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Numerical Simulations of Tropical Cyclone-Ocean Interaction

With a High-Resolution Coupled Model
MORRIS A. BENDER,! ISAAC GINIS,2-3 AND YOSHIO KURIHARA!

The tropical cyclone-ocean interaction was investigated using a high-resolution tropical cyclone
ocean coupled model. The model design consisted of the NOAA Geophysical Fluid Dynamics
Laboratory tropical cyclone prediction model which was coupled with a multilayer primitive equation
ocean model. Coupling between the hurricane and the ocean models was carried out by passing into
the ocean model the wind stress, heat, and moisture fluxes computed in the hurricane model. The new
sea surface temperature (SST) calculated by the ocean model was then used in the tropical cyclone
model. A set of idealized numerical experiments were performed in which a tropical cyclone vortex
was embedded in both easterly and westerly basic flows of 2.5, 5, and 7.5 m s~! with a fourth
experiment run with no basic flow specified initially. The profile of the tangential wind for Hurricane
Gloria at 1200 UTC 22, September 1985 was used as the initial condition of the tropical cyclone for
each of the experiments. The model ocean was initially horizontally homogenous and quiescent. To
clarify the impact of the ocean response to the hurricane’s behavior, analogous experiments were also
carried out with the SST kept constant (control cases). The experiments indicated that the cooling of
the sea surface induced by the tropical cyclone resulted in a significant impact on the ultimate storm
intensity due to the reduction of total heat flux directed into the tropical cyclone above the regions of
decreased SST. The sea surface cooling produced by the tropical cyclones was found to be larger when
the storms moved slower. In the experiments run without an initial basic flow, the maximum SST
anomaly was about ~5.6°C with a resulting difference in the minimum sea level pressure and maximum
surface winds of 16.4 hPaand —7ms ™!, respectively. In contrast, in the experiments run with the 7.5
ms~! basic flow, the maximum SST anomalies ranged from about 2.6° to 3.0°C with a difference in the
minimum sea level pressure and maximum surface winds of about 7.3 hPa and —2.7 m s~!. The
tropical cyclone-ocean coupling significantly influenced the storm track only for the case with no basic
flow and the 2.5 m s ™! easterly flow. In these cases the storm with the ocean interaction turned more
to the north and east (no basic flow) or the north (2.5 m s~ easterly flow) of the experiments with
constant SST. In the first case, the storm by 72 hours was located over 70 km to the east-southeast of
the control case. A possible explanation for this track deviation is related to a systematic weakening
of the mean tangential flow at all radii of the storm due to the interaction with the ocean and resulting

alteration of the beta drift.

The importance of the sea surface temperature (SST) in
the genesis and intensity of tropical cyclones has become
well established. It is known that tropical cyclones usually
develop over waters in which the SST is 26°C or higher. Both
theoretical [e.g., Emanuel, 1986] and numerical models
le.g., Chang, 1979; Tuleya and Kurihara, 1982] confirm the
sensitivity of storm intensity to the SST in the vicinity of
storms.

The tropical cyclone-ocean system is one with positive
and negative feedbacks. During the genesis and development
stages a positive feedback in the tropical cyclone-ocean
system exists. As the tropical cyclone strengthens, the
evaporation rate grows due to the increase in the surface
wind speed. The enhancement of the moisture supply from
the ocean leads to an increase of the latent heat energy that
drives the circulation of the tropical cyclone. However, as
the storm continues to intensify, the increasing surface wind
stress generates strong turbulent mixing and deepening of
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the ocean mixed layer. This causes significant decreases in
the SST due to entrainment of the cooler waters from the
thermocline into the mixed layer. The observed SST anom-
alies induced by the tropical cyclone have been observed to
vary from 1°C to 6°C [e.g., Black, 1983]. The cooling of the
sea surface results in reduction in the total heat flux (latent
plus sensible) into the atmosphere leading to a decrease in
storm intensity. This process represents a negative feedback
mechanism.

A number of numerical simulation studies have been made
in order to understand and to evaluate various aspects of the
ocean response to moving tropical cyclones [e.g., Chang
and Anthes, 1978; Price, 1981; Ginis and Dikinov, 1989;
Cooper and Thompson, 1989]. In the works of Price [1981]
and Ginis and Dikinov [1989] a realistic ocean response to
Hurricane Eloise (1975) and Typhoon Virginia (1978) was
simulated, respectively.

