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ABSTRACT

On 4 October 1995, Hurricane Opal deepened from 965 to 916 hPain the Gulf of Mexico over a 14-h period
upon encountering a warm core ring (WCR) in the ocean shed by the Loop Current during an upper-level
atmospheric trough interaction. Based on historical hydrographic measurements placed within the context of a
two-layer model and surface height anomalies (SHA) from the radar altimeter on the TOPEX mission, upper-
layer thickness fields indicated the presence of two warm core rings during September and October 1995. As
Hurricane Opal passed directly over one of these WCRs, the 1-min surface winds increased from 35 to more
than 60 m s, and the radius of maximum wind decreased from 40 to 25 km. Pre-Opa SHAs in the WCR
exceeded 30 cm where the estimated depth of the 20°C isotherm was located between 175 and 200 m. Subsequent
to Opal’s passage, this depth decreased approximately 50 m, which suggests upwelling underneath the storm
track due to Ekman divergence.

The maximum heat loss of approximately 24 Kcal cm~2 relative to depth of the 26°C isotherm was a factor
of 6 times the threshold value required to sustain a hurricane. Since most of this loss occurred over a period
of 14 h, the heat content loss of 24 Kcal cm~2 equates to approximately 20 kW m~2. Previous observational
findings suggest that about 10%—15% of upper-ocean cooling is due to surface heat fluxes. Estimated surface
heat fluxes based upon heat content changes range from 2000 to 3000 W m~2 in accord with numerically
simulated surface heat fluxes during Opal’s encounter with the WCR. Composited AVHRR-derived SSTsindicated
a 2°-3°C cooling associated with vertical mixing in the along-track direction of Opal except over the WCR
where AVHRR-derived and buoy-derived SSTs decreased only by about 0.5°-1°C. Thus, the WCR's effect was
to provide a regime of positive feedback to the hurricane rather than negative feedback induced by cooler waters
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due to upwelling and vertical mixing as observed over the Bay of Campeche and north of the WCR.

1. Introduction

Recent cases have demonstrated that sudden unex-
pected intensification in tropical cyclones often occurs
within 24—48 h of striking the coast upon passing over
warm, oceanic regimes such asthe Gulf Stream, Florida
Current, and Loop Current or large, warm core rings
(WCRYs) in the western North Atlantic Ocean and Gulf
of Mexico. Sea surface temperatures (SSTs) exceeding
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26°C are a necessary, but insufficient, condition with
respect to the ocean’s influence on the tropical cyclone
intensity changes (i.e., pressures and winds). Namias
and Canyan (1981) noted that patterns of lower-atmo-
spheric anomalies are more consistent with the upper-
ocean thermal structure variability than with just SSTs.
Within this context, temperatures distributed over the
oceanic planetary boundary layer (OPBL), defined as
the well-mixed upper-ocean layer, may be a more ef-
fective means of assessing oceanic regimes where trop-
ical cycloneintensificationislikely to occur. Inthe pres-
ence of warm baroclinic features, the OPBL and the
depth of the warm isotherm (=26°C) are much deeper
and represent regions of positive feedback to the at-
mosphere.
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Fic. 1. Position of upper-level trough and location of Loop Current WCR based upon TOPEX
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altimetry data and poststorm AVHRR images relative to the position of Hurricane Opal’s track
in the Gulf of Mexico from 28 Sep to 5 Oct 1995 (adapted from Marks et al. 1998).

From a climate perspective, one of the best-known
circulation systems in the world’s ocean is the North
Atlantic subtropical gyre, which includes the Gulf
Stream, Florida Current, and Loop Current, as well as
warm and cold core rings. On a near-annual basis, warm
water is transported from the Caribbean Sea into the
Gulf of Mexico through the Yucatan Straits, and then
forces the Loop Current (Fig. 1). This anticyclonic ro-
tating current with maximum flows of 1-2 m s-*intrudes
500 km northward into the Gulf of Mexico and trans-
ports subtropical water with markedly different tem-
peratures and salinities compared to the background
Gulf of Mexico water between ocean temperatures of
18°—26°C (Shay et al. 1998). Since the depth of the 20°C
isotherm is between 180 and 220 m in the subtropical
water compared to less than 100 m in the Gulf common
water, these deeper, warmer subtropical waters increase
the heat potential of the Loop Current and al so represent
a significant contribution to oceanic mesoscale vari-
ability in the Gulf of Mexico. As this feature intrudes
farther north, WCRs having horizontal length scales of
O(200 km; Elliot 1982) pinch off from the Loop Current
at 11-14-month intervals, propagate westward with
speeds between 1 and 14 km day—* (Maul 1977; Vu-
kovich and Crissman 1986) over a 9—12-month period,

and eventually dissipate along the shelf break off Texas
and Mexico.

Warm current regimes border the coastlines along the
United States eastern seaboard and Gulf of Mexico
states, and provide additional heat sources for the pas-
sage of tropical and extratropical cyclonesthat may lead
to intensity change (Black and Shay 1998). Quantifying
the effects of these oceanic features on changes in the
surface pressure and wind field during tropical cyclone
passage has far-reaching consequences not only for the
research and forecasting communities, but also for the
public who rely on the most advanced forecasting sys-
tems to prepare for landfall. Given the unprecedented
tropical cyclone activity in the Atlantic Ocean basin
during recent seasons, and the nearly exponential
growth in coastal populations (Pielke and Pielke 1997),
the influence of warm upper-ocean processes on the at-
mospheric planetary boundary layer (APBL) has to be
assessed with respect to surface wind field changes in
hurricanes to advance our understanding of these pro-
cesses (Marks et al. 1998).

During Hurricane Opal’s intense deepening phase
from 965 to 916 hPa over 14 h on 3 October 1995 (Fig.
1), the maximum 1-min surface winds, estimated from
reconnaissance flights, increased from 35 to more than
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FiG. 2. Estimated 1-min wind speed (solid) in m s* and sea level
pressure in mb (dashed) from 1 to 5 Oct associated with Hurricane
Opal relative to the WCR encounter (a: shaded area) and landfall (b)
from the advisories and reconnaissance missions.

