Harvey did intensify over the shallow water off the Texas coast
despite having low heat potential. Using ocean measurements, we found that the reason was because the
ocean was very warm from the surface to the seabed. Therefore, when Harvey mixed the ocean very little
cold water was brought up from below and the surface remained warm which allowed Harvey to continue to
strengthen. Results suggest that tropical cyclone heat potential is ineffective for estimating hurricane
strength in shallow water and demonstrates the importance of knowing subsurface temperatures if we want
to improve hurricane forecasts.

1. Introduction

Tropical cyclones (TCs) are one of nature's most energetic forces. With their powerful winds, extensive rain-
fall, and associated storm surge they are a serious threat to coastal communities. From 1851 to 2017 an
average 1.75 TCs made landfall in the United States annually, 0.6 per year are major (category 3 or greater;
Landsea, 2018). Devastation caused by landfalling TCs vary widely and depends on environmental factors
such as location, intensity, size, direction of approach, and tidal stage. To reduce the loss of life from TCs it
is necessary for forecasts to be accurate so that public trust is built and residents of threatened regions heed
evacuation orders. Commendable progress has been made to TC prediction (e.g., Kossin & DeMaria, 2016)
but there is still room for improvement, particularly when it comes to intensity forecasting which have
made slower gains than track forecasting (DeMaria et al., 2014). One of the reasons for this is that TC
strength is heavily influenced by the structure and temperature of the water column (e.g., Jaimes et al.,
2015), and while satellite observations can be relied upon to provide sea surface information, this is not true
of the subsurface.
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TCs extract their energy from surface enthalpy fluxes so, by first approximation, intensity is a function of sea
surface temperature (SST; Emanuel, 1986). A strong relationship between SST and maximum potential
intensity has been many times demonstrated (e.g., DeMaria & Kaplan, 1994). Surface forcing by TC winds
create divergent surface currents which mix the upper ocean reducing the SST and subsequently decreasing
enthalpy fluxes (e.g., Potter et al., 2017) which can reduce intensity by up to 70% (Schade & Emanuel, 1999)
The decrease in SST is greatest when the mixed layer depth is shallow and when the thermocline gradient is
sharp (Price, 1981). In the northern hemisphere ocean cooling is often most pronounced on the right side of
the storm track. This occurs because clockwise inertial currents are accelerated due to rotation of the wind
stress vector; this increases mixing and entrainment (Gonella, 1972). Furthermore, the right-front quadrant
has the highest waves (e.g., Collins et al., 2018; Wright et al., 2001) which increase breaking and the injection
of momentum; this also increases mixing. When models account for stratification and associated feedback
arising from vertical mixing and surface cooling in lieu of SST alone, model performance is improved
(e.g., Balaguru et al., 2018). However, it is difficult to account for temperature and the upper ocean thermal
structure because relevant observations are lacking. Furthermore, studies that have explored these factors as
they relate to TC-ocean interaction (e.g., Huang et al., 2009; Park et al., 2011) tend to focus on the deep ocean
while shirking coasts. The unfortunate consequence is that perhaps less is known about TCs in the crucial
hours before making landfall than at any other time.

Tropical cyclone heat potential (TCHP)—first introduced by Whitaker (1967) as hurricane heat potential
and often referred to as ocean heat content (OHC)—is the vertical integration of ocean temperature above
26 °C. This metric was popularized by Leipper and Volgenau (1972), who recognized that when SST is cooled
below the air temperature energy is not readily extracted from the sea and the hurricane can no longer be
sustained, writing “The rate at which [surface] temperature decrease occurs determines the change in rate
at which energy is fed into the storm.” The 26 °C isotherm is used because this was seen as the temperature
below which hurricanes do not form (Byers, 1959) and the mean tropical atmospheric temperature during
hurricane season (Malkus, 1962). TCHP can be estimated using sea surface height anomaly and integrating
the thermal structure to the 26 °C isotherm using historical hydrographic data (Goni et al., 2009). Altimeter-
derived TCHP has been used operationally by NOAA's Hurricane Center since 2004 (Mainelli et al., 2008)
and produces more accurate forecasts than using SST alone. Mainelli et al. (2008) demonstrated that
TCHP >60 kJ/cm? increases TC intensity; below this value a slight weakening occurs. Other studies have
also linked high TCHP to TC intensification (e.g., Wang et al., 2018). The classic example is that of
Hurricane Opal in the Gulf of Mexico (GoM), October 1995 (Shay et al., 2000), which intensified from cate-
gory 1 to category 4 in 14 hr when it went over a warm-core ring shed from the Loop Current. Inside the ring,
warmer temperatures approaching 26 °C extended to 150 m (50 m is common in the GoM); consequently,
heat content inside the ring was 113 compared to 63 kJ/cm? outside. The Loop Current when intruded is
a region of high TCHP (e.g., Jaimes et al., 2016). Currently, NOAA recognizes regions with TCHP above
90 kJ/cm?, which in the GoM are associated with warm anticyclonic rings shed from the Loop Current,
are most likely to cause sudden TC intensification.

