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Abstract The 2008 Atlantic hurricane season featured two hurricanes, Gustav and lke, crossing the Gulf
of Mexico (GOM) within a 2 week period. Over 400 airborne expendable bathythermographs (AXBTs) were
deployed in a GOM field campaign before, during, and after the passage of Gustav and lke to measure the
evolving upper ocean thermal structure. AXBT and drifter deployments specifically targeted the Loop
Current (LC) complex, which was undergoing an eddy-shedding event during the field campaign. Hurricane
Gustav forced a 50 m deepening of the ocean mixed layer (OML), dramatically altering the prestorm ocean
conditions for Hurricane lke. Wind-forced entrainment of colder thermocline water into the OML caused sea
surface temperatures to cool by over 5°C in GOM common water, but only 1-2°C in the LC complex. Ekman
pumping and a near-inertial wake were identified by fluctuations in the 20°C isotherm field observed by
AXBTs and drifters following Hurricane lke. Satellite estimates of the 20° and 26°C isotherm depths and
ocean heat content were derived using a two-layer model driven by sea surface height anomalies. Gener-
ally, the satellite estimates correctly characterized prestorm conditions, but the two-layer model inherently
could not resolve wind-forced mixing of the OML. This study highlights the importance of a coordinated
satellite and in situ measurement strategy to accurately characterize the ocean state before, during, and after
hurricane passage, particularly in the case of two consecutive storms traveling through the same domain.

1. Introduction

Tropical cyclones (TC) are some of the strongest forcing events to the ocean. Winds create intense currents in the
ocean mixed layer (OML), force mixing events and entrainment of colder thermocline waters at the base of the
OML, and cause upwelling of thermocline water by Ekman pumping [D’Asaro, 1985; Jacob et al.,, 2000]. The magni-
tude of the currents and sea surface temperature (SST) cooling due to mixing and entrainment is partly tied to the
thermal structure of the ocean lying beneath the TC. These ocean parameters affect the air-sea interaction and
the enthalpy fluxes of heat and moisture at the surface, directly impacting storm intensity. Thus, it is necessary to
understand the ocean’s thermal and kinematic response to TC passage to improve forecasting of both systems.

The OML is homogeneous, with minimal density stratification with depth. Currents in the OML generate shear
across the OML base, which can cause entrainment of cooler thermocline waters by eroding away the top of
the thermocline. This acts to deepen the OML with two important consequences: (i) the wind-driven transport
reduces velocity because it is spread over a deeper layer, and (ii) SSTs decrease because of the cool water
entrainment [Sanford et al.,, 1987; Shay et al, 1992]. If cold water is near the surface (i.e, the OML is shallow),
then any mixing will create a greater amount of cooling in the OML. Reducing SSTs during TC passage inhibits
latent and sensible heat fluxes across the air-sea interface into the hurricane boundary layer. Therefore, accu-
rately diagnosing the SST and underlying OML responses are central to understanding TC intensity fluctuations.

The oceanic energy source for TCs has long been known to be related to SST [Palmen, 1948; Fisher, 1958].
Leipper [1967] introduced the concept of Ocean Heat Content (OHC) as a quantity of thermal energy in the
ocean above the minimum threshold for TC formation, assumed to be 26°C [Palmen, 1948].

Sfc

OHC=J cpp(T—26°C)dz (1)

D26

where ¢, is the specific heat of seawater, p is the density of water, and T is temperature. OHC quantifies the
amount of thermal energy potentially available to storms in the upper ocean. OHC is directly related to the
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persistent mixed layer depth (MLD),
depth of the 26°C isotherm (D26),
and SST, such that thick layers of
warm water (deep MLD and D26
and warm SST) are the most favor-
able for TC growth.

The Gulf of Mexico (GOM) is of
particular interest for hurricane
92°N 88°N 84°N intensity forecasting, due to its
complex oceanographic features
and high number of coastal com-
: : munities vulnerable to hurricane
------------- =1~} landfall. The most notable ocean
: : features in the GOM that can
_ _ _ : affect hurricane intensity are the
......... e Ao b warm core eddies (WCEs) that are
: : : : shed from the Loop Current (LC).
WCEs are characterized by deep
OMLs and a weakly stratified ther-
mocline, which support high OHC
relative to the surrounding Gulf
Common Water (GCW). During a
WCE shedding event, oppositely
rotating cold core eddies (CCE) are
often found along the perimeter
: : : : of the LC. The WCE/LC, CCE, and
250 GCW have unique temperature
15 20 25 30 structures (Figure 1). Several case
Temperature (°C) studies have shown the impor-

tance of OHC in the rapid intensifi-
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Figure 1. (a) SSHA field prior to Hurricane Ike on 8 September with the locations of

AXBT deployments. (b) Profiles of GCW (black), WCE (red), and CCE (blue) identified cation of TCs over WCEs [eg,
by corresponding symbols in Figure 1a. SSTs are similar between profiles, however Emanuel, 1999; Shay et al., 2000;
OHC varies greatly. Lin et al, 2005; Wada and Chan,

2008; Jaimes and Shay, 2009;
Jaimes et al., 2015]. The reduction of the negative intensity feedback mechanism over WCEs can main-
tain heat and moisture fluxes across the air-sea interface. Mainelli et al. [2008] found using OHC as a pre-
dictor of intensity in the Statistical Hurricane Intensity Prediction Scheme improved forecasting of
intensity of Category 5 storms by 5-6% on average, and by as much as 20% during Hurricane lvan’s pas-
sage in 2004.

For this reason, the initial state of the ocean must be known to make the most accurate hurricane forecasts
[Halliwell et al., 2008; Shay and Uhlhorn, 2008]. Mesoscale ocean features (including WCEs) are often meas-
ured with in situ temperature profile measurements, as well as a satellite estimate using sea surface height
anomalies (SSHA) [Meyers et al., 2014]. Airborne oceanography flights typically target regions of high eddy
variability and locations of anomalously high or low sea surface heights measured by satellites. These loca-
tions correspond to points where the depth of the 20°C isotherm (D20), D26, and OHC are significantly dif-
ferent than their climatological values.