60 m st as shown in Fig. 2. According to Bosart et al.
(2000), Opal was at least 15 m s~* below its maximum
potential intensity prior to this deepening event based
upon theoretical arguments (Emanuel 1986; Holland
1997). Further, vertical current shear in the upper at-
mosphere was relatively weak (2-3 m s7*); and, as the
cyclonic spinup of Opal was maximized due to the ap-
proaching trough from the northwest, atmospheric con-
ditions were favorable for this intense deepening cycle
starting 2000 UTC 3 October. A series of Special Sensor
Microwave/lmager (SSM/I) images indicated the pres-
ence of awell-developed eye as R, decreased from 40
to about 25-30 km. In this area of Opal’s deepening,
the prestorm SST distribution in the Gulf of Mexico
showed no apparent signs of a WCR as Advanced Very
High Resolution Radiometer (AVHRR) derived SSTs
exceeding 29°C were uniformly distributed dueto strong
solar heating occurring during the summer months in
the Gulf of Mexico (Shay et al. 1992). Skin temperatures
tend to be 0.5°-0.7°C higher than the underlying OPBL
temperatures. However, images from the National Aero-
nautics and Space Administration (NASA) oceano-
graphic Topography Experiment (TOPEX) mission and
poststorm AVHRR-derived SST from National Oceanic
and Atmospheric Administration (NOAA-10 and -12)
satellites suggested that during this time Opal passed
over a WCR. Subsequently, the rapid intensification
ended about 1000 UTC 4 October as Opal exited the
WCR regime and encountered a shallower OPBL and
strong vertical shear in the atmospheric layer from 200
to 850 mb as noted by Bosart et al. (2000).

Whereas Bosart et al. (1999) document the favorable
atmospheric conditions associated with trough interac-
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FiGc. 3. Maximum storm intensity for each 1°C group for 1962-88
sample with Levitus climatological SST and GFDL monthly SST
analyses (from DeMaria and Kaplan 1994). Note the sharp rise in
maximum winds beyond 26°C.

£

tions, the approach described herein focuses on the up-
per ocean’s role in atering the tropical cyclone wind
fields as Hurricane Opal passed directly over the WCR.
Accordingly, air—sea interaction processes will be de-
scribed in section 2 including buoy measurements from
National Data Buoy Center (NDBC) buoy 42001, fol-
lowed by atwo-layer model treatment where the vertical
ocean structure is divided into an upper and lower layer
based upon the depth of the 20°C isotherm (section 3).
Hydrographic measurements are combined with re-
motely sensed signals from TOPEX and AVHRR to
provide synoptic assessments of upper-layer thicknesses
and upper-ocean heat content relative to the 26°C iso-
therm in section 4. Concluding remarks concerning the
application of these fields to Opal and the general ap-
proach to the intensity change problem are discussed in
section 5.

2. Air—sea interaction processes

Palmen (1948) originally noted that warm, preexist-
ing SSTs in excess of 26°C are a necessary, yet insuf-
ficient, condition for tropical cyclogenesis. Once atrop-
ical cyclone develops and translates over the tropical
oceans, DeMaria and Kaplan (1994) (Fig. 3) found that
climatological SSTs (actually OPBL temperatures) de-
scribe a large fraction of the variance (40%—70%) as-
sociated with wind speed increases. However, these sta-
tistical models neither account for the layer depths
where temperatures exceed the 26°C threshold, nor for
the thermal advective tendencies by basic-state oceanic
currents. In the Loop Current and Gulf Stream regimes,
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FiG. 4. Time series of (a) wind speed (solid, m s~*) and direction (dashed, °) for 10-min
records, hourly (b) wind gusts (solid, m s7) and direction (circles, °), (c) SST-T, (circles)
and SST (solid) both in °C, (d) 6. (K), and (e) latent (circles), sensible (squares), and total
(solid line during Opal) heat fluxes (W m~2) from NDBC buoy 42001 located on the left side
of the Opal’s track in the WCR. Note that a relative humidity of 85% was assumed in these
estimates with wind speed—dependent bulk coefficients. The gray area approximates Opal’s
closest approach to the buoy and the vertical black line is the time of the lowest surface

pressure of 963 mb.

current velocities range from 1 to 2 m s and advect
deep, warm upper-ocean layers that represent reservoirs
of high-heat content water and locations where en-
hanced surface heat fluxes during tropical cyclone pas-
sage occur.

a. Atmospheric response

As shown in Fig. 1, the behavior of the 10-min, sur-
face winds suggest that the NDBC buoy 42001 (a 10-m
discus buoy) was located in the eyewall (25°55'N,
89°39'W) on the left side of Opal’s track during its
encounter with the WCR. There were two increases in
the surface winds as the maximum surface winds ap-
proached 28 m s*. This wind speed maximum was
about 17 m st less than those inferred from the right

side of the track due to the asymmetry induced by trans-
lation speed (Fig. 4a). Notice that the wind gusts ex-
ceeded 30 m s~* during the storm (Fig. 4b). Perhapsthe
more important aspect here is that the SST and air tem-
perature (T,) differences ranged between 2° and 4°C at
the buoy (Fig. 4c). The SSTs were larger than the sur-
rounding air temperatures beginning between 1800 UTC
3 October and ending 1400 UTC 4 October. Prestorm
SSTswere 29°C, which isnormal for the Gulf of Mexico
for this time of the year, and decreased by about 0.5°C
as shown in the poststorm temperatures. A clearer in-
dication of the air—sea interaction process and the at-
mospheric response to the oceanic forcing is the equiv-
alent potential temperature (6,), estimated by assuming
a relative humidity of 85% following Bohren and Al-
brecht (1998). Consistent with estimates from obser-
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TABLE 1. Air—sea parameters, nondimensional numbers, and scales
in Hurricane Opal based upon Price’s (1983) scaling arguments. Note
that the drag coefficient was estimated using a constant value of 3.775
X 102 based upon internal wave fluxes in Gilbert (Shay 1997) and
the drag coefficient found by the WAMDI Group (1988).