TCs spend most of their time over deep ocean basins where they have the potential to encounter regions of
high TCHP. In contrast, the continental shelf is relatively shallow. Where Harvey made landfall, the outer
edge of the shelf is a little more than 100 m deep and the 50-m isobath is 60 km offshore. At the Texas-
Louisiana boarder the shelf is much wider and the 50-m isobath reaches 150 km from the coast. In the
shallower parts of the continental shelf, TCHP can become limited not by the depth of the 26 °C isotherm
but by the depth of the ocean. For example, in an idealized case, 30 m of uniform 30 °C water would have
a TCHP less than 50 kJ/cm?, which is theoretically unfavorable for intensification (i.e., the ocean heat con-
tent should not support storm strengthening). Yet Hurricane Harvey did intensify as it crossed the Texas
Bight. For the purposes of this study we define the Texas Bight as the portion of the GoM that extends along
the coast between Freeport and Port Isabel, TX, and offshore to the shelf break. Here using an ensemble of
observational data, we will demonstrate that, despite having relatively low TCHP, the staggering amount of
heat packed into this shallow region provided the energy necessary for Harvey to not only sustain its major
hurricane status but also increase in strength before making landfall.

The paper is laid out as follows: section 2 introduces the data sources and collection, results are presented in
section 3, a discussion is shared in section 4, and section 5 is reserved for final remarks and conclusion.
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— 60 2. Data

2.1. Hurricane Harvey

Harvey's location, maximum winds, central pressure, and radius of max-
imum wind (RMW) every 6 hr were downloaded from the National
Hurricane Center (NHC) best track data archives (Demuth et al., 2006).
Times given by NHC, and throughout this paper, are in UTC. Harvey
entered the Gulf of Mexico as a tropical depression with 13-m/s wind
speed at 00:00 on 23 August. Forty-two hours later, at 18:00 on 24
August, Harvey had strengthened to a category 1 hurricane with a mini-
mum central pressure of 978 mb and 36-m/s wind speed, and had substan-
tially narrowed its RMW from 170 to 28 km. Over the following 30 hr,
Harvey traveled northwest maintaining its tight RMW while undergoing
rapid intensification (NHC defines rapid intensification as an increase in
the maximum sustained winds of a TC of at least 15.4 m/s over 24 hr).
At 18:00 on 25 August Harvey crossed the continental rise and entered
the Texas Bight as a category 3 hurricane with 54-m/s wind speed. Over
the following 6 hr it continued to intensify, reaching category 4 with
941-mb central pressure and 59-m/s sustained winds at 00:00 26 August.
The pressure dropped to 937 mb and wind speed was maintained until
Harvey made landfall 3 hr later 60 km east of Corpus Christi, TX.
0 Harvey's track, maximum (1 min sustained) wind speed intensity, cate-
-92 -90 gory, and RMW are shown in Figure 1.

30

20

10

Hurriance Harvey Best Track Intensity [m 5'1]

Longitude

Figure 1. Using extended best track data, Hurricane Harvey best track loca-
tion, wind speed intensity, and radius of maximum winds. Black dots and

2.2. Hydrographic Surveys
Hydrographic cruises of the Texas Bight were completed 12-16 June and

white circles show Harvey's location and RMW every 6 hr. The location and ~ 7—11 August from the R/V Manta. These cruises, which covered any area

time when Harvey reached categories 1

4 status is overlaid in gray type. of approximately 17,000 km?, were part of a Texas Governors Funds pro-

The area covered by the hydrographic surveys is indicated by the black- ject to study dissolved oxygen on the West Texas Shelf. The latter cruise

dashed polygon. For the purposes of this study we define the Texas Bight as
the portion of the GoM from Freeport in the east to Port Isabel in the west
(indicated by blue dots) extending offshore to the shelf break.

fortuitously occurred just two weeks prior to Harvey. Each cruise con-
sisted of 28+ conductivity, temperature, and depth casts along cross-shelf
lines between Padre Island and East Matagorda, TX. Dissolved oxygen
(Sea-Bird SBE-43) and fluorescence and turbidity (WetLABS FLNTU) pro-
files were also recorded and water samples were collected at every station using a six-bottle rosette. Depths
ranged from 13 m along the coast to 106 m offshore. Data were also collected using the Acrobat (www.seas-
ciences.com), a winged conductivity, temperature, and depth housing which is towed behind the ship and
piloted as it undulates between the surface and the seabed. The Acrobat was used for several ~30-km
cross-shelf transect. Supplemental data recorded by the ship's Scientific Computer System include bulk
meteorological parameters and water properties (temperature, conductivity) from the flow-through system.