However, numerical simulations of tropical cyclone-ocean
interaction have been rather limited. In earlier coupled
experiments performed by Chang and Anthes [1979] and
Sutyrin and Khain [1979], an axisymmetric tropical cyclone
model was coupled with an upper mixed layer ocean model.
Results indicated that over a short period of time the sea
surface cooling did not have a large effect on the tropical
cyclone’s dynamics. For example during a 1-day period of
the integrations carried out by Chang and Anthes [1979], the
minimum sea level pressure rose only by 2 hPa. Sutyrin and
Khain [1984) performed a series of numerical experiments
with different speeds of tropical cyclone motion and reported
that the model storms responded with about a 1-day delay to
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TABLE I Grid Svstem of the Triply Mested Mesh Hurricane Model
Domain Size
Grid Longitude Latitude
Resolution, -_— - : - Time
Mesh deg Deg Points Deg Points Step, s
1 55 (55) 55 (55) 120
2 173 15 45) 15 45) 40
3 1/6 8173 (50) 8133 (50) 20

the decrease of the SST, although the weakening of the
storms was larger (i.e., 5-10 hPa), especially for slowly
moving storms. In all of these previous studies the tropical
cyclones were represented by axisymmetric models with
rather coarse resolution.

Ginis et al. [1989)] developed a three-dimensional coupled
model by coupling a five-level tropical cyclone model
[Khain, 1988] and a three-layer primitive equation ocean
model [Ginis and Dikinov, 1989]. These integrations were
carried out without a basic environmental flow. The storm
motion was due only to the beta effect. It was shown that the
cooling of the sea surface under the tropical cyclone led not
only to a decrease in its intensity but also to a change in the
speed of the storm motion. According to Khain and Ginis
[1991] the effect of a basic flow was crudely taken into
account by moving the atmosphere grid over the ocean grid
with prescribed velocities. Both the intensity (i.e., 5-7 hPa)
and the motion of the tropical cyclone were affected by the
cooling of the sea surface (i.e., 3.5°-6°C) induced by the
tropical cyclone. They found that the model storm with fixed
SST tended to be displaced to the right, whereas those in the
coupled model tended to be displaced to the left of the
direction of the atmospheric grid motion. They concluded
that such a difference was apparently due to an asymmetry
of the energy supply from the ocean.

Although previous studies based on these simple coupled
tropical cyclone-ocean models indicated that the negative
feedback between the ocean and the tropical cyclone may
indeed be substantial, the details of this interaction have not
been studied thoroughly. More thorough numerical investi-
gation of this problem required the use of a very high
resolution atmosphere-ocean model. Such a model has been
developed at the NOAA Geophysical Fluid Dynamics Lab-
oratory.

The main goal of the present study is to explore the effect
of the tropical cyclone-ocean interaction on the surface heat
flux, intensity, and track of tropical cyclones based on
numerical results from the GFDL high-resolution tropical
cyclone-ocean coupled model. Analysis of the results will
also include the dynamical response of the ocean to the
tropical cyclone.

A brief description of the tropical cycione and ocean
models will be presented in section 2. Verification of the
ocean mode] with observations will also be presented in this
section. The initial conditions of the tropical cyclone and
ocean models, experimental design, and classification of
experiments will be discussed in section 3. The numerical
results of the ocean response will be presented in section 4
with the results from the tropical cyclone-ocean coupled
model detailed in section 5. A summary of the results and
concluding remarks will be reported in section 6.