The goal of this study is to quantify the observed upper ocean cooling and deepening of the OML during a
2008 field campaign, as well as to determine if satellite-derived estimates were able to resolve large
changes in ocean thermal structure after major wind-forcing events. The field campaign is described in sec-
tion 2. The in situ measurements and satellite estimation methodology are explained in section 3. Section 4
describes the observed changes to the in situ and satellite data fields after TC passage. The forced and
relaxation stages of the ocean response are described in section 5. Section 6 discusses the results, and a
summary is provided in section 7.
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Table 1. Deployment of AXBTs for Hurricanes Gustav and lke®

Gustav lke

Date Flight AXBT Date Flight AXBT
28 Aug RF43 49(2) 08 Sep RF43 47(2)
29 Aug RF42 16(0) 09 Sep RF42 6(0)
30 Aug RF43 19(2) 10 Sep RF43 20(7)
31 Aug RF43 19(1) 10 Sep RF42 10(2)
31 Aug RF42 16(1) 11 Sep RF43 22(3)
01 Sep RF43 19(0) 11 Sep RF42 10(1)
03 Sep RF43 54(4) 12 Sep RF43 20(4)

12 Sep RF42 10(4)

15 Sep RF43 61(5)
Total 7 191(10) 9 216(28)

“A pre and poststorm array was deployed along the hurricane track and in-storm AXBTs were launched in hurricane conditions. Total
number of probes for each flight is listed, with failures in parentheses.

2. 2008 Hurricane Season Field Experiment

In collaboration with NOAA'’s Hurricane Research Division (HRD) and Aircraft Operation Center, 407 AXBTs
were deployed from WP-3D aircraft as part of a field campaign to simultaneously observe the hurricane
atmospheric boundary layer and upper ocean temperature field over the life cycles of Gustav and lke (Table 1
and Figure 2). Prior to the passage of both hurricanes, an array of AXBTs was deployed along the forecasted
path of the storm. During in-storm flights, AXBTs and GPS radiosondes were launched during transects
through the hurricane in a “figure 4” pattern. After landfall, an array of AXBTs was deployed in cross sections
along the storm track. With observations before, during, and after the storm, the impacts of the storm-
induced cooling and deepening of the OML could be examined spatially.

During the lifetimes of Gustav and lke, a WCE was in the process of shedding from the LC. Over the course
of the few weeks surrounding the two storms, a large intrusion of the LC began to break off to create the
foundation of a WCE. Both Gustav and lke traveled over the WCE after crossing Cuba and entering the
GOM. These storms did not undergo rapid intensification above the WCE due to synoptic scale atmospheric
conditions. Hurricane Gustav's development was inhibited by dry air entrainment associated with an upper
level high pressure ridge [Beven and Kimberlain, 2009]. Over the LC complex, Hurricane lke underwent an
eyewall replacement cycle which caused maximum wind speed to decline. Despite the decrease in maxi-
mum wind speed, eyewall replacement cycles increase the storm’s total kinetic energy due to the new eye-
wall’s larger area [Maclay et al., 2008].

2.1. Storm History

The TC track, speed, and wind field characteristics force the horizontal motion and vertical mixing of the
ocean. An accurate record of TC track and winds is necessary to understand the complex interactions at the
air-sea interface. TC track and intensity information was extracted from the National Hurricane Center’s
HURDAT?2 database [Landsea and Franklin, 2013]. Instantaneous wind field data and total kinetic energy was
supplied by the HRD’s H*Wind analysis [Powell et al., 1998].

2.1.1. Hurricane Gustav

Hurricane Gustav developed from a tropical wave during a period of increased wave generation near Cape
Verde. Gustav was briefly a Category 1 hurricane prior to landfall in Haiti on 26 August 2008. Gustav traveled
westward through the Caribbean as a tropical storm due to topographical effects from Hispaniola and an
upper level atmospheric ridge over Florida. Deep warm Caribbean waters and favorable atmospheric condi-
tions sparked rapid deepening, intensifying Gustav from a tropical storm to a major hurricane in 24 h. As a
Category 4 hurricane, Gustav made landfall in western Cuba on 30 August 2008. The storm subsequently
emerged to the north of Cuba on 31 August 2008, maintaining its Category 4 status. An upper level ridge,
as well as dry air entrainment caused Gustav to weaken over the GOM over the next 2 days, while quickly
traversing a WCE. Although maximum wind speed weakened, Gustav’s wind field expanded horizontally
over the GOM, with tropical storm force winds extending over 200 nm from the storm’s center. Gustav
eventually made landfall near Cocodrie, LA on 1 September 2008 as a Category 2 hurricane and rapidly
weakened as the storm’s remnants traveled north to the Great Lakes [Beven and Kimberlain, 2009].
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Figure 2. Locations of AXBTs launched during the 2008 hurricane season for Hurricanes (a) Gustav and (b) lke. Drop locations are layered
over satellite-derived OHC.

2.1.2. Hurricane lke

Hurricane lke reached major hurricane status on 4 September 2008 when the storm was well east of the
Caribbean. Eastern Cuba received the brunt of the hurricane force winds when Ike made landfall as a
Category 4 hurricane on 8 September 2008. The storm weakened as it traveled westward over Cuba until
its eye emerged just to the south of the island. Although lke was centered over the Caribbean Sea, its
interaction with the Cuban landmass disturbed the inner core dynamics, limiting future organization and
intensification. lke crossed Cuba to the northwest and into the GOM on 10 September 2008. Once over
the GOM, the storm passed south of the LC bulge, and lke intensified from a Category 1 to Category 2
storm (Figure 1b). However, an eyewall replacement cycle limited the storm’s ability to rapidly intensify
due to angular momentum constraints. Weak inner-core convection and an expansive wind field also
limited lke’s intensification [Berg, 2009]. lke made landfall as a Category 2 hurricane on 12 September
2008 just north of Galveston, TX, bringing with it a large storm surge that inundated many coastal
communities.