2.3. Buoy Data

National Buoy Data Center (NDBC; https://www.ndbc.noaa.gov/) and Texas Automated Buoys System
(TABS; http://tabs.gerg.tamu.edu) both maintain an array of buoys in the Gulf of Mexico which record bulk
meteorological and oceanographic parameters that are made publically available in near real time. TABS is
funded by the Texas General Land Office and managed and operated by the Geochemical Environmental
Research Group at Texas A&M University (Bender et al., 2007). The data are collected for the primary
purpose of aiding oil spill response. NDBC is part of the National Oceanographic and Atmospheric
Administration’'s National Weather Service. NDBC manage a global array of buoys to support the under-
standing of and predictions to changes in weather, climate, oceans, and coast. Both TABS and NDBC provide
quality tested air and water temperature (SST proxy), the parameters of interest here, recorded approxi-
mately 4-5 m above and 1-2 m below mean water level, respectively. All TABS buoys are in Texas coastal
waters, four (buoys D, J, R, and X) have uninterrupted SST time series for several weeks surrounding
Harvey's landfall. Two NDBC buoys (42019 and 42035) are located on the Texas shelf and also have uninter-
rupted SST time series. Data are provided as 30-min mean values by TABS and 1-hr means by NDBC.
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Figure 2. (top) Temperature profiles on the Texas Bight between Padre Island and East Matagorda. The blue lines show the locations of the acrobat tows. (bottom)
Temperature recorded during cross-shelf tows with the Acrobat during the June and August cruises. Black lines show the locations of the 26° isotherms.

2.4. Argo Floats

The Argo Program (Argo, 2000), part of the Global Ocean Observing System, consists of a global array of
almost 4,000 profiling floats that measure temperature and salinity in the top 2,000 m of the ocean. Data
are relayed when the float is at the surface and soon thereafter made freely available by the International
Argo Program and the national programs that contribute to it (www.argo.ucsd.edu, argo.jcommops.org).
Argo floats spend much of their time neutrally buoyant at depth rising to the surface at approximately
10-day intervals. From 2,000 m it takes about 6 hr to reach the surface during which high-resolution tem-
perature and salinity measurements are made. Fifteen Argo floats were in the western Gulf of Mexico during
the nine days (15-23 August) prior to Harvey's arrival; collectively, 21 temperature and salinity profiles
were completed.

2.5. Sea Surface Height

Sea surface height anomaly is from Global Analysis Forecast by Copernicus Marine Environmental
Monitoring Service (marine.copernicus.eu). Values given are height above geoid with 1/12° horizontal
resolution from 24 August.

3. Results
3.1. Hydrographic Surveys

Figure 2 shows the results of the hydrographic surveys. From June to August the water temperatures across
the Texas Bight increased markedly. In August the mixed layer was above 30 °C and the average temperature
on the shelf was 28.3 °C, 1.8 °C warmer than June. The total heat energy increased from approximately
7.13 x 10"* megajoules (MJ) in June to 7.24 X 10'> MJ in August, a 1.1 x 10"'*-MJ change—approximately
equal to the estimated electrical energy consumed in the United Kingdom in 2015 (CIA.gov, 2019). The
water in August was well mixed with the temperature at the surface extending to the seabed at many loca-
tions, especially closer to the coast. This is clearly seen in the Acrobat vertical section data (Figure 2, bottom
panels), which illustrates the high August temperatures extending far from the coast. The 26° isotherm, the
metric used for TCHP, first appears 47 km from shore. In contrast to August, June temperatures decreased
rapidly with depth and the 26° isotherm was shallower and much closer to the coast.

3.2. Sea Surface Temperature

Collectively, six TABS and NDBC buoys moored on the Texas Bight reported water temperature (SST proxy)
throughout August 2017. Sensor NDBC 42019 and 42035 were at 1 and 0.6 m, respectively, TABS record
temperature between 1.5 and 2 m. Buoy locations are shown in Figure 3 alongside SST from 3 to 28
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Figure 3. (left) NDBC and TABS August SST in the Texas Bight. From left to right, vertical dotted lines show the dates of the hydrographic cruise and Harvey's
landfall. Colors correspond to the buoy locations show on the map. (right) Locations of the buoys. Harvey's track is shown by the gray line and the polygon out-

lines the hydrographic survey region.

August. These data are plotted here to infer if any significant change in ocean temperature occurred in the
two weeks from the August hydrographic survey to Harvey's arrival on the shelf. A brief discussion of the
hurricane-induced cooling is provided in section 4.3. All buoys reported the expected diurnal signal
and D and J, both along the western coast, showed some longer-term variability. Generally speaking,
temperatures decreased marginally at offshore locations but increased along the coast. From east to west,
change in foundation temperatures (i.e., free of diurnal increase) between 7 and 11 August (dates of the
hydrographic survey) and 25 August (immediately prior to Harvey's landfall) were R: +1.3, 42035: +1.6,
42019: —0.5, X: —04, D + 0.4, and J: —0.1. Poststorm the diurnal variability ends and the surface
temperature decreases at all buoys near the approaching first landfall storm track.