2. MobEL DESCRIPTION

2.1. Tropical Cyclone Model Description

The multiply nested movable mesh (MMM) model de-
scribed by Kurihara and Bender [1980] was used for all of
the time integrations of the tropical cyclone model. Specific
model details have been outlined in previous publications
le.g., Tuleya ét al., 1984; Bender et al., 1987]. The model is
a primitive equation model formulated in latitude, longitude,
and o coordinates, with 18 levels in the vertical [i.e.,
Kurihara et al., 1990, Table 1]. The grid system for each of
the triply nested meshes in the present study is summarized
in Table 1. The outermost domain ranged from the equator to
55°N in the meridional direction. The model physics include
cumulus parameterization described by Kurihara [1973] with
some additional modifications [Kurikara and Bender, 1980,
Appendix C}, a Monin-Obukhov scheme for the surface flux
calculation, and the Mellor and Yamada [1974] level-2
turbulence closure scheme for the vertical diffusion, with a
background diffusion coefficient added. Some of the recent
modifications to the model that were reported in section 2.1
of Bender et al. [1993] were added as well. In particular, the
Charnock constant which is used in the calculation of the
roughness length has been changed to an updated value of
.0185 [Wu, 1982]. The three-point smoothing operator used
to suppress numerical noise was modified to include a
desmoothing operator. The effect of radiative transfer was
not treated explicitly. However, the zonal mean temperature
was adjusted toward its initial value using a Newtonian-type
damping with a 24-hour damping period. The simulation
capability of this model has been well demonstrated in
experiments using real data [e.g., Kurihara et al., 1990].

2.2,

The ocean mode! is a primitive equation multilayer strat-
ified model formulated in the spherical coordinate system.
The model was developed from a three-layer reduced gravity
model that is described by Ginis and Dikinov [1989] and
currently includes a free surface and flat bottom. The verti-
cal ocean structure is represented by a surface mixed layer
and a specified number of layers below (seven for the current
set of experiments). The mixed layer is considered as a
turbulent boundary layer which exchanges momentum and
heat with the atmosphere at its surface and with the thermo-
cline by entrainment at its base. Normally, the mixed layer is
well mixed due to turbulent mixing and is vertically homo-
geneous in temperature. It is assumed that below the mixed
layer, in the thermocline and deep water, the temperature is
linearly depth dependent within each layer. The interfacial
(transition) layer with a sharp change of temperature at the
base of the mixed layer is modeled by a discontinuity surface

Ocean Model Description
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(a velocity and density jump across the mixed layer base).
The vertical turbulent mixing at the mixed layer base is
computed from the scheme formulated by Deardorff [1983].
The horizontal velocity vector is assumed to be independent
of depth within each layer. Since the present numerical
experiments were designed to simulate the effects of tropical
cyclone-ocean interaction in the deep open ocean, the effects
of bottom topography and coastal geography were not
considered. A detailed description of the ocean model and
the numerical methods used for solving the governing equa-
tions are given in the Appendix.

The ocean model used a mesh of constant grid spacing of
1/6° which was equal to the resolution of the finest grid of the
hurricane model. The sizes of the ocean computational
domain varied from one experiment to another depending on
the translational speed of the storm. On the average it
spanned about 35° in the longitudinal direction and about 21°
in the latitudinal direction. The time step of the ocean model
for all the experiments was set to 10 min.

2.3. QOcean Model Verification

The ocean model performance was first tested without
tropical cyclone interaction, using the field observations of
the ocean response to Hurricane Norbert (1984), described
in detail by Sanford et al. [1987]. The data set is unique
because, for the first time, simultaneous measurements of
atmospheric and oceanic parameters were carried out in the
region of direct hurricane forcing. The model integration
began from 0000 UTC, September 22, 1984, when the storm
was located at 16.5°N, 111.9°W and ended at 0000 UTC,
September 24, 1984, when the survey took place. The storm
was assumed to move along the Norbert best track without
changing its structure and strength. The translational speed
of the storm was determined from the storm position each 6
hours and is shown in Figure 1a. The axisymmetric surface
wind stress profile was obtained based on research flight-
level (1500 m) winds provided by P. G. Black (personal
correspondence), Hurricane Research Division/NOAA. The
computational domain included 100 x 100 grid points with
1/6° grid spacing. Since the Norbert survey region was not
dynamically very active, we assumed that the ocean was
initially homogeneous and quiescent. The SST and the
mixed layer depth were initially set to 28.5°C and 30 m,
respectively, and the temperature jump across the bottom of
the mixed layer was set to 1°C. The temperature profile
specified in the thermocline was typical for the eastern
Pacific. The initial layer thicknesses below the mixed layer
were set to 45, 50, 70, 100, 150, and 250 m. In Figures 15 and
1c the simulated SST deviations and the mixed layer current
field are compared with observations. The largest observed
mixed layer velocities were 1.1 m s™', while numerical
calculations gave a value of 1.06 m s™!. The model sea
surface cooling was also very close to the observed values
although the simulation indicates that the largest SST de-
crease occurred outside of the survey region where the
storm made a sharp turn toward the north. The simulated
and observed ocean response demonstrated a significant
rightward bias in the current speed, temperature deviation,
and mixed layer depth fields relative to the storm track. This
is in accord with other hurricane observations and models
le.g., Black, 1983; Chang and Anthes, 1978; Price, 1981].
The asymmetry in the velocity pattern is a result of effective
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Fig. 1. Ocean model response to Hurricane Norbert valid 0000