Parameter

Radius of max winds (km) R 25
Max wind stress (N m~2) Tmax 9.8 (10.3)
Speed of the hurricane (m s71) U, 8.5
Wavelength (km) A 860
First mode phase speed (m s) c, 3.0
First mode deformation radius (km) aqt 47
Inertial period (days) IP 1.14

Nondimensional numbers
Froude number (Fr) (Uplcy) 2.8
Nondimensional storm speed (S) (U /2R T) 2.65
Nondimensional forcing (Fo) 2R o/, 1.06

vational studies (Black 1983; Cione et al. 2000), the
maximum 6, was as high as 365 K in the eyewall as
shown in Fig. 4d. This value agreed with observations
(Bosart et al. 2000) and simulations (Hong et al. 2000).
Using a wind speed—dependent bulk aerodynamic for-
mula (Fig. 4e), latent heat flux ranged between 300 and
1200 W m~2 m~2 whereas sensible heat flux was a max-
imum of 200 W m~2. Note that during this time of
intense forcing, the maximum total surface heat flux
exceeded 1270 W m~2, which was within the envelope
defined by (Cione et al. 2000). On the right side of the
storm where winds approached 50 m s* during the
intensification phase (farther north of the buoy), the
fluxeswould be nearly doubl e as suggested by numerical
simulations of Hong et al. (2000).

b. Air—sea variables

The oceanic response to tropical cyclones is set by
the atmospheric forcing scales and key air—seavariables.
Scaling arguments of Price (1983) and Greatbatch
(1983) are used to place the predicted upper-ocean re-
sponse into a nondimensional framework. The oceanic
wavelength of the response induced by a moving trop-
ical cyclone is proportional to the product of the storm
translation speed (U,,) and theinertial period (IP; Geisler
1970). Based upon an 8.5 m s* translation speed for
Opa over the WCR (=00Z 4 October) and an IP of
27.4 h, the predicted wavelength (A) is estimated to be
838 km with an uncertainty of =60 km (Table 1).

I sotherm displacements (&), induced by time-depen-
dent Ekman pumping associated with the wind stress
curl, scale as 7,,/p,fU,, or about 22—-24 m for surface
wind stress of 9.8-10.3 N m~2. Based upon the wind
speed—dependent drag coefficients from the WAMDI
Group (1988), and more recently Shay (1997), the sur-
face wind stress in the Opal cases was larger than in
the usual cases for tropical cyclones where surface
winds typically range from 35 to 40 m s~*. Since Opal’s
near-surface winds increased to 47-50 m s, the wind
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stress and the wind speed—dependent drag coefficients
were quite large in comparison to these more typical
cases. Moreover, this relationship indicates that as the
storm speeds decrease, there is an increase in the dis-
placements. One day earlier when Opal’s translation
speed was considerably less, the vertical displacement
of the isotherms was larger as upwelling of cooler water
from a shallower thermocline (i.e., in the Gulf common
water) was detected. For a nearly stationary storm, a
WCR may be significantly weakened by persistent up-
welling of the thermocline water to the surface over a
few day period as found in Hurricane Anita in 1977
(Black 1983) and more recently in Hurricane Mitch in
1998.

As atropical cyclone moves over these warm current
regimes at moderate to fast speeds, the time available
for vertical mixing (L/U,,, where U, is the storm speed
and L represents the curl of the near-surface wind stress
or approximately £2R. .., is short compared to the in-
ertial period (f~*-inertial timescale) (Greatbatch 1983).
The relevant scale of the strong wind stress curl, based
upon a series of SSM/I data, was about 120 km (R,
=~ 30 km). Thus, the time available for vertical mixing
was about 4 h compared to the local inertial period of
27.4 h equating to a ratio of 1:7. This ratio suggests
that the upper ocean had little time to vertically mix
and cool during Opal’s rapid acceleration phase. A sec-
ond important aspect is that a source of warm ocean
water, advected by an energetic current, provides anear-
ly continuous source of heat and moisture for moderate
to fast moving (5-10 m s*) tropical cyclones. That is,
horizontal heat advection by the geostrophically bal-
anced currents has an important effect on the three-
dimensional upper-ocean heat balance aswell asvertical
mixing processes at OPBL base (Jacob et al. 2000). The
combination of these two oceanic effects may have led
to significant increases in the surface wind field that
devastated South Florida coastal communities during
Hurricane Andrew in 1992 (Powell and Houston 1996).

c. SSTs

A common perception of air—sea coupling in tropical
cyclonesisthat SST represents the only important oce-
anic parameter for the maintenance of tropical cyclones
(Pamen 1948). To illustrate that OPBL temperatures
are important, a highly idealized case is considered
where the surface buoyancy flux is set to zero in aone-
dimensional, deepening mixed layer based upon Kraus
and Turner (1967) given by

dh 1

dh 112 (pc\"
d AT|agh\ p,
where h is the OPBL depth, AT is the temperature dif-
ference between an AVHRR-derived SST and the un-

derlying OPBL temperature of 0.6°C (Shay et al. 1992),
a isthethermal expansion coefficient (2.5 X 10-4°C-1),

: @
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TABLE 2. Time required (h) to erode a shallow layer with temper-
atures 0.6°C greater than the underlying mixed layer temperature as
a function of wind speeds as per (1).

Depth
(m) 4mst 7Tmst 10mst
0.5 0.40 0.07 0.03
1.0 1.60 0.30 0.10
3.0 14.40 2.70 0.92

g is the acceleration of gravity (9.81 m s72), p, is the
water density (1.026 X 103 kg m~3), p, isthe air density
(1.2 kg m=3), ¢, is the drag coefficient (1.3 X 10-3),
and W is the surface wind speed.