4. Discussion
4.1. Tropical Cyclone Heat Potential

Tropical cyclone heat potential has been established as an important parameter in TC prediction because it
quantifies the heat energy available below the surface rather than relying purely on SST (Leipper &
Volgenau, 1972).

Q= CPZZ(’PL‘(TL'_%)AZ:‘ @

Q is the TCHP (kJ/cm?), cp = 3.85kJ (kg C)~! is the specific heat of water at a constant pressure, T; is the
water temperature in °C at the ith level, Az; is ith layer water thickness (50 cm), and p; is the density of water
at the ith level. Z, and Z,¢ are the surface and the depth (m) of the 26 °C isotherm. Here we use equation (1)
to determine the TCHP in the GoM prior to Harvey on the shelf using hydrographic cruise data and off the
shelf using Argo data. Density was recorded during the hydrographic cruises; Argo do not report density so it
was calculated from temperature, salinity, and pressure using the 75-term equation available from
Gibbs-SeaWater Oceanographic Toolbox (McDougall & Barker, 2011).

The TCHP increased greatly between June and August in the Texas Bight. Mean shelf-wide values were 17
and 35 kJ/cm?, respectively. Notwithstanding this doubling, TCHP remained markedly below the 90 kJ/cm?
associated with hurricane intensification. August TCHP was lowest close to shore where it was limited by
the depth of the water, not the depth of the 26 °C isotherm. This condition extended 47 km offshore to depths
exceeding 30 m, beyond which bottom temperatures dropped below 26 °C. Highest August TCHP was
observed at the furthest offshore station for each transect where the 26 °C isotherm was between 30 and
45 m. TCHP for the June and August cruises are shown in Figure 4.

Between the second hydrographic cruise and Harvey the TABS and NDBC buoy data show that the
mean SST change across the Texas Bight was +0.4 °C (recall Figure 3). If this temperature increase
extended throughout the water column and across the entire study region, TCHP would have increased
5 kJ/cm® leaving the Texas Bight well below the threshold associated with TC intensification.
Nonetheless, Harvey continued to intensify, transitioning from category 3 to a category 4 TC over 6 hr
following its arrival on the shelf. This was a continuation of intensification that started when Harvey
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Figure 4. Tropical cyclone heat potential (k.I/cmz) of the Texas Bight in (left) June and (right) August as determined from
conductivity, temperature, and depth casts conducted during repeat hydrographic surveys.

become category 1 on 24 August 18:00 and lasted 30 hr. During that time Uy, increased 23 m/s, almost
twice the rate required for rapid intensification. Before reaching the shelf, Harvey spent the preceding
24 hr in deep water strengthening from category 1 to category 3. Data collected from 14 autonomous
profiling floats deployed in the GoM over four years show that heat content in the upper 800 m peaks
between August and September and temperature of the top 10 m peaks in August (Hamilton et al.,
2018). With respect to intensification, Harvey's arrival was therefore timely. Notwithstanding, Trenberth
et al. (2018) suggested that, as a result of climate change, the GoM was extremely warm, whereby it

0.2

0151

0.1

Sea Surface Height Anomoly [m]
Latitude
Tropical Cyclone Heat Potential [Kj cm‘2]

8 -9 -94 -92 -90
Longitude

Figure 5. Sea surface height anomaly on 24 August from Copernicus and
TCHP as determined from 21 Argo float profiles between 15 and 23
August (dots represent location at time profile was completed, and color
depicts TCHP). Contour lines show 5-cm steps. Maximum value of the
eddy Harvey passed though was approximately 12 cm. Harvey track and
location every 6 h is in white and the polygon marks the outline of the
hydrographic survey region. Note that the colors in the TCHP color bar are
the same as in Figure 4 but the range has been expanded.

provided increased fuel to sustain and intensify Harvey. Meanwhile,
researchers at Louisiana State University Earth Scan Laboratory (Gulf
of Mexico Coastal Ocean Observing System Banner Story, 2017) and
University of Miami (Becker, 2017) have both suggested that Harvey
intensified because it crossed the remnants of a Loop Current eddy with
high TCHP.

We join in the discussion briefly here using sea surface height anomaly
from Copernicus and TCHP determined from Argo float data (Figure 5).
The GoM was indeed very warm. Seven Argo profiles reported TCHP
above or very close to 90 kJ/cm? Five of these were on the outskirts of
the eddy approximately bounded by 23-28°N, 93-97°W where sea surface
height anomaly was between 5 and 8 cm. The other two were located
below geoid (at approximately 21.9°N, 94.7°W and 26.9°N, 93°W).
TCHP closest to the eddy's center at 12-cm sea surface height anomaly
was only 70 kJ/cm?. Excluding the four on-shelf profiles, mean TCHP
was 87.5 kJ/cm?. This adds some credence to the theory that 90 kJ/cm?
is a good indicator that rapid intensification in deep water will occur but
does not conclusively show that high TCHP in this case was due to the
eddy. Of additional note is that TCHP off the Louisiana coast (north of
28°N, east of 93°W) was 32-54 kJ/cm2—consistent with far-offshore
values determined from the hydrographic survey in the Texas Bight. In
both cases, measurements were made on the shelf in approximately
110 m of water.