While maximum wind speeds from H*wind suggest lke was less powerful than Gustav, ke had a massive
wind field of TS force winds. While over the LC/WCE, Gustav had an integrated kinetic energy of TS force
winds of 63.1 TJ (1 TJ=10"% J) (1330 UTC 31 August), whereas Ike was 5 m s~ ' weaker but had an inte-
grated KE of 149 TJ (1930 UTC 10 September). Such a large wind field had a dramatic effect on the ocean
SSTs and thermal structure and its storm surge at landfall.

MEYERS ET AL.

OCEAN RESPONSE TO GUSTAV AND IKE 165



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC010912

28°N{$

26°N 1

24°N 1

28°N 1

26°N 1

90°W

Hurricane Gustav Hurricane Tke

— 28°N

26°N

88°W 86°W 84°W 88°W  86°W  84°W

28°N

90°W

92°W

26°N

24°N

H RS0 0O R0 EEN
!
&
=

+7 days

90°W

88°W 86°W 84°W 92°W  90°W  88°W  B6°W 84°W

Figure 3. Available altimeter tracks in a 10 day window (a) before (28 August) and (b) after (3 September) passage of Hurricane Gustav, as well as (c) before (8 September) and (d) after
(15 September) passage of Hurricane lke. The typical =5 day observation window is offset to ensure only SSHAs from before and after hurricane passage are used for pre and poststorm
analysis, respectively. Tracks are overlaid on AXBT observed D20 for the day of the flight. The color of the track represents the time of SSHA observation relative to the date of airborne

reconnaissance.

3. Data

Coordinated in situ and satellite measurements provide the best characterization of the three-dimensional
ocean state. In situ measurements provide the highest quality data with the greatest accuracy; however,
field campaigns can undersample regions of interest in time and space. Satellite measurements provide
near-global coverage, but are more prone to accuracy errors. Additionally, in situ observations are critical to
validate the satellite retrievals.

3.1. In Situ Profiles

Mesoscale and synoptic scale ocean observations can be collected using expendable probes launched from
airborne platforms. AXBTs are often launched by NOAA WP-3D aircraft during TC reconnaissance and
research flights. As the payload descends through the water column, it transmits data to a digital recorder
on the aircraft, where the signal is converted into a temperature estimate accurate to +0.2°C. Depth is esti-
mated using a known time-depth relationship accurate to 2% [Boyd, 1987].

Airborne expendable data used in this study were processed and quality controlled by University of Miami’s
Upper Ocean Dynamics Laboratory [Shay et al., 2011]. Each raw profile was passed through a nine element
median filter twice to remove errant data. The profile was then visually inspected to remove any remaining
noise and then compared to surrounding profiles. Any questionable or excessively noisy profiles were
removed from the data set.

Additionally, an array of nine drifters was deployed perpendicular to the forecasted tracks of Hurricanes
Gustav and lke as part of the Atlantic Oceanographic and Meteorological Laboratory’s Global Drifter Pro-
gram. Each drifter was equipped with a series of thermistors to measure hourly changes in upper ocean
temperature structure down to 150 m.

3.2. Satellite Thermal Structure Estimates

The two-layer reduced gravity model used to estimate D20, D26, MLD, and OHC in the North Atlantic hurri-
cane basin from satellite-measured SST and SSHA is described in detail in Meyers et al. [2014]. The model
assumed two layers of constant density separated by D20, which typically occurred within the thermocline.
Objective analysis (OA) of 10 days of SSHAs measured by Jason-1, GFO, and Envisat forced the 1-D two-layer
model [Mariano and Brown, 1992]. Positive (negative) SSHAs corresponded to a deepening (shoaling) of
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Figure 4. Observations of D20 for Hurricane Gustav. (a) In situ prestorm. (b) In situ post-storm. (c) Satellite prestorm. (d) Satellite poststorm. (e) Scatterplot of in situ D20 measurements
compared to satellite-derived values for prestorm (blue dot) and poststorm (red +). Observations were taken on 28 August and 3 September for prestorm and poststorm conditions,

respectively.

D20 relative to its climatological depth. Uniform stretching of the climatological temperature profile was
assumed, such that the climatological ratios of D20 to MLD and D26 were preserved. Daily climatological
values of D20, D26, MLD, and reduced gravity were extracted on a 0.25° grid from the Systematically
Merged Regional Atlantic Temperature and Salinity Climatology (SMARTS) [Meyers et al., 2014]. The model is
summarized by these equations:

I

D20=D20+—"2 4 (2a)
P2 P
D26
D26=—— D20 (2b)
D20
MLD
MLD=—= D20 (20)
D20

D20 is modified by the SSHA (') and the reduced gravity term calculated from the densities of the upper
and lower layers, p; and p,, respectively. The overbar denotes the SMARTS climatological value of a
parameter.

The resultant satellite-estimated upper ocean temperature profile has an OML with a constant temperature
from Remote Sensing Systems’ Optimally Interpolated SST product [Gentemann et al., 2004]. A constant ver-
tical temperature gradient is assumed from the bottom of the OML to D26. The OHC integration in equation
(1) of the satellite-derived profile simplifies to the area of a right trapezoid with a height of (SST: 26°C) and
bases MLD and D26.

OHC=1 51€2(D26 + MLD)(SST — 26°C) (3)

It should be noted that the SST product removes the effects of diurnal heating [Gentemann et al., 2003], and
the shallow daytime near-surface mixed layer is omitted. Over the entire North Atlantic hurricane basin, the
root mean square difference (RMSD) between in situ profiles for D20, D26, and OHC were 31.0 m, 18.2 m,
and 15.0 kJ cm ™", respectively. RMSD values in the LC and GOM were higher (41.9 m, 24.5m, and 26.1 kJ
cm™ ") due to the higher average values and greater spatial and temporal variability of the parameters
[Meyers et al., 2014].