This simple model is used to solve for the time re-
quired for nominal wind speeds of 4-10 m s~* to erode
thin SST layers of thicknesses 0.5 m, 1 m, and 3 m that
overlie an OPBL.* For a AT of 0.6°C, the time required
to erodethethin layer fromaAVHRR imageisafraction
of an hour even for a4 m s~* wind speed (Table 2). In
fact, AVHRR-derived SSTs represent a thin layer of
temperatures less than afew millimetersthick that mixes
with the OPBL water quickly for winds of this mag-
nitude. If the 3-m depth is chosen for the same wind
condition, the time required to vertically mix it with the
underlying well-mixed OPBL water is 15 h. As the
winds increase, however, therequired timeto erode even
a 3-m layer decreases substantially from 2.7 h for a 7
m s wind speed to less than an hour for a 10 m s*
surface wind speed. As winds increase to gale force
(>17 m s1), the tropical cyclone removes heat from
the OPBL. The implication here is that the underlying
oceanic structure has far more importance in the heat
and moisture fluxes feeding the storm than just SST as
noted in previous studies (Elsberry et a. 1976; Black
1983; Shay et al. 1992). Since the degree of upper-ocean
cooling is aso a function of the OPBL depths, the re-
gions of deep warm layers (i.e., WCR) will thus provide
more heat to the storm than regions of shallow OPBLs
(i.e., Gulf common water).

d. Oceanic vertical structure and heat content

As shown in Fig. 5, thermal structure measurements
from Hurricane Gilbert from both inside and outside a
WCR demonstrate the marked thermal contrast in the
upper-oceanic layers. Directly along thetrack, the OPBL
depth was about 40 m with currents of about 0.6V,
where V., represents the scaled wind-driven current from
Gilbert of 1.07 m st (Shay et al. 1998). At the base of

1 By setting the surface flux to zero, the utilization of (1) isinvoked
for the deepening process as opposed to retreat where surface flux
and wind are equated to estimate the Obukhov length scales. During
storm conditions, the upward surface buoyancy flux and the surface
wind act together to erode the thin SST layers even more quickly
during the deepening process.
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the OPBL, these currents decreased and reversed direc-
tion, which created vertical current shear that drove the
vertical mixing process by 2Iowering the Richardson
number, defined as Ri = N°/(V -V),, to below criti-
cality. Outside the WCR (Fig. 5b), the OPBL depth was
40 m, and strong stratification, as defined by the buoy-
ancy frequency

—2

g dp

po 92’ @
occurred at the top of the thermocline [N = 15 cph
(cycles per hour)]. By contrast, the depth of the iso-
thermal layer in the WCR was about 60 m with fairly
weak stratification (N = 6-8 cph). However, the strong
current shear (2-3 X 102 s!) rotated clockwise with
depth and induced mixing events through shear insta-
bilities by lowering the gradient Ri to below 0.25 that
deepened and cooled the OPBL.

Of prime importance is the deeper isothermal layer
between 60 and 170 m in the WCR. That is, warmer
water with temperatures approaching 26°C extend to
greater depthsthan in the usual case in the Gulf common
water (150 vs 50 m). These higher temperatures at depth
have a significant influence on the heat content contrast
between the two profiles. Outside the WCR, the heat
content was 15 Kcal cm~—2 compared to about 27 Kcal
cm~2 within the WCR during the storm relative to 26°C.
Moreover, the vertical shear at the base of theisothermal
layer (=160 m) was insufficient to induce any further
layer cooling by vertical mixing asthe Ri exceeded 0.25.
This type of deep isothermal structure found in warm
oceanic features provides more heat for atmospheric dis-
turbances by enhanced air—sea fluxes. Based on the buoy
temperatures, the net upper-ocean cooling observed in
Opal was only about 0.5°C in the WCR, which is con-
sistent with these mixing length arguments.

e. Remotely sensed ocean data

Satellite altimetry data have proven to be a useful
tool to study eddy dynamics by acquiring continuous
global coverage of surface height anomaly (SHA) fields.
Unlike AVHRR imagery, altimeter data are unaffected
by cloud obscuration and can provide information on
the vertical ocean structure if complemented by histor-
ical hydrographic data. Given the relatively slow trans-
lational speeds of mesoscale ocean features of a few
kilometers per day, the surface height data from the
altimeter detects and locates warm mesoscale features,
usually identified as positive SHA values.

The data used in this study are derived from TOPEX/
Poseidon (T/P) radar altimetry. The NASA T/P atimeter
was launched in 1992, orbiting the earth at an altitude
of 1336 km. The altimeter directly measures the sea
level beneath its ground track at 7-km intervals every
9.92 days where adjacent tracks are separated by about
3°longitude. Theresulting SHA datainclude corrections
for land and ocean tides, wet and dry tropospheric ef-
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Fic. 5. Vertical structure analysis of two velocity, temperature, and density profiles from the
Hurricane Gilbert measurements outside the eddy (left panels) and inside the eddy (right panels)
for (a) temperature (°C) and residual velocity (observed—geostrophic) normalized by the scaled
wind-driven velocity of 1.07 m s%, and (b) buoyancy frequency (cph) and gradient Richardson
number where the solid line depicts the critical value of 0.25.

fects, ionospheric processes, electromagnetic bias, and
inverse barometric corrections. The SHA fields repre-
sent sea level heights at each satellite alongtrack loca-
tion referenced to the mean sea level heights based on
1992-97 measurements. The 7-km alongtrack SHA are
subsequently smoothed using a 30-km running mean
filter and interpolated into a regular 0.25° X 0.25° grid
using a Gaussian interpolator with radius of interpola-
tion of 0.4°.

Altimeter-derived SHA fields corresponding to Sep-
tember 1995 indicate the presence of warm featuresin
the Gulf of Mexico prior to Opal’s passage (Fig. 6a).
The AVHRR-derived SSTs over the basin exceed 29°C
except along the northern periphery where shelf waters
have temperatures about 2°C cooler (Fig. 6b). Notice
that Opal’s track passes directly over the warm feature
that is apparent in the poststorm AVHRR imagery and
isassociated with the positive SHA valueswhere surface
winds increased significantly (Figs. 6a,c). Composited
SST images also indicate a 2°-3°C cooling along the
hurricane track outside of the WCR (Fig. 6d). Since
prestorm SSTs exceeding 29°C were distributed over
the Gulf of Mexico basin, these results suggest that this
cooling was induced by the oceanic mixing processes
and the heat loss to the atmosphere. However, the cool-
ing in the WCR was only 1°C or less due to the deeper,

warm layers of the oceanic feature consistent with buoy
measurements (Fig. 4c).