4.2. Intensification on the Shelf

Harvey entered the shelf as a category 3 hurricane and over the following
6 hr intensified to category 4, Upax = 59 m/s at 00:00 26 August (NHC best
track). This wind speed was sustained until Harvey made landfall 3 hr
later, only then did it began to weaken. During its 9-hr shelf crossing,
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Harvey strengthened and sustained very high wind speeds despite being
over water with relatively low TCHP.

TCs rely on enthalpy fluxes as their energy source and can neither develop
nor maintain their intensity without latent heat input. These fluxes are
largely controlled by latent instability between the sea surface and near-
surface air and therefore largest over warm oceanic features (Jaimes
et al., 2015). The radial extent from which energy can be harvested to fuel
a TC is certainly limited but remains open for debate. Using a coarse reso-
lution model, Chang (1979), for example, demonstrated that a TC with
RMW > 30 km would decrease in intensity when SST was reduced by
2 °C within 300 km of the storm center or approximately 8-9 RMW. Xu
and Wang (2010) studied surface energy fluxes (sensible and latent heat)
using a fully compressible, nonhydrostatic TC model. They found that
entropy fluxes under the eyewall provide the greatest contribution to TC
intensity and those outside the eyewall, to a radius of 60 km (2-3
RMW), are also important. Miyamoto and Takemi (2010), using an axi-
symmetric, nonhydrostatic model, determined that the radius within

Best Track Intensity [m s'1]

Figure 6. Hurricane Harvey track with best track maximum (1 min sus-  Which the sea surface flux of moist enthalpy plays a vital role in determin-
tained) wind speed. Black dots along the track show TC location every ing the intensity of a TC is 7-8 times the RMW. Outside this region the
6 hr and white circle surrounding each black dot show 7 RMW (radius of enthalpy flux did not have a positive impact on intensity. Results are

196 km) at that time. The exception here is the location marker on the coast
which is 3 hr removed from the adjacent markers. Large gray dot at the
center of the image indicates Harvey's location at 18:00 on 25 August as its

clearly mixed, ranging from about 2 to 9 RMW. For Harvey, which crossed
the shelf with 28 km RMW, this translates to a range of 56 to 252 km. A

eye began to cross the Texas Bight and, in order to differentiate from the liberal 7 RMW (196 km) interpretation is applied to examine Harvey's flux
others, 7 RMW is plotted as a solid line. NDBC-42002 is located at the footprint, that is, the region within which enthalpy fluxes may have pro-

yellow dot and Argo floats 4901480 and 4902296 were located at the red and  vided energy to the hurricane. This is done to explore the extent to which

green dots, respectively. The black polygon outlines the region of the
hydrographic survey. A length scale is at the bottom left of the figure.

Harvey, while crossing the Texas Bight, might have been impacted by the
higher TCHP water off the shelf. Figure 6 shows Harvey's track and 7
RMW as it approached the coast.

Between 18:00 25 and 00:00 26 August, as it entered and crossed the shelf, Harvey's Uy,,x increased from 54
to 59 m/s whereby intensifying to category 4. Between 00:00 and 03:00 (when Harvey made landfall), Upax
remained 59 m/s. As Harvey's eye entered the shelf, the aforementioned 7 RMW flux footprint that was
approximately 35% was over deep, higher TCHP water, 38% over lower TCHP shelf water, and 27% over land.
Six hours later, values were approximately 14%, 34%, and 52%, respectively. Despite going through 6 hr of
intensification followed by 3 hr with sustained category 4 wind speeds, just one third of the flux footprint,
decreasing to less than 10% at landfall, was over the deep ocean. Rerunning the analysis using a conservative
3 RMW (84 km) the values were approximately 46% over the deep Gulf and 54% on the shelf at 18:00
becoming 62% shelf and 38% land by 00:00. While energy from the higher TCHP region off the shelf may
have contributed marginally to Harvey's intensification as it approached land (particularly for the 7 RMW
case), there is a further reason to believe that any contribution was nominal, namely, the cold wake—a
region of cooler SST and reduced upper ocean heat content. Cold wakes are typically most prevalent on
the right side of the TC track in the northern hemisphere which induces strong enthalpy flux asymmetry
with relatively lower values in the rear-right quadrant (Lee & Chen, 2012). Undoubtedly, Harvey's cold wake
reduced TCHP across the GoM and, when crossing the Texas Bight, TCHP in the deep GoM was likely much
lower than reported in Figure 5. To quantify this we turn again to NDBC and Argo.