3.3. Daily Altimetry Data From 10 Day Composites
Typically, a 10 day composite of SSHA observations centered on the day of interest is used to determine the
daily SSHA field. TCs induce changes to SSHA [Shay et al., 1990], making it necessary to shift the 10 day
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Figure 5. Same as Figure 4, but D26.

observational window such that SSHA data observed after (before) storm passage was not used for the
prestorm (poststorm) data set. Maintaining a 10 day window of SSHA data ensured full basin coverage by
the 10 day altimeter. Satellite SST estimates from the day of AXBT deployment provided the surface condi-
tions for the OHC calculation.

The LC core fell in the observational gap prior to Hurricane Gustav, although the western and northern
fronts of the LC were sampled by altimeters (Figure 3a). The CCE to the west of the LC/WCE complex was
not observed by a direct overpass, but the region of shallow thermocline depths directly to the north was
thoroughly covered. In the days following Gustav's passage, several altimeter tracks passed over the LC
region. The CCE to the northwest was observed over a week after hurricane passage (Figure 3b).

Due to the quick succession of the two storms, the same altimetry data were used to estimate the post-
Gustav and pre-lke fields (Figures 3b and 3c). The satellite OHC estimates during these two deployments
were not identical because of the daily SST fields and the propagation of SSHA features calculated in the
OA technique. The pre-lke AXBT array was well covered by altimeters, although the core of the CCE west of
the LC was not directly sampled. SSHA data were sparser for the post-lke array, with a lack of altimetry data
in the CCE west of the LC and the northern frontal region of the LC/WCE complex. The western WCE and
the northern CCE regions were well covered by altimetry in both pre and poststorm flights.

4, Observed Ocean Thermal Structure Changes

4.1. Hurricane Gustav

4.1.1. In Situ Observations

Prior to Hurricane Gustav’'s emergence over the GOM, 49 AXBTs were deployed on 28 August 2008 in a
“lawn mower” pattern transecting the LC and frontal region three times prior to sampling an area where sat-
ellite altimetry identified a mature WCE and CCE (Figure 1a). At this time, the LC protruded NNW with the
frontal region extending to 26°N with a slight westward hook due to CCEs located to the west (CCEy) and
north (CCEy). The AXBT observations did not suggest that a WCE had been shed from the LC, with maxi-
mum observed D20 (D26) values of 290 m (160 m) along both transects through the LC (Figures 4a and 5a).
Outside of the LC/WCE, temperature profiles indicated a shallow OML above a strongly stratified thermo-
cline which weakened with depth, and D26 was only 35m in CCEy. Despite the variability of subsurface
temperature, SSTs only ranged from 29.2 to 30.5°C (Figure 7a).

Hurricane Gustav crossed directly over the LC as a Category 3 storm. Poststorm observations suggested that
the eddy began to detach from the LC. A local D20 maximum near (86°W, 25°N) identified a closed eddy cir-
culation embedded in the northward extension of the LC (Figure 4b), likely due to eddy intensification simi-
lar to that caused by Hurricanes Rita [Jaimes and Shay, 2009] and Isaac [Jaimes and Shay, 2015] over the LC
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eddy field. This closed circulation was not identifiable in the D26 observations (Figure 5b). To the south of
the eddy, observations showed the LC maximum depths shift 50 km westward.

In areas with AXBTs collocated in the pre and poststorm flights, the direct impacts of Gustav on the ocean
could be examined. Maximum winds speeds over the LC were 50 m s~ ' in Gustav's northwest quadrant on
31 August 2008. Temporal changes of D20 and D26 in the LC showed the westward migration of the WCE
as it separated from the LC. Beneath the storm center, some shoaling of deeper waters was expected due
to Ekman pumping [Gill, 1984]. Scale analysis estimated isotherm displacement forced by Ekman pumping
(L = 7/pfU) on the order of 15 m [Price, 1983], which was consistent with ~20 m upwelling of D20 and D26
observed after Gustav’s passage over the WCE (Figure 5b). A near-inertial response was also observed in the
storm'’s wake, which also contributed to deviations from the prestorm ocean state, as discussed in section 5.
Wind-forced mixing induced deepening of the LC OML by up to 40 m underneath the storm track (Figure
6b). In this region, the upper ocean is weakly stratified, such that wind or buoyancy forcing can cause rela-
tively large deepening of the OML. In the LC/WCE complex, SSTs decreased by only 0.5-1.0°C (Figure 7b).
Despite the SST cooling, OHC values to the west of the WCE increased due to its westward propagation
(Figure 8b). The largest SST decrease occurred to the north of the observed array along the east side of the
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Figure 8. Same as Figure 4, but OHC.

storm track. Assuming SSTs were relatively uniform over the entire GOM prior to Gustav, SSTs decreased by
as much as 2.5°C in the northern region.

4.1.2. Satellite Estimations

The prestorm estimations of D20 were accurate and comparable to in situ observations (Figures 4a and 4c).
The maximum D20 isotherm depth in the core of the LC/WCE complex was observed and estimated to be
near 280 m, despite poor coverage by altimeters (Figure 3a). Satellite estimations accurately identified the
location of the western LC frontal region along AXBT transects at 24.0° and 25.5°N; however, a large region
of negative SSHAs in the southeast of the array caused a large underestimation of D20 and D26 near the
eastern extent of the LC (Figures 4e and 5e). The northern front of the LC/WCE complex was accurately
located and a SSHA minimum to the north suggested a sharper horizontal gradient relative to in situ obser-
vations. The satellite observations identified the CCEy which was not resolved by the AXBT sampling, lead-
ing to a weaker D20 gradient in the in situ observations. In the CCEy, D20 was underestimated by 20 m,
although this may be attributed to OA extrapolation.