UTC, September 24, 1984. (a) The observed storm track and the
vectors of the wind stress. The estimated speed of the storm motion
(m s~!) is shown inside the circles. (#) The model-computed sea
surface temperature (SST) anomalies (°C) with observed values
inside the rectangles. (c¢) Vectors of the mixed layer velocities. The
solid arrows indicate the observed velocities.
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coupling of clockwise rotating wind stress vectors on the
right side of the track and inertially rotating wind-driven
currents. This dynamic field asymmetry introduces asymme-
try in the turbulent mixing (entrainment) which is mainly
responsible for sea surface cooling. The overall comparison
of the model simulations with observations suggests that the
present ocean model is capable of reproducing the main
features of the ocean response to the tropical cyclone
forcing, particularly the observed ocean currents and sea
surface cooling.

3. InmaL CoNDITION AND EXPERIMENTAL DESIGN

31

The experiments were designed in order that a tropical
cyclone could move over the ocean in prescribed easterly
and westerly zonal atmospheric flows. The zonal flows had
constant angular velocities which corresponded to zonal
speeds of 7.5, 5.0, and 2.5 m s™! at 18°N (initial latitude of
the tropical cyclone center for each experiment). The zonal
flows (identified as the basic flows) were constant with height
and extended throughout the entire depth of the atmosphere.
The environmental condition surrounding Hurricane Gloria
on 1200 UTC, September 22, 1985, served as the initial
environmental condition of the mass and moisture fields for
all of these experiments. Specifically, the basic field of
temperature, relative humidity at each level in the vertical,
and sea level pressure were computed from the NMC T80
global analysis for a region of 5° square surrounding the
observed center position of Hurricane Gloria. The resulting
initial environmental sounding is presented in Figure 24.

The symmetric vortex was generated from time integra-
tion of an axisymmetric version of the hurricane model,
following the method outlined in section 4a of Kurihara et al.
(1993] and using the tangential wind profile for Gloria on
1200 UTC, September 22, 1985, as input. In their scheme the
tangential wind field is forced during the integration toward
the observed storm tangential wind profile while the mois-
ture, mass, and radial wind profiles are free to develop a
model consistent structure. The obtained symmetric vortex
was then placed onto the basic fields at 18°N. After the
symmetric vortex was added to the basic flow, the mass field
(temperature and sea level pressure) was recomputed
through use of the static initialization method outlined in
section 5 of the above paper.

Tropical Cyclone Model Initial Condition

3.2. Ocean Model Initial Condition

In all of the experiments the ocean was initially assumed
to be horizontally homogeneous and quiescent. Hence the
initial velocity fields were set to zero within all model layers.
The observed data collected by Black [1983] was used to
specify the vertical thermal structure. A wide range of
stratifications occur within the different ocean basins. How-
ever, there is a similarity for most of the observed cases in
the western North Atlantic, Caribbean, Saragasso Sea, Gulf
of Mexico, and the eastern North Pacific. In particular, the
majority of temperature profiles in these regions before
passage of tropical cyclones are characterized by a shallow
(near 40 m) and warm (about 28°C) mixed layer and steep
temperature gradients in the seasonal thermocline. Thus a
particular prestorm profile might be representative of the
typical ocean structure before a tropical cyclone passage.
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Fig. 2. (a) The initial vertical profile of the environmental

relative humidity and temperature (°C) used in the atmosphere
model and (b) the initial vertical profile of the temperature (°C) used
in the ocean model for all the experiments presented in this study.
The initial depth of each layer interface in the ocean model is
indicated by circles.