NDBC-40002 is moored at 26.1 N, 93.76 W at the base of the continental rise in 3,125-m water (see Figure 6).
Foundation SST at this location was 30.9 °C on 23 August. By 18:00 on 25 August as Harvey entered the
Texas Bight, SST had decreased to 30.4 (Figure 7). Applying this 0.5 °C decrease to the profile recorded by
the closest Argo float (4902296), which was 43 km east and completed a profile at 07:00 23 August, would
raise the 26 °C isotherm from 57.5 to 55.5 m and decrease TCHP from 87 to 75 kJ/cm?®. Although a crude
approximation, it is commonplace for category 3 TCs to impact the water to 100 m (Price, 2009), and it never-
theless indicates that when Harvey arrived at the shelf, the off-shelf TCHP was reduced. The only Argo float
in the vicinity of the shelf which completed a profile shortly after Harvey was float 4901480 (see Figure 6).
This float's pre-Harvey profile was recorded on 18 August when TCHP was 103 kJ/cm? The following
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profile on 28 August showed that extensive cooling had occurred
(Figure 7) and TCHP was 69 kJ/cm?, over 30% reduced. Given the fre-
quency of reporting and the changes in position of the float, there is no

way of knowing when this decrease occurred. Notwithstanding, it is likely
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that much of the heat was displaced before Harvey passed the float, which
is typical of TC-induced upper ocean cooling. Potter (2018), for example,
showed that a category 4 typhoon with 34 km RMW and 3.6-m/s transla-
tion speed V), similar to Harvey (RMW = 28 km, V), = 4.2 s), can induce
upper ocean cooling two days before passing the measurement site and
continue several days after. Since Harvey entered the Bight 12 hr after
passing Argo 4901480, a fair deduction is that much, if not all, of the
TCHP reduction had occurred by that time.

T
|
I
'
|
I
1
1

22

28 30 32 4.3. Heat Distribution

Temperature [°C]

When it reached category 4, with approximately half of the flux footprint

Figure 7. (top) SST at NDBC-42002. (bottom) Argo temperature profiles for  gver land and 15% off the shelf, the remaining ~35% on the shelf (in the 7

float 4902296 on 23 August 23 (green) and float 4901480 on 18 August (red)
and 28 August (red-dashed). The gray vertical line marks the location of
26 °C isotherm used to determine TCHP.

RMW flux footprint case) must have contributed sizably to Harvey's
strength. This is despite lacking the TCHP typically associated with rapid
intensification. We suggest that the condition that made this possible was
the large amount of heat packed in the relatively narrow region between
the surface and the seabed. TC intensification typically occurs when SST is high—so a lot of heat energy
is provided to the storm—and when the mixed layer is thick (O 100 m; e.g., Lin et al., 2005). A thick mixed
layer restrains the sea surface cooling (cold wake creation) by limiting entrainment across the base of the
thermocline allowing continued sea-to-air enthalpy flux which favors intensification (Wang et al., 2018).
The same may be said when the ocean is shallow but hot as was the case on the Texas shelf. In the absence
of a thermocline water entrained or upwelled, and—to a greater or lesser extent—horizontally advected, was
essentially the same temperature as at the surface insomuch that it would provide an environment favorable
to Harvey's continued strengthening.

In the week leading up to landfall coastal buoys NDBC 42035 and TABS-R in the northern Texas Bight show
surface water increased to ~31 °C and was the warmest region on the shelf (recall Figure 3). The August
hydrographic cruise also shows that the warmest SST resided in the northern extent of the survey. When
Harvey approached land, TABS indicate that currents were downcoast (DiMarco et al., 2018) so this warm
water was advected toward Harvey's eye region. Jaimes et al. (2016) found that nonlinear interaction of wind
stress and geostrophic flow under tropical storm Isaac (2012), as it passed between two warm-core eddies in
the GoM, produced a horizontal convergence of warm water. This surface warming enhanced enthalpy
fluxes as Isaac intensified into a category 1 hurricane. It is plausible that similar conditions occurred as
Harvey cross the shelf which contributed in some capacity to its intensification. Unfortunately, few studies
have focused on the ocean under landfalling hurricanes so the extent to which warm water channeled along
coast toward the storm contributes to its strength is unknown. However, some notable research by Shen and
Ginis (2001) determined that, at landfall, so long as ocean depth is “much greater” than the mixed layer, cold
wake behind the storm acts to reduce the near-surface entropy advection into the hurricane core. In doing
so, the energy source is reduced as with a deep-ocean storm. For Harvey which crossed a wide shelf, this
was not the case and the limited cooling is thought to have sustained the air-sea enthalpy flux.