Despite the accuracy of D20, satellite estimations of the D26 isotherm surface in the LC/WCE complex were
underestimated due to a departure from the climatological D26/D20 ratio (Figure 5¢, equation (2b)). In the
core of the LC, the observed D26,/D20 ratio was near 0.55, larger than the ~0.4 ratio in SMARTS [Meyers,
2011]. Comparisons to data from other hurricane seasons showed that the observed ratio in 2008 was
much larger than other years, such that the 0.4 climatological ratio was reasonable for future calculations.
AXBT profiles in the LC contained a weakly stratified layer below the OML with a temperature just above
26°C, causing large satellite underestimations of the D26 isotherm while not contributing greatly to the in
situ value of OHC (Figures 5c and 8c). Outside of the LC, estimations of D26 were accurate within 10%.

Prestorm SSTs were accurate within the 0.5°C measurement error (Figure 7¢), and the differences did not
show spatial coherence with the locations of the oceanographic features (Figure 7e). Despite the underesti-
mation of the D26 isotherm in the LC, the maximum magnitude of OHC was accurately diagnosed to be
near 150 kJ cm ™2 (Figure 8c). OHC in the region of the CCEy, was very accurate, while the western WCE was
underestimated by satellite due to the center position of the eddy being too far to the southeast.

After Gustav's passage, the D20 isotherm field was accurate in areas with collocated AXBTs and altimetry
data (Figure 4d). The region near the CCE,, was not well covered by altimetry such that satellite estimates
differed with in situ measurements for D20 by 80 m. Similarly, a large area oriented in the north-south direc-
tion along 88°W identified shoaling of 75 m, however this area was not directly observed by the altimeters.
Elsewhere in GCW, estimated shoaling of the thermocline by 20 m was accurately determined when near
an altimeter track. OHC differences in the poststorm field were directly connected to the underestimations
of D26 (Figure 5d) and MLD (Figure 6d) west of the LC. However, OHC estimates were typically accurate to
within 15% (Figure 8e).
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Figure 9. Observations of D20 for Hurricane lke. (a) In situ prestorm. (b) In situ poststorm. (c) Satellite prestorm. (d) Satellite poststorm. (e) Scatterplot of in situ D20 measurements com-
pared to satellite-derived values for prestorm (blue dot) and poststorm (red +). Observations were taken on 8 September and 15 September for prestorm and poststorm conditions,
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4.2. Hurricane lke

4.2.1. In Situ Observations

A similar analysis was conducted from the passage of Hurricane lke where an array of AXBTs was deployed
across the forecasted storm track, sampling the LC/WCE complex, CCEs, and a mature WCE to the west. These
data confirmed the existence of the closed circulation of the LC bulge (Figure 9a). Maximum depths of D20
and D26 isotherms in the separating WCE were approximately 300 and 210 m, respectively (Figures 9a and
10a). The MLD was still about 60 m due to recent passage of Gustav which did not allow for a new OML to
form. Profiles from the western WCE were similar to the LC; however, it did not experience direct atmospheric
forcing from Gustav, such that MLDs were typically shallower than in the LC/WCE complex (Figure 11a). OHC
values throughout the LC/WCE were consistently near 120 kJ cm ™2 (Figure 13a). In the CCEy, the depths of
D20 and D26 isotherms were much shallower, reaching only 70 and 30 m, respectively. The OHC values in the
CCE were only 40 kJ cm ™2 which was much lower than the LC due to its shallower thermal structure.

Overlapping AXBT transects along 86°W before and after lke's passage showed structural changes that
occurred in the LC/WCE after Hurricane lke. D26 shoaled by approximately 30 m in the center of the WCE,
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Figure 11. Same as Figure 9, but MLD.

an area where lke intensified to a Category 2 storm (Figures 9b and 10b). The shoaling was consistent with
the scale analysis suggesting isotherm displacement due to Ekman pumping was approximately 20 m. In
the WCE eastern region, lke caused massive deepening of the OML of near 100 m on the right of the storm
track (Figure 11b). In the center of the WCE, MLD deepened by 40 m to almost 100 m, while SSTs decreased
by 1.5°C. When coupled with the shoaling of D26, OHC decreased by roughly 40 kJ cm ™2 (Figure 13b).

Directly westward in the CCEy, observations along 88°W suggested deepening of both the D20 and D26
isotherms by 30 and 20 m, respectively (Figures 9b and 10b). The OML deepened by 20 m along this tran-
sect, corresponding to a 0.5-1.0°C decrease in SSTs (Figures 11b and 12b). Calculations using pre and post-
storm profiles at (24°N, 88°W) indicated entrainment and downwelling each accounted for approximately
10 m of the OML deepening. OHC increased by 20 kJ cm™2 in the CCE because of the deepening of the
thermal structure and only a small decrease in SSTs (Figures 12b and 13b).

The prestorm flight grid did not capture the core of the CCE, such that full analysis of lke’s effects on the
CCE was not comprehensive. The poststorm flight showed the core of the CCE was northwest of the LC/
WCE. The CCE was directly under the storm track, and both D20 and D26 shoaled by 40 m with only mini-
mal changes to MLD. SSTs plummeted in this region to the east of the storm track, to as low as 24°C,
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Figure 12. Same as Figure 9, but SST.

MEYERS ET AL.

OCEAN RESPONSE TO GUSTAV AND IKE 172



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC010912

28°N

26°N

Pre—Storm

24°N

92°W

28°N

26°N

Post—Storm

24°N

In—Situ Measurements Satellite Measurements
150
OHC H /
150 oo,
125 /e
o /
— /
125 7. 100 Zew o
g 7 o o+
g s
& v g
100 = 75 % H*e
=5 AR A .
= + 4 + '++
| 2 50 PR
86°W  84°W 75 92°W  90°W  88°W  86°W  84°W @~ o b .E s Tt
'.{-I-' +
25 . :_/_'1- R TR
o +
0 +

0 25 50 75 100 125 150
In—Situ (kJ cm 2)

e Pre—Storm
+  Post—Storm

++ +

92°W

86°W  84°W 92°W  90°W  88°W  86°W  84°W

Figure 13. Same as Figure 9, but OHC.

representing a drop of over 4.5°C. This drastic drop eliminated all 40 kJ cm ™2 of OHC near the CCE core and
presumably decreased the enthalpy fluxes.