Accordingly, an initial temperature profile was constructed
for all of our idealized experiments (Figure 2b) which was
typical for tropical regions of the western North Atlantic.
The SST was set to 28.85°C (the approximate average SST
observed before the passage of Hurricane Gloria (1985)
during its deepening stage); the mixed layer thickness was
set to 40 m with a temperature jump of 1.0°C across the base
of the mixed layer. The initial thicknesses of each layer
below the mixed layer were set to 140, 100, 100, 100, 150,
and 220 m.

3.3. Experimental Design and Summary of Experiments

Both the outer domain of the tropical cyclone model and
the entire domain of the ocean model were fixed throughout
the integrations, while the inner meshes of the tropical
cyclone model moved with the storm center.

The method of coupling between the tropical cyclone and
the ocean models was performed as follows: During the
period of one ocean model time step, the tropical cyclone
model was integrated keeping the SST constant. The wind
stress, heat, and moisture fluxes computed in the tropical
cyclone model were passed into the ocean model. The ocean
model was then integrated one step and a new SST was
calculated. The new SST was then used in the ensuing time
steps of the tropical cyclone model. The transfer of the wind
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stress, heat, and moisture fluxes from the tropical cyclone
model to the fixed grid system of the ocean model as well as
the transfer of the SST field from the ocean to the tropical
cyclone model were accomplished through bilinear interpo-
lation.

The interaction of the tropical cyclone with the ocean was
included from the beginning of the integrations in the pri-
mary experiments. In addition, two supplementary experi-
ments were carried out as well. In the first supplementary
experiment no basic flow was included. Thus the storm was
motionless at the beginning of the integration and the storm
motion developed as the beta gyre (the dipolar vorticity
caused by the advection of planetary vorticity) evolved. In
the second supplemental experiment the interaction with the
ocean was introduced after integration of the tropical cy-
clone model with constant SST for 24 hours. Finally, to
clarify the impact of the ocean response onto the storm’s
behavior, analogous experiments were carried out with the
SST kept constant (control experiments without coupling).
A summary of all the experiments is included in Table 2. All
of the integrations presented in this study were extended to
72 hours.

4. OcCEeAN RESPONSE IN THE TROPICAL CYCLONE-OCEAN
CourLED MODEL

The primary issue in the present study is the feedback
effect on the tropical cyclone produced by the cooling of the
SST. In general, the changes in the SST are strongly
dependent on the currents in the upper part of the ocean.
Therefore the discussion will begin with essential features of
the dynamical response of the ocean to the tropical cyclones.

The model currents in the mixed layer at 72 hours are
presented in Figure 3a for the experiment with S m s™!
easterly basic flow. In the front of the tropical cyclone the
cyclonically rotating wind stress generated mixed layer
currents which were oriented in nearly the same direction as
the wind stress. However, the current pattern became sig-
nificantly asymmetric behind the tropical cyclone. This
asymmetry, first identified by Chang and Anthes [1978]
occurred because the clockwise inertially rotating flow was
effectively accelerated on the right side and decelerated on

TABLE 2. Summary of the Numerical Experiments

Magnitude of

Direction of Basic Flow, Experiment
Basic Flow ms™! Description
Easterly 2.5 coupled
Easterly 2.5 noncoupled
Easterly 5.0 coupled
Easterly 5.0 noncoupled
Easterly 7.5 coupled
Easterly 1.5 noncoupled
Westerly 2.5 coupled
Westerly 2.5 noncoupled
Westerly 5.0 coupled
Westerly 5.0 noncoupled
Westerly 7.5 coupled
Westerly 7.5 noncoupled
Supplemental Experiments

No basic flow none coupled
No basic flow none noncoupled
Easterly 5.0 coupled after 24 hours
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Fig. 3. The current velocities in (a) the mixed layer and () the
uppermost thermocline layer at 72 hours for the integration with 5 m
s~1 easterly basic flow. The region shown is for a portion of the
ocean domain with the tick marks drawn at 1° intervals. The
hurricane center position at 72 hours is indicated by the hurricane
symbol with the storm track indicated by the solid line.

the left side due to the rotation of the wind stress vectors
produced by the moving tropical cyclone. The resulting
mixed layer flow makes an important contribution to the
horizontal transport process. In addition, it can induce
turbulent mixing at the mixed layer base through the shear
instability, causing the entrainment of thermocline water.
This process, as discussed below, is very important in the
changes of the temperature and the thickness of the mixed
layer. Another important feature of the mixed layer flow is
that it tends to be divergent when the speed of the inertia-
gravity waves (1-2 m s~ 1) is smaller than the hurricane
translational speed [Geisler, 1970]. The mixed layer diver-
gence gzenerated vertical motion that extended downward
into the thermocline (Figure 4a).