To better understand heat on the shelf, Figure 8 shows the depth difference 8z (m) between the seabed and
the 26 °C isotherm (if there is one). For half the stations 8z = 0, that is, the bottom temperature was above
26 °C, these were concentrated in the north and east of the shelf study region. Further south and offshore 8z
increases marginally, five locations had 0 < 8z < 10 and six had 10 < 8z < 20. Only four locations had 8z > 20.
A consequence of having a narrow region of sub-26 °C water near the seabed is that in all but three cases
where 8z > 0 (namely, the easternmost stations on transects 4, 6, and 7, counting from north to south) mean
water column temperature was above 26 °C. Indeed, values in the realm of 28 °C were more typical, which
meant that even a complete mixing of the water column would not substantially decrease the surface tem-
perature. This is well illustrated in Figure 3. TABS-D, located in a region with 8z = 0, showed no decrease
in SST until several hours after Harvey made landfall. The same was true of NDBC-42035. At the edge of
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the shelf, NDBC-42019 (8z ~ 9.5 m) recorded a more noticeable, if mar-
ginal, decrease by landfall but remained above 29 °C, whereas TABS-X
(8z ~ 23 m) reported an abrupt SST drop of ~4 °C, half of this occurred
after landfall. Indeed, at the time of landfall SST across the shelf remained
high, acting to sustain Harvey's intensification. Save TABS-X and J where
cooling was abrupt, the slow, steady temperature decrease at the other
buoys is believed to be caused by precipitation and the lingering effect
of Ekman pumping and internal wave breaking which continued to move
water laterally and vertically. A more involved analysis of the impact of
Harvey on Texas coastal waters is beyond the scope of this analysis but
is forthcoming in a related manuscript.

An examination of the air temperature revealed a great deal of variability.
Of the NDBC and TABS buoys in the region, four reported values from

Longitude 18:00 25 to 00:00 26 August. These ranged from 23 to 29 °C and were very

mercurial—as one might expect given the circumstances. They reveal no

Figure 8. Depth difference 8z in meters between the 26 °C isothermand the  clear spatial pattern but nonetheless show that air temperature was

seabed in August 2017. Where the bottom temperature exceeds 26 °C, 8z =0.

generally below SST, supporting sea-to-air energy heat flux and reinfor-
cing the assertion that conditions were favorable to TC growth.

5. Final Remarks and Conclusion

TC intensification in the Texas Bight is not unique to Harvey. Of the 13 other named storms that crossed the
shelf since 1995 five intensified. Dean (1995), Charlie (1998), and Bill (2015) were tropical storms, while
Claudette (2003) and Humberto (2007) were both hurricanes. Humberto, most notably, intensified from
23 to 41 m/s over 12 hr on 13 September. At that time, SST along the Texas coast was at the annual peak,
which typically extends from early August to mid-September (TABS, NDBC; data not shown). While high
SST likely contributed to Humberto's intensification, the data do not suggest that peak season SST is a pre-
cursor to intensification in the Texas Bight. Of the five aforementioned storms, three occurred between early
August and mid-September, and of the remaining eight, five crossed the shelf during this period without
intensifying. In addition to the heat of the underlying ocean, there are several environmental factors which
are known to be indicative of stronger storms and intensification. These include eyewall replacement, storm
translation speed, storm size, and wind shear. While it is beyond the scope of this paper to compare and con-
trast these factors as they apply to the aforementioned storms—and potentially uncover the mechanisms of
their intensification—below we briefly discuss each as it pertains to Harvey.

Storm translation speed: Mei et al. (2012) showed that slow-moving storms have more time to be impacted
by sea surface cooling which enhances the negative feedback on storm intensity. Lin et al. (2009) found
fast-moving storms (~7-8 m/s) can have sufficient enthalpy flux to intensify to category 5 even when over
relatively low TCHP water (65-70 kJ/cm?). Harvey's translation speed, 5.2 m/s approaching the shelf and
4.2 m/s crossing the shelf, was much slower and at a rate more typical of self-debilitation through surface
cooling. Eyewall replacement: Eyewall replacements cycles go through three stages: intensification, weak-
ening, and reintensification (Sitkowski et al., 2011). The result is that on average hurricanes contract
12 km and intensify 2 m/s. NOAA's Hurricane Harvey Tropical Cyclone Report (Blake & Zelinsky,
2018) does not report Harvey went through an eyewall replacements cycles. Nonetheless, the possibility
of an eyewall replacements cycles contributing incrementally to Harvey's intensity cannot be discounted.
Tropical cyclone size: The relationship between strength, intensity, and size (with multiple nuanced defi-
nitions of each) is somewhat complex. Nonetheless, clear evidence of a relationship between TC size and
intensity is lacking. Carrasco et al. (2014) found little or no correlation between radius of the last closed
isobar (RLCI) and intensity. Weatherford and Gray (1988) showed that by itself eye size does not have
much of a relationship with mean minimum sea level pressure but a contracting eye is on average
associated with a minimum sea level pressure decrease. Similarly, Carrasco et al. (2014) determined that
RMW has a negative correlation with change in intensity but the RLCI has little or no relationship
with intensification. Prior to entering the shelf Harvey's RMW increased and RLCI decreased
(RMW = 19 km, RLCI = 389 km at 12:00 25 August; RMW = 28 km, RLCI = 333 km at 18:00 25 August).
Previous research does not support the idea that this would have affected intensity. Wind Shear: Wind
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shear decreases intensity; as shear increases so does the magnitude of weakening (e.g., Frank & Ritchie,
2001; Weisman & Klemp, 1982). NOAA's Hurricane Harvey Tropical Cyclone Report (Blake & Zelinsky,
2018) does not indicate that Harvey was recovering from wind shear disruption anytime on the approach
or over the Texas Bight.