From the SHA fields, the horizontal extent of the
mesoscale features is difficult to discern given the ap-
proximate 300-km distance between adjacent tracks.
When both the TOPEX and AVHRR imagery are used
in conjunction, a clearer depiction of the oceanic scales
emerge, particularly after storm passage, when the thin
SST layer derived from AVHRR is mixed with the un-
derlying OPBL. These basic physical processes are con-
sistent with mixing arguments, and the deep isothermal
structure found in warm oceanic features that are man-
ifested on the free surface as positive SHA, consistent
with hydrostatic dynamics. To define relevant horizontal
scales and locations of the WCR’s center, remotely
sensed data must be combined with available hydrog-
raphy measurements cast into a two-layer fluid.

3. Two-layer ocean model approach
a. Upper-layer thickness

Altimeter-derived SHA data calibrated by hydro-
graphic data (i.e., temperature and salinity) can be used
as a proxy to monitor the upper-layer thickness and
transport based on a two-layer model approximation
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Fic. 6. (a) Prestorm altimeter-derived SHA map for cycle 111 (18-27 Sep 1995) showing positive height anomalies above 30-cm height
corresponding to the WCR located on the right side of Opal’s track. (b) Prestorm objectively analyzed AVHRR SST composited from 27
to 28 Sep images. (c) Poststorm altimeter-derived SHA map for cycle 113 (28 Sep—8 Oct 1995) showing positive anomalies above 10-cm
height corresponding to the WCR located along Opal’s track. (d) Post storm objectively analyzed AVHRR SST composited from 4 to 5 Oct
1995 showing the ocean cooling pattern induced by Opal’s winds along the track (SST images courtesy of A. J. Mariano and E. H. Ryan,

RSMAS Remote Sensing Group). Contour interval is 5 cm.

(Goni et al. 1996, 1997; Garzoli et a. 1997). The upper-
layer thickness along with historical temperature and
salinity profiles are used here to monitor the upper-layer
heat content and assess oceanic heat loss during Opal’s
passage. Leipper and Volgenau (1972) first proposed a
hurricane heat potential, which is a measure of oceanic
heat content from the surface to the depth of the 26°C
isotherm. This value is chosen since it represents a
threshold temperature suggested for hurricane genesis

by Palmen (1948), which corresponds to mean wet-bulb
temperature. Presumably, the surface fluxes would be
small below this value.

If the vertical ocean structure is approximated by a
two-layer fluid, the upper-layer thickness (h;) can be
estimated from the altimeter-derived SHA (n’) field,
provided that the mean upper-layer thickness (h,) and
reduced gravity (g’) fields are known to a first order
from historical measurements based upon the expression
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FiG. 7. (a) Reduced gravity (g’, X102 m s2), (b) mean upper-layer thickness (h,, m), and (c)
vertical temperature gradients (ATAz %, °C m-*) derived from hydrographic observations in the

Gulf of Mexico.

g
g'(x y)
where g' = €g, g is the acceleration of gravity, and

pz(X, Y) - pl(X: y)
pi%,Y) @

where p,(x,y) and p,(X, y) represent upper-and lower-
layer densities, respectively.

The upper-layer thickness is defined from the sea sur-
face to the depth of the 20°C isotherm. Early studies of
the vertical structure of fronts and rings in the Gulf of
Mexico show that the largest vertical temperature gra-

hi(x ¥, 8) = hi(x, y) + n"xyn @

e(x y) =

dients are located between 15° and 21°C (e.g., Elliot
1982; Vukovich and Crissman 1986; Cooper et al.
1990). Based upon temperature and salinity variability
from hydrographic measurements, the choice of the
20°C isotherm depth is deemed appropriate for the as-
sumed two-layer oceanin thisanalysis. That is, the 20°C
isotherm separates two layers of differing densities in-
side and outside the warm core rings (see Fig. 4 in Shay
et a. (1998).

Climatology based upon Levitus (1984) is used to
estimate reduced gravity (g') and mean upper-layer
thickness (h,) as shown in Fig. 7. The values of reduced
gravities (Fig. 7a) range from 2 to 6 X 1072 m s°2,
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Fic. 8. (a) Regression analysis of the depth of the 20°C isotherm vs the depth of the 26°C
isotherm based on hydrographic measurements in the Gulf of Mexico. The best line fit is repre-
sented by the solid line. (b) Number of hydrographic observations vs month. The lighter gray
boxes represent the outliers in (a). (c) Spatial distribution of the hydrographic measurements and
the contoured vertical temperature gradient between the 20° and 26°C isotherms.

suggesting a stratified ocean. Larger values of reduced
gravities are associated with the core of the Loop Cur-
rent, and the fresher water influx from the Mississippi
River Delta along the shelf in the northern part of the
basin. Notice the deeper layer thicknesses exceeding 100
m are aligned with the axis of the Loop Current along
85°W. The maximum upper-layer thickness in the Loop
Current exceeds 200 m just north of the Yucatan Straits,
consistent with previous studies (Maul 1977; VVukovich
and Crissman 1986). The vertical temperature gradient
(Fig. 7c) reveas weaker thermal structure in the core
of the Loop Current where the reduced gravity values
are the largest. Thus, this result underscores the im-

portance of the effect on salinity in defining subtropical
water density. During the periods of maximum pene-
tration of the Loop Current north of the Yucatan Straits,
WCRs are formed by current instabilities. The resulting
WCRs have horizontal scales of 180—220 km and prop-
agate west to southwest at rates between 1 and 14 km
day—* (Vukovich and Crissman 1986).