The vertical motion induced by the tropical cyclone con-
sists of two distinct components: the steady upwelling that
resulted from the Ekman pumping forced by the wind stress
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Fig. 4. (a) The 72-hour displacement (meters) of the 18.8°C

isotherm (located at the bottom of the second ocean model layer)
from its initial position (dashed contours correspond to upward
motion) and (b) the 72-hour mixed layer deepening (meters) for the
coupled experiment with the Sm s ! easterly basic flow. The region
shown is for a portion of the ocean domain with the tick marks
drawn at 1° intervals. The hurricane center position at 72 hours is
indicated by the hurricane symbol with the storm track indicated by
the solid line.

components paraliel to the storm track and near-inertial
frequency oscillations characterized by a pattern of cells of
upwelling and downwelling behind the storm. In Figure 4a,
only the upwelling phase of these cells is observed with
maximum displacement of the 18.8° isotherm located about
350 km behind the storm center. The arrowhead shape of the
band of compensating downwelling indicates that horizontal
dispersion of inertia-gravity waves was taking place after the
storm passage.

The thermocline current pattern at 72 hours (Figure 3b)
showed an entirely different pattern from the mixed layer
currents, indicating that the dynamics of the two currents
were considerably different. This fact is important in deter-
mining the shear instability across the mixed layer base, the
primary source of turbulent mixing which leads to the SST
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decrease. While the mixed layer currents were a result of
wind stress effects, the thermocline currents were gradient
currents induced by the pressure gradients produced from
the mixed layer divergence. In the present deep ocean
simulations, the currents in the thermocline primarily devel-
oped far from the tropical cyclone center. This feature is in
accord with recent observations taken after the passage of
Hurricane Gay [Church et al., 1989) and a model study by
Price [1983].

The strong mixed layer depth deepening underneath the
storm (Figure 4b) was a consequence of both the vertical
advection (downwelling) and the entrainment of the thermo-
cline water. The maximum deepening, located about 180 km
to the east of the storm center, slightly exceeded 80 m. This
is scmewhat larger than reported in other previous numerical
[e.g., Price, 1981} and observational studies [e.g., Sanford et
al., 1987] of the ocean response to tropical cyclones. How-
ever, the tropical cyclone in this experiment was quite
intense with maximum wind stresses ranging from 5.5 to 5.8
N m ~? during the integration period. The rightward bias of
the mixed layer deepening is in good agreement with previ-
ous numerical studies and is well correlated with the right-
ward bias in the mixed layer currents. This suggests that
current shear instability is the principal mechanism produc-
ing the mixed layer turbulence after the initial stage of the
tropical cyclone forcing. Well behind the storm the mixed
layer deepening is substantially reduced due to weakening of
the turbulent mixing and the intensifying of the upwelling.

The SST anomalies produced by the tropical cyclone are
shown at 72 hours (Figure 5) for two of the numerical
experiments. In both cases a pronounced rightward bias
exists in the sea surface cooling with respect to the storm
track. This asymmetry is correlated with the asymmetry in
the mixed layer currents (Figure 3a) and mixed layer deep-
ening (Figure 4b). and again suggests that the entrainment
was the major cause of the SST cooling. Indeed, Figure 6
shows that in the present model the maximum heat flux due
to the entrainment at the mixed layer base at 72 hours was
about 30 times larger than the maximum total surface heat
fluxes (latent plus sensible). However, it should be noted
that the surface heat fluxes could make a substantial contri-
bution to turbulent mixing through convective mechanisms.
This mechanism might become important in the front and left
quadrants of the storm where the wind-driven currents are
relatively weak.