4.2.2, Satellite Estimations

Altimetry measurements were scarce over the LC/WCE complex prior to Hurricane lke's passage, such that
the center of the LC was not accurately located and the maximum D20 isotherm was overestimated by
25 m (Figures 9c and 9e). Similar to the Gustav case, the gap in altimeter coverage caused poor SSHA esti-
mate over portions of the LC in the southeast extent of the AXBT array (Figure 3c), leading to 100 m and 50
kJ cm ™2 underestimations of D20 and OHC, respectively (Figures 9e and 13e). The north and west frontal
regions of the LC/WCE complex and the center of the western WCE were very accurately located, although
D20 depths were overestimated in the WCE by 20 m.

The D26 isotherm was generally underestimated throughout the LC/WCE complex because of the weakly
stratified subsurface water mass slightly above 26°C (Figures 10c and 10e) and the inaccuracy of the esti-
mated center of the D20 maximum. The depths of D26 in the CCE were relatively accurate, although the
location was inconsistent between the OA of in situ and satellite data. The D26 isotherm in the western
WCE was underestimated by over 20 m because an isothermal subsurface layer, similar to one in the LC,
was found.

After hurricane passage, the estimated location of the D20 maxima was again too far to the north, although
the magnitude of D20 was comparable between in situ and satellite measurements (Figure 7e). The west-
ward extent of the LC/WCE complex was consistent with in situ measurements, such that the accuracy of
the satellite estimation was near 10%. Altimetry suggested that the CCE retracted to the north in combina-
tion with the formation of a geostrophic baroclinic ridge in the storm’s wake [Geisler, 1970], but this region
was not well covered by altimeters in both the pre and poststorm timeframe. Satellite estimates were con-
sistent with in situ observations in the southern portion of the LC, suggesting shoaling of 20 m. However, to
the north, 30 m deepening of D20 was observed where the satellite product suggested shoaling of over
40 m. In the CCE, the overestimated deepening resulted from errors in the prestorm OA, and modest shoal-
ing of D20 in the WCE of 25-40 m was comparable to in situ changes.

The estimated changes between pre and poststorm D26 isotherms mirrored the changes of D20 (Figure
10d). The satellite technique did not depict the 75 m of deepening of the MLD caused by lke's passage,
leading to a satellite overestimation of OHC decrease by 50 kJ cm ™2 (Figure 13d). The two-layer framework
lacks atmospheric forcing, such that the MLD deepening cannot be resolved.

A pronounced cold wake formed behind Hurricane lke in areas outside of the LC. The southern extent of
the satellite-measured SST cooling was too far south, leading to underestimations of OHC in the area (Figure
12d). Due to the large region of satellite SSTs below 26°C, there was a large region with no OHC in the area
of the CCE after lke’s passage, which was consistent with in situ measurements. In the LC, the significant
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Figure 14. Upwelling response to Hurricane Gustav. (a) Quality-controlled AXBT data points from the four research flights considered in this analysis. Color shading is for the prestorm
(28 August) objectively analyzed D20 structure. The storm’s track is from the NHC's 6 h best-track data, and the black stars identify storm location during the in-storm flights. (b) Upwell-
ing response during the in storm flight on 31 August at 12Z, defined as the difference in D20 (AD20) with respect to prestorm conditions (3 day difference); negative (positive) values of
AD20 are for upwelling (downwelling) regimes (c) Similar to Figure 14b, but for 1 September at 00Z (3.5 day difference). (d) Similar to Figure 14b, but for 1 September at 12Z (4 day dif-
ference). Differences between (Figures 14b and 14c) and (Figures 14c and 14d) represent the 12 h change in the D20 field.

underestimation of MLD deepening (Figures 11d and 11e) led to a 40 kJ cm ™2 overestimation of the
decrease of OHC (Figure 13d). The satellite data correctly identified a region where OHC increased, however

the amount of heating was overestimated by 40 kJ cm ™2,

5. Forced and Relaxation Stages

5.1. Upwelling Response

Upwelling and downwelling regimes (adiabatic reversible advective processes) can be identified by investigat-
ing the fluctuations in D20 because wind-driven vertical mixing (diabatic irreversible turbulent processes) is
confined to waters above this depth level in GOM hurricanes [Price, 1983; Jaimes and Shay, 2009, 2015]. Accord-
ingly, the upwelling responses to Gustav and lke are investigated in terms of fluctuations in D20, either by com-
puting the difference between prestorm and in-storm D20 structures (the time separation between these
structures is from 2 to 4 days), or by computing the difference in D20 structures between consecutive in-storm
flights conducted over similar geographic areas with a time separation of 12 h.

Reasonably estimating the rate of upwelling (AD20/At) is only possible for cases of back-to-back in-storm
flights. In cases where the prestorm D20 structures are used as a reference, the estimates for AD20 are not
robust because it is difficult to determine at what point the storm’s wind stress began impacting these pres-
torm structures (although it is likely that this happened within a 24 h time window). Accordingly, the fluctu-
ations of AD20 are assumed to occur in a time interval from 12 h (valid for back-to-back in-storm flights) to
24 h. Note that this approach isolates near-inertial processes in the wake of the storm since pre and in-
storm (forced stage) D20 structures.