b. Vertical ocean structure

Hydrographic data from 5000 stations in the Gulf of
Mexico are used to determine an empirical relationship
between the depth of the upper-layer thicknesses (i.e.,
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depth of the 20°C isotherm) and the depth of the 26°C
isotherm (hereafter referred to as H), which is more
relevant for hurricanes (Palmen 1948; DeMaria and
Kaplan 1994). As a first approximation, a linear re-
gression is made between H and h,, yielding a rela-
tionship where the upper-layer thickness is approxi-
mately twice the depth of the 26°C isotherm (Fig. 8a):

©)

Thislinear regression (units of m) iscorrelated at alevel
of 0.77 over most of the Gulf of Mexico. A largefraction
(=98%) of the data is within one standard deviation
from the regression line. Profile data, based upon the
criteria h, > 0.5(H — 100), are neglected (outliers) in
the analysis as depicted as circles in Fig. 8a. This pro-
cedure allows the conversion of the upper-layer thick-
ness field relative to h, based on the two-layer model
to maps of H. A large fraction of the hydrographic data
was acquired between the months of April and Novem-
ber, with a majority of the outliers (lighter gray barsin
Fig. 8b) occurring during the months of April and May.
Contoured vertical temperature gradients between the
surface and H (Fig. 8c) are also required to obtain the
heat content estimates. Given the large separation be-
tween these two depths within this current field, these
gradients are smaller inside the core of the Loop Cur-
rent. Outside of these warm features, the stratification
islarger in the Gulf common water because of the short-
er distance between the sea surface and H suggested by
Fig. 5a.

H(x, y, t) = 0.48h,(x, y,t) — 5.

c. Oceanic heat content

The depth to which the temperature exceeds 26°C is
proportional to the hurricane heat potential (L eipper and
Volgenau 1972). This definition is arbitrary in the sense
that the average T, is typically 24°—26°C. In warm bar-
oclinic structures, the 26°C water is distributed over
deep layers ranging from 80 to 120 m deep. Leipper
and Volgenau (1972) defined heat content of the upper
layer relative to the depth of the 26°C isotherm:

QM. Y, 1) = pC,AT(X, y, HAZ(X, ¥, 1), (6)

where p is the average oceanic density taken as 1.026
gcm-3, ¢, isthe specific heat at constant pressure taken
as 1 ca gmn*°C- and AT is the difference between
the SST and 26°C summed over a depth interval Az. If
vertical structural measurements are available at agiven
depth interval, the heat content expression is easily
solved. However, in situ thermal and momentum struc-
ture observations are not always available, and in the
summer months one of the setbacks is the spatially uni-
form AVHRR-derived SSTs above 29°C with little ther-
mal contrast in the Gulf of Mexico (see Fig. 6b). From
a bulk perspective, if Azistaken as H, the depth of the
26°C isotherm, then (6) becomes
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Q. Yy, 1) = pc, V. T(x, y)H2(X, ¥, 1), ()

where V,T is the mean vertical temperature gradient
between the surface and the 26°C isotherm obtained
from AVHRR-derived SSTs and historical hydrographic
data (Fig. 8c).

4. Oceanic structure inferred from remotely
sensed signatures

a. Pre-Opal

The altimeter-derived SHA field for the T/P cycle
111, corresponding to the period 18-28 September 1995
shown in Fig. 9a, represents the conditions prior to the
passage of hurricane Opal (pre-Opal). Two distinct areas
of positive SHA occur at 26°N and 88°W and 94°W,
which are associated with westward propagating WCRs
and the Loop Current. Although, WCRs are usually as-
sociated with positive SHA values, the opposite is not
always true as discussed by Goni et al. (1996). In this
specific case, alternating large positive and negative
SHAs east of 90°W indicate the presence of WCRs and
the edge of the Loop Current, respectively. These phe-
nomena are observed in the upper-layer thickness maps
constructed using (3) as shown in Fig. 9b. The locations
of the Loop Current and of two WCRSs, hereafter referred
to WCR A and B, are depicted in the same figure. The
estimated maximum upper-layer thicknesses of WCR A
and B during cycle 111 are approximately 200 m and
150 m relative to 20°C isotherm depth, respectively. The
estimated heat content within WCR A during cycle 111
was a maximum of 55 Kcal cm~2 located within the
core of the WCR as shown in Fig. 9c. The heat content
within WCR B has a maximum value of 35 Kcal cm~2.

b. Post-Opal

The altimeter-derived SHA field for the TOPEX cycle
113, which corresponds to the period 8-17 October
1995, that is, 4-13 days after Opal’'s passage (post-
Opal), is shown in Fig. 10a. The decrease of 20 cm in
the SHA field along the hurricane track is due in part
to the net heat lost to the hurricane, and the wind stress
curl that forces a barotropic trough on the free surface.
For example, Shay and Chang (1997) found that after
the passage of a Hurricane Frederic an elongated de-
pression of 22 cm in geostrophic balance remained in
the cold wake of the storm. The decrease in upper-layer
thickness is presumably due to upwelling close to track
via Ekman pumping (Fig. 10b). Additionally, the time
available for vertical mixing is short compared to the
local inertial period, and the upper-layer thickness in
the WCR is quite large (>100 m). If the storm slows
down or becomes stationary over a WCR, the structure
may be weakened due to the strong upwelling as ob-
served in Hurricane Anita (Black 1983). Post-Opal hur-
ricane heat content is amaximum of about 30 Kcal cm—2
in the northern part of WCR A (Fig. 10c). Since the
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Fic. 10. Same as Fig. 9 except after Opal passage.

WCR is a product of the instability process associated
with the Loop Current, the heat content in the Yucatan
Straits has similar values. Although there is a substantial
amount of heat remaining, the upper-ocean heat content
decreased significantly during Opal’s passage.

c. Differences in estimated fields

The decrease of the SHA values is approximately 20
cm between pre- and post-Opal states (Fig. 11a). The
upper-layer thickness decreased by approximately 2&
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Fic. 11. The change in (&) surface height anomalies (cm), (b) upper-layer thickness normalized by ¢ (22
m), and (c) heat content normalized by the Leipper and Volgenau (1972) estimate (Q; = 4 Kcal cm~2) found

by differencing the pre-Opal and post-Opal fields.