Much remains unknown about the conditions below the sea surface in hurricanes that contribute to their
intensification. Harvey caught many people and first response agencies off guard with unexpected rapid
intensification. Across the deep water of the GoM rapid intensification may be explained by the high
TCHP, the same cannot be said for the shelf where TCHP remains comparatively low because it is limited
by the water depth not the depth of the 26 °C isotherm. Even when applying a liberal 7 RMW threshold
to estimate the area under which enthalpy fluxes contributed to Harvey's intensity, as it crossed the shelf
maximum 10-15% of this flux footprint was over the deep GoM. This means that Harvey must have relied
heavily on shelf water to continue intensifying. Hydrographic profiles preceding Harvey and moored buoys
(NDBC and TABS) together show that shelf water warmed markedly between June and August and Harvey
arrived around peak season for northern GoM temperature. At that time the shelf was packed with heat and
mean TCHP was 35 kJ/cm? which is well below the value typically associated with intensification. Very
warm water extended from the surface to the seabed and the 26 °C isotherm (the metric used to calculate
TCHP) did not appear until almost 50 km from the coast in many locations. Further offshore, the vertical
extent of sub-26 °C water was marginal such that a complete mixing of the water column would reduce
the SST by a few degrees or less. TABS and NDBC SST data indicate that SST did indeed only drop slightly,
whereby maintaining conditions favorable to TC intensification.

The threshold to maintain a TC is between about 10 and 16 kJ/cm? per day (Leipper & Volgenau, 1972; Shay,
2006), far below typical TCHP values in the subtropical ocean. So why does TCHP below 60 kJ/cm? lead to
TC weakening (Mainelli et al., 2008), and why are values above 90 kJ/cm? associated with intensification?
The answer Mainelli proposed is that it is not the extra heat that causes intensification, but the limited
SST cooling. When a TC crosses a region with high TCHP and a deep 26 °C isotherm, the mixing of cool
subsurface water and subsequent decrease in SST is limited meaning enthalpy fluxes are only nominally
reduced and intensity is sustained. The same reasoning can be applied to Harvey when it crossed the shelf.
High temperatures extending to the seabed meant mixing minimally decreased SST allowing Harvey's
continued intensification. The conditions on the shelf add credence to the recommendation by Price
(2009) that depth-averaged temperature T; should be used as an alternative to OHC. T; provides information
about the potential for cooling directly below a TC and the minimum potential SST—which directly impacts
intensity—that is not given by OHC. Price (2009) recognized that OHC on the shelf will generally be com-
paratively low regardless of the ocean temperature, whereas T can have high values, especially where water
is warm with neutral or downwelling favorable conditions. This was certainly the case during Harvey and
supports the use of T in lieu of (or in addition to) OHC (TCHP) in TC forecasting.

Glenn et al. (2013) showed that ocean conditions similar to those on the Texas shelf during Harvey were pre-
sent when Hurricane Sandy made landfall along the Mid-Atlantic Bight in October 2012. An autonomous
underwater glider deployed ahead of the hurricane revealed a two-layer structure: a ~30-m surface layer
of 16-17 °C and a thin, 9-10 °C bottom layer separated by a narrow thermocline. Downwelling favorable
winds before Sandy forced much of this bottom water offshore. As a result, the shelf water responded as a
single layer when Sandy came ashore and mixing resulted in little cooling of the surface to reduce the wind
speed. Consequentially, it made landfall with greater intensity than predicted. The authors concluded by
advocating for ocean observations which are essential for providing subsurface information to improve
TC forecasts. We echo this sentiment. Hurricane models rely heavily on quality data to produce reliable fore-
cast and while satellites go a long way to fulfilling this goal, they stop short. Hurricanes interact with the
ocean surface but impact the water to depths where satellites become ineffective. Vigorous mixing, which
redistributes heat horizontally and vertically, directly impacts storm intensity. In deep water, cooling is
typical, and—to a greater or lesser extent—negatively impacts intensity. On the coasts this is not
always the case. As we have seen, an unstratified, uniform water column under strong wind forcing can
maintain its SST and contribute to TC intensification. There is a clear need for long-term ocean observing
instruments to be deployed along the shelf of hurricane prone regions with data provided in near-real time
to aid forecasting.
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