5.1.1. Hurricane Gustav

Before the arrival of Gustav, the LC was fully developed and a recently detached WCE extended to the west
(Figure 14a). As Gustav moved over the LC, downwelling of D20 of more than 30 m was measured over the
LC's western front respect to prestorm conditions, and moderate upwelling of about 20 m occurred over
the LC bulge where horizontal gradients in geostrophic vorticity vanished (Figure 14b). As Gustav moved
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Figure 15. Similar to Figure 14, but for Hurricane lke. (a) Prestorm D20 values were measured on 8 September 2008. Changes in the D20 field relative to the prestorm observations were
calculated for in-storm flights on (b) 10 September and (c) 11 September. (d) The 12 h D20 difference between consecutive in-storm flights on 11 September.

over the LC's northern front, upwelling of 70 m was measured to the left of the track over a 12 h period
between reconnaissance flights on 31 August and 1 September 2008 (Figure 14c). The maximum value of
AD20/At was —5.8 m h™' over the upwelling regime. For comparison, maximum downwelling of D20 of
5 m h~" was measured over a 12 h interval during the intensification of tropical storm Isaac into a hurricane
over a WCE [Jaimes and Shay, 2015]. Gustav begun to weaken to a Category 2 hurricane as it moved over
the intense upwelling regime that extended over the LC's NW front.

By contrast, weaker fluctuations in D20 of less than 20 m were measured over quiescent ocean conditions
during the time Gustav began making landfall, and a classical structure in upwelling and downwelling
regimes was observed [O'Brien and Reid, 1967; Geisler, 1970; Price, 1981], presumably caused just by the
structure in the curl of the wind stress (Figure 14d).

5.1.2. Hurricane lke

One week after the passage of Gustav, and just before the arrival of Ike, the LC retracted and the CCE intensi-
fied to the west of the LC (Figure 15a). Quiescent ocean conditions, with shallower D20s than before the pas-
sage of Gustav, were measured over the region between the LC and WCE, and over the NE GOM (compare
Figures 14a and 15a). As lke intensified as it traveled across the LC, moderate downwelling of 10-20 m was
observed in the LC core (Figure 15b), and intense downwelling of 40 m was measured over the LC frontal
regions. Away from the LC's eddy field, a predominant upwelling regime of about 30 m was developed directly
below lke over a 12 h interval on 11 September 2008, where AD20/At was —2.6 m h™! (Figure 15d).

5.2. Near-Inertial Wake

For both storms, the strongest cooling occurred to the right of the storm track outside of the LC bulge (Fig-
ures 7d and 12d). MLDs were relatively shallow and the thermocline was strongly stratified in this area of
GCW and a CCE. Cold thermocline water mixed with the thin OML, leading to pronounced SST cooling of 3
and 4.5°C in Hurricanes Gustav and lke, respectively. Storm-generated currents in the OML are stronger in
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the LC cooled by less than 1°C.

The near-inertial oceanic response to hurricanes has been well documented in models and observations
[Geisler, 1970; Chang and Anthes, 1978; Price, 1983; Gill, 1984; Shay and Elsberry, 1987; Shay et al., 1998;
Jaimes and Shay, 2010]. In the wake of Hurricane lke, there was in situ evidence of a coherent pattern of
changes to the prestorm D20 field (Figure 16). The amplitude of the D20 displacement was approximately
+40 m, with a wavelength of 400 km. At this latitude, the inertial period (IP) is 28.7 h, which put the post-
storm flight approximately 3-4 IPs after storm passage. Near-inertial currents would still be expected to
exist that long after passage based on current decay rates [Shay and Elsberry, 1987]. lke took approximately
30 h to travel between the two D20 anomaly minima, which corresponded with the inertial period and pro-
vided support that the anomalies were due to the near-inertial wake.

The near-inertial response was also observed by the array of drifters. Comparing the hourly data from the
drifters to the daily data derived using SMARTS revealed the variability of OHC on timescales shorter than 24 h.
These fine-scale fluctuations cannot be resolved by the daily satellite product (Figure 17). Surface stress forced
near-inertial pumping, which caused D26 isotherms to oscillate by =8 m (Figure 18a). Outside of periods when
SSTs dropped due to mixing and surface fluxes, SSTs remained relatively stable with diurnal cycling of about
0.5°C (Figure 18b). Depending on the phase differences between the near-inertial currents and the diurnal tem-
perature cycle, daily OHC variation was either dampened or enhanced. After an initial decrease of 20 kJ cm ™2
in the 24 h following deployment, OHC oscillated by 10 kJ cm ™2 for several days (Figure 18c).
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Figure 17. Track of drifter 41615 launched ahead of Hurricane Gustav during the 2008 hurricane season overlaid on SSHA measured by
altimetry data. The inset shows the track of the drifter with red circles at 0000Z each day.
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6. Discussion

The field experiment associated with Hurricanes Gustav and lke provided a unique opportunity to analyze hur-
ricane impacts on upper ocean thermal structure of mesoscale ocean features during two successive storms.
Hurricane Gustav was a relatively compact storm with a small wind field, while Hurricane lke was much more
expansive and had larger impacts on the GOM ocean structure. At the time of passage over the LC, the inte-
grated kinetic energy of hurricane force winds from H*Wind for Gustav and lke were 16 TJ and 65 TJ, respec-
tively. Additionally, Gustav passed over the GOM much faster, with storm motion averaging about 8 m s,
compared to about 4 m s~ for lke. Considering the differences of wind field size and translational speed, it
was expected that ocean thermal structure would be more affected by lke than Gustav. In the LC, MLDs deep-
ened by 30 m in Gustav and over 60 m in lke. Likewise, MLDs in the CCE deepened twice as much after lke's

passage compared to Gustav.

The satellite estimation of ocean structure using the SMARTS climatology successfully identified the primary
oceanographic features during the field campaign. Mean errors and biases from pre, in, and poststorm
flights provided insights to the accuracy of the model approach (Table 2). Satellite estimations of the D26
isotherms for the 2008 hurricane season were 10-20% more erroneous than observed in other research
campaigns due to the weakly stratified layer beneath the OML just above 26°C. Despite the absolute differ-
ence between in situ measurements and satellite estimations of the D26 isotherm, OHC was still relatively
accurate, particularly for Hurricane Gustav (RMSD = 23.2 kJ cm™?). However in Hurricane ke, OHC errors
were greater due to the significant underestimations of OML deepening.