(50 m) due primarily to Ekman divergence and the up-
welling processes in the thermocline (Fig. 11b). There
is also a net heat content loss in WCR A of approxi-
mately 6Q; (where Q; is the Leipper and Volgenau es-

timate required to sustain a tropical cyclone of 4 Kcal
cm-2), which equates to approximately 24 Kcal cm—2
over a 20-day period (Fig. 11c). However, this heat loss
occurred over the 14-h period, which is borne out by
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numerical guidance from a coupled atmosphere—ocean
model (Hong et al. 2000).

The SST response detected by buoy 42001 (Fig. 4c)
and AVHRR (Fig. 6d) suggested a change of 0.5°-1°C
in the WCR area and 2°-3°C in the cold wake of Hur-
ricane Opal including over the shelf where stratification
is stronger. The evidence suggests that the ocean did
lose a significant amount of heat during a time when
Opal deepened and intensified from 965 to 916 hPa.
Recent simulations using a coupled ocean—atmosphere
model with a realistic basic state (i.e., eddy field) not
only revealed similar SST changes, but also an asso-
ciated increase in the surface heat flux (Hong et al.
2000), where approximately 60% of the intensity in-
crease was ascribed to the WCR regime. Given the re-
sults reported by Bosart et al. (2000), it is concluded
that the atmospheric and oceanic conditions must have
been phase locked for this explosive deepening cycle
of Opal over the WCR in the Gulf of Mexico.

d. Error analysis

The T/P atimeter cannot identify ring locations when
they arelocated inside the diamond-shaped grid between
ground tracks. Moreover, the altimeter will underesti-
mate ring anomalies when the ground tracks cross the
feature far from its center. The warm ring location rel-
ative to the altimeter ground track, and the deviation of
the actual SST from the historical mean, both contribute
to the computational heat content errors. Warm rings
have a translation speed of a few kilometers per day
(Elliot 1982; Cooper et al. 1990) and, along consecutive
cycles, the altimeter ground track is juxtaposed over
different parts of the ring. For rings propagating west-
ward (i.e., Rossby wave dynamics), the SHA increases
(decreases) as the center of the ring is approaching (re-
ceding from) the altimeter ground track. Therefore, at
any given time, the altimeter underestimates the actual
SHA of the ring. It is only when the altimeter ground
track crosses the ring close to its center that the value
of SHA is fairly close to the actual value. Moreover,
the sampling periods of 9.9 days in T/P atimeter can
also cause an underestimation of approximately 10% of
the actual SHA value.

Based upon a series of images, the mean translation
speed of rings, and specifically of WCR A, is approx-
imately 5 km day—*, which is within the range defined
by Vukovich and Crissman (1986). Since consecutive
altimeter passes are 10 days apart, this WCR is assumed
to have translated approximately 50 km toward the west
during that time. This propagation of the feature may
represent a positive or negative change of 5-10 cm in
the estimated SHA, which, in turn, yields maximum
changes of 20 m in the upper-layer thickness estimate,
10 m in the H estimate, and 4 Kcal cm~=2 in the Q
estimates for an SST of 27°C. Clearly, these uncertain-
ties are well below the signals found in the analysis of
the remotely sensed images here.
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e. Oceanic heat content versus surface heat flux

The total heat loss computed above is not al released
to the atmosphere by air—sea fluxes. Entrainment mixing
at the OPBL base generally accounts for 75%—90% of
the cooling based on observations (Black 1983; Jacob
et al. 2000), theoretical studies (Greatbatch 1983), and
numerical results (Price 1981). Since Opal moved at
speeds greater than 8 m s* during the acceleration
phase, the time available for vertical ocean mixing of
4 h is short compared to the local inertial period of 27
h. Since in situ measurements were not acquired from
airborne expendable current profilers (AXCPs), it is dif-
ficult to assess the net effect of entrainment heat fluxes
induced by near-inertial current shears across the base
of the OPBL (Sanford et a. 1987; Shay et al. 1998).
These measurements would have provided ocean ve-
locity and temperature structural variations to estimate
entrainment heat fluxes induced by near-inertial current
shear and advective tendencies (see Fig. 5). In warm
baroclinic regimes, horizontal advection by geostrophic
currents may also play arole in the OPBL heat balance
during Opal as found in Hurricane Gilbert where 10%—
15% of the heat budget in a WCR was due geostrophic
advection (Jacob et al. 2000). Satellite-based ocean es-
timates from TOPEX/Poseidon and AVHRR from Opal
were obtained from a two-week period prior and sub-
sequent to passage allowing for the basic-state flows to
contribute to the heat budget, compared to asynoptic
ship-based measurements over three to four weeks
(Leipper and Volgenau 1972).

It is unclear as to how much of the observed oceanic
heat content change escaped to the atmosphere through
the air—sea interface by latent and sensible heat flux. If
the heat loss occurred over a period of 14 h as suggested
by the simulations, the heat content |oss of 24 Kcal cm—2
is approximately 20 kW m-2. Given previous obser-
vational results that about 10%—15% of the cooling in
the upper ocean is due to surface heat fluxes (Black
1983), estimated heat fluxes would range between 2000
and 3000 W m~2. Interestingly, the numerical simula-
tions from the coupled model indicated surface heat
fluxes exceeding 2600 W m~2 (Hong et al. 2000). This
equates to about 13% of the available upper-ocean heat
was released to the atmosphere during Opal’s encounter
with the WCR, but larger than those found from buoy
measurements (Cione et al. 2000). Caution has to be
applied here because intensity changes are not always
juxtaposed with the moored air—sea buoy network. Not-
withstanding, the general agreement between observa-
tions and simulations suggests consistency in the esti-
mates at least to first order.

The spatial scaling of the atmospheric and oceanic
vortices remains an important consideration in the in-
teractions. The horizontal scale associated with the pos-
itive vorticity core of the tropical cyclone is approxi-
mately *2R_... In the Opa case, the initial R, was
about 40 km at 2000 UTC 3 October, whereas in the
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area of maximum deepening the eye contracted to 25
km at 1000 UTC 4 October. The diameter of thevorticity
maximum decreased from 160 to 100 km, a size com-
parable to the diameter of the WCR of about 200 km.
While the tropical cyclone removes heat from the ocean
over broad scales, atropical cyclone moving over these
deeper reserviors of high-heat content water will ex-
perience a substantial increase in the surface heat fluxes
particularly in strong heat content gradient regimes.
Thus, accurate measurements of air—seafluxeswith con-
current profilersin both fluids must be acquired to relate
the inner and outer core wind and thermodynamic struc-
tures to this upper-ocean variability (Black and Shay
1998).

5. Concluding remarks

Satellite-based remote sensing estimates of the sur-
face topography provide more information about the
underlying ocean thermal structure when combined with
historical and in situ measurements. Given an rms error
of afew centimeters for the TOPEX/Poseidon altimeter,
structures such as warm and cold rings, boundary cur-
rents, and fronts can be identified from the changes in
the free surface elevation. Goni et al. (1997) demon-
strates that the altimeter data is useful to study regimes
rich in mesoscale variability, such as rings off the Agul-
has retroflection area off South Africa. Time series of
continuous spatial measurements of SHA provide the
data to trace the paths of WCRs, and to estimate the
upper-layer thicknesses and the baroclinic and baro-
tropic transports within the context of a simple two-
layer model.

Extraction of the heat content is an extension of hy-
drostatic dynamics in that warm (cold) features are el-
evated (depressed) with respect to the mean conditions.
The two-layer ocean model is based on the depth of the
20°C isotherm, which separates the lower- from the up-
per-oceanic layer. Using historical hydrographic mea-
surements, empirical relationships are determined from
least square fits between the 20° and 26°C isotherm
depths. Layer thicknesses relative to the depth of the
26°C isotherm derived from the SHA field when com-
bined with mean temperature gradients provide crude
synoptic estimates of the upper ocean’s heat content.
After the passage of Hurricane Opal, the upper-layer
thickness changed by about 2¢ (50 m), which is con-
sistent with the heat content decrease by 6Q, (24 Kcal
cm~2) along the hurricane track during the approximate
time of encounter of 14 h. If this time rate of change
is used, the upper ocean lost approximately 20 kW m—2,
Given that the heat release from the ocean to the at-
mosphere based upon observations ranges between 10%
and 15% (Black 1983), surface flux estimates presum-
ably exceeded 2000 W m~—2. Numerical simulations of
the coupled response over the WCR were in excess of
2600 W m~2 (Hong et al. 2000), or roughly 13%—-15%
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of the observed cooling signals derived from TOPEX
altimetry.

The net change of 6Q, and this large surface heat
flux were well above the threshold estimates to sustain
cyclones (Leipper and Volgenau 1972). Indeed, caution
has to applied to this threshold value given that upper-
ocean processes such as advection and vertical shear are
not explicitly included in the approach due to the lack
of in situ measurements. Over the next few years, cur-
rent and density profile measurements from AXCPs
(Shay et al. 1992, 1998), mixed layer floats (D’ Asaro
et al. 1996), and possibly autonomous underwater ve-
hicles (Smith et al. 1998) will have to be related to
remotely sensed signatures of the SHA field especially
in warm oceanic features to improve our understanding
of these processes.

Central to this theme, important science issues are to
investigate how much of the heat potential loss is due
to (i) enhanced air—sea heat exchange, (ii) entrainment
mixing at the OPBL base through shear instahilities,
and (iii) horizontal advection. Since the time available
for vertical mixing in the Opal case was short compared
to the local inertial period (Greatbatch 1983), the en-
trainment heat fluxes may have not approached the lim-
its found under quiescent conditions. In regions of a
shallow OPBL, vigorous near-inertial current shear in-
duce vertical mixing events by lowering the Richardson
number to below criticality. Consistent with mixing
length theory, more near-inertial shear is required in
deeper WCR to lower the bulk Richardson number to
below criticality. Such strong shear-induced mixing
events do not usually occur at depths below 100 m as
determined from previous measurements. In the case of
slow moving or stationary storm, upwelling of the iso-
therms will also alter the WCR structure (Black 1983).

Jacob et al. (2000) has emphasized the importance of
horizontal advection in the OPBL heat balance in a
WCR during the passage of Gilbert. The WCR did not
cool significantly, suggesting that additional heat was
availablefor the APBL abeit at 4-5 R, from the storm
track. In the present case, the possibility exists that a
large fraction of the heat may have been lost to the
APBL via enhanced air—sea exchange process as sup-
ported by buoy-derived estimates and numerical simu-
lations (Hong et al. 2000). Considerable uncertainty re-
mains in the transfer coefficients that need further in-
vestigation. These results raise new questions about the
upper ocean’s role in modulating intensity changes in
the tropical cyclones especially under favorable atmo-
spheric conditions as found in Opal (Bosart et a. 2000).

Remotely sensed observations from TOPEX/Posei-
don and AVHRR set the background conditions by de-
tecting warm oceanic features and provide spatial con-
text for oceanic and atmospheric observations acquired
during NOAA Hurricane Research Division (HRD)
flights. In addition, the enhanced SHA fields will be
improved by blending TOPEX and European Remote
Sensing Satellite (ERS) radar measurements. Pre- and
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post-storm SHAs and SSTs observations will establish
a database to determine rel ationships between these oce-
anic data and tropical cyclone observations where in-
tensification is likely to occur from an oceanographic
perspective. Locations of these areas of variability
where warm mesoscal e features dominate the circulation
have been made available on a Web site for the fore-
casting and research communities. Finaly, aircraft and
buoy technology has now emerged to the point where
air—sea interactions during these extreme events can be
quantified with movable observing strategies that com-
plements NOAA HRD research and National Hurricane
Center reconnaissance missions. These measurements
will allow coupled models to be tested to exploit defi-
cienciesin parameterizations, to advance new ideas, and
to isolate physical processes involved in the air-seain-
teractions (Hong et al. 2000). Thisapproach will provide
important insights into the ocean’s role in modulating
tropical cyclone intensity change (Marks et a. 1998).
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