Poststorm MLD errors highlighted the shortcomings of the altimetry-based MLD adjustment technique
[Meyers et al., 2014]. The satellite technique did not capture the extensive deepening of the OML, particu-
larly for Hurricane Ike with its larger wind field. In the two-layer model framework, vertical mixing of upper
ocean waters above the D20 isotherm would not significantly affect SSHAs, and therefore the MLD calcula-
tion technique did not perform well after a strong wind-forcing event.

Based on the errors in diagnosing MLD deepening, inferences of heat exchange between the atmosphere
and ocean must be made with caution when using only satellite-derived OHC data, particularly when two
storms cross over the GOM in a small timeframe. In the area of the WCE/LC complex during Hurricane lke,
satellite estimations suggested energy loss in the upper ocean by 50 kJ cm™2, where in situ data deter-
mined only 20 kJ cm 2 of heat loss occurred. It is expected that MLD, and therefore OHC, will be

MEYERS ET AL.

OCEAN RESPONSE TO GUSTAV AND IKE 177



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC010912

Table 2. RMSD Values for D20, D26, MLD, SST, and OHC From the Prestorm and Poststorm AXBT Flight Grids®

Gustav D20 (m) D26 (m) MLD (m) SST (°Q) OHC (kJ/cm?)
Prestorm (36) 37.6(1.8) 244(—114) 124 (=5.7) 0.47 (0.20) 21.1(—1.6)
Poststorm (38) 38.9(—6.5) 26.9 (—17.0) 14.1 (—10.7) 0.43 (0.01) 256 (—11.1)
All (118) 29.9 (—5.1) 304 (—18.0) 18.1 (—12.5) 0.64 (0.31) 23.2(-5.1)
lke D20 (m) D26 (m) MLD (m) SST (°Q) OHC (kJ/cm?)
Prestorm (33) 33.8(—12.0) 353(—25.2) 152 (=7.3) 0.31(0.12) 19.7 (—5.7)
Poststorm (31) 434 (—31.1) 39.5(—28.5) 37.8(—28.0) 0.55 (—0.33) 31.8(—243)
All (129) 46.6 (—22.0) 41.6 (—30.7) 33.0(—24.1) 0.88 (0.21) 304 (—14.7)

“Satellite bias is in parentheses. Only AXBTs recorded and processed by University of Miami’s Upper Ocean Dynamics Laboratory
were used for this analysis.

underestimated by satellite data in most poststorm environments because the wind-forced mixing of the
OML is not resolved in the two-layer model .

7. Concluding Remarks

Neither Gustav nor lke experienced rapid deepening while traversing the LC or WCE. Gustav’s intensification
was hindered by unfavorable synoptic conditions, whereas lke underwent an eyewall replacement cycle
over the LC. The warm ocean supported the formation of the secondary eyewall, which vastly expanded the
hurricane wind field and total kinetic energy.

A key finding of this study is that the structure of the upwelling response is not just a function of the curl of
the wind stress, since the background geostrophic flow significantly impacted the structure in upwelling
and downwelling responses to both Gustav and Isaac. Intense downwelling regimes were observed over
the LC front, similar to downwelling regimes observed over WCEs during Hurricanes Rita (2005) and Isaac
(2012) [Jaimes and Shay, 2009, 2015]. These downwelling regimes are associated with wind-driven vortex
stretching and ensuing eddy intensification.

The combined effect of Hurricanes Gustav and lke caused the OML to deepen by 100 m over the weakly
stratified LC. As expected, the SST cooling in the wake of both storms was more pronounced over GCW (—4
to —6°C) than over the LC/WCE complex (=1 to —2°C). The lower SSTs and 10-20 m of upwelling from
Ekman pumping acted to decrease OHC over most of the domain; however, OHC increased in convergence
zones of the near-inertial wake.

A drawback to the two-layer model was the lack of wind-forced mixing, leading to errors in the poststorm
analysis. While altimeters could detect changes to the SSHA field caused by mass transport (i.e., the internal
wake field), modifications to upper ocean temperature profiles caused by mixing at the base of the OML is
not explicit in the two-layer model. The ocean state had not equilibrated after the passage of Hurricane
Gustav, such that the satellite estimates of OHC ahead of Hurricane Ike were overestimated in the LC core.

Analysis of high temporal resolution drifter data revealed model errors for the satellite estimates after strong
wind-forcing events. Once-daily satellite estimates of ocean thermal structure were calculated; however, the
drifter data showed diurnal variability of over 30% of the mean value which led to periodic measurement errors
(Figures 12a and 12c). An open question is whether the error is the same for cyclonic, anticyclonic, and quiescent
flow. The kinematics of near-inertial motions is impacted by stratification and vorticity of the background ocean,
such that this error could be smaller (larger) over WCE (CCE) where near-inertial motions are weaker (stronger).

This study highlighted the importance of synchronized in situ and satellite measurements for complete and
accurate characterization of the ocean thermal structure in the hurricane environment. Satellite estimates
provided full coverage of the Atlantic hurricane basin, but in situ measurements were necessary to identify
features not resolvable by the two-layer model, such as the thermocline temperature gradient and intense
OML deepening. Additionally, the in situ measurements serve as ground truth to ensure satellite estimates
are producing realistic features of appropriate magnitudes. Observations of ocean currents in the hurricane
environment are essential to calculate vertical shear, upwelling, and mixing. The in situ data are needed to
improve estimates of the ocean response from satellite products; to provide accurate depictions of ocean
features needed to improve operational statistical intensity forecasting at NHC; and to improve parameter-
izations of vertical mixing over the stratified ocean in numerical models.
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