In both cases in Figure 5 the region of maximum SST
anomalies was located well behind the storm center. Directly
underneath the storm center the SST decrease varied from
about 1.5° to about 3°C for the two experiments. This
location of the maximum sea surface cooling was mainly due
to the fact that the turbulent mixing and entrainment contin-
ued well after passage of the storm since the shear instability
of the inertial currents was maintained and the shear could
be enhanced by development of gradient currents below the
mixed layer. The position of maximum SST decrease was
different from that of the maximum mixed layer deepening
because the vertical advection had little influence on the SST
change.

Finally, it is important to mention that the SST response
was quite sensitive to the basic flow speed. With no basic
flow the sea surface cooling (Figure 5, bottom) was much
stronger and more extensive than the experiment with the 5
m s~ ! easterly basic flow (Figure S, top). The extension of
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the area of cooling due to the slower-moving tropical cyclone
was a result of the increased amount of time that the wind
stress was able to act on a fixed ocean point. This lead to
intensification of the drift currents and, as a consequence, to
an increase of the velocity shear at the base of the mixed
layer. Therefore even a relatively weak surface wind at the
storm periphery could generate turbulent mixing sufficient
for entrainment, resulting in a larger area with decreased
SST. The magnitude of the SST response for the different
basic flows will be addressed in greater detail in section S.

5. TroricAL CYCLONE RESPONSE TO AIR-SEA INTERACTION

In this section the effect of the ocean coupling on the
surface heat flux, storm intensity, and motion will be evalu-

SST ANOMALIES (°C)
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Fig. 5. The SST anomalies (°C) and wind vectors of the low-
level (o = 0.995) wind at 72 hours for the coupled experiments with
the 5 m s ™! easterly basic flow (top) and no basic flow (bottom). The
area shown is for the region of the innermost nest, with the tick
marks drawn at 1° intervals. The regions with anomalies larger than
2° and 5° are indicated with different shading. The hurricane center
at 72 hours is indicated by the hurricane symbol with the storm track
indicated by the solid line.
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HEAT FLUXES
| SEA SURFACE HEAT FLUX_

Fig. 6. The distribution of the total surface heat flux (kW m?)
(positive value directed downward into the ocean) and entrainment
heat flux at the bottom of the ocean mixed layer at 72 hours for the
coupled experiment with the 5 m s~} easterly basic flow. The area
shown is for the region of the ocean grid covered by the innermost
nest of the hurricane model. The tick marks are drawn at 1°
intervals. The hurricane center at 72 hours is indicated by the
hurricane symbol.

ated. Most of the discussion will concentrate on the exper-
iments run with the easterly basic flows, which are more
typical for storms which occur over the western Atlantic
basin in the deep tropics.

5.1.

As previously mentioned, all experiments were integrated
to 72 hours. The cooling of the sea surface in Figure §
produced a significant reduction of total heat flux (latent plus
sensible) into the hurricane (Figure 7). For example, with the
5 m s~ easterly basic flow the maximum total heat flux
averaged for the entire integration period decreased from
1.25 kW m 2 in the control experiment to about 0.9 kW m?
in the coupled experiment. In the latter integration the

Changes in Surface Heat Flux
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Fig. 7. The distribution of the total surface heat flux (kW m~2)
{positive value directed upward into the atmosphere) averaged for
the entire 72 hours of the integration and computed relative to the
moving storm for the experiments run both with (top) and without
(bottom) ocean coupling. The area shown is for the region of the
innermost nest, with the tick marks drawn at 1° intervals. The
hurricane center position is indicated by the hurricane symbol.

pronounced asymmetry in the distribution of this quantity is
very evident with the heat flux greatly reduced in the regions
above the cold wake. The primary contribution to the
decrease in the total heat flux in these two experiments was
the reduction in the latent heat flux. When averaged over the
entire region in Figure 7 (nest 3) the latent heat flux de-
creased from 0.22 to 0.17 kW m ™2, Likewise, the value of
the average sensible heat flux for the control and the coupled
experiment in this region changed from —0.0058 to —0.011
kW m~2 as more sensible heat was transported from the
atmosphere into the area of the reduced SST.

The decrease of the total heat flux due to the ocean
coupling can be seen clearly in Figure 8 for the set of
experiments with the 5 m s™! easterly basic fiow and no
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basic flow. For both cases the asymmetry in the reduction of
heat flux is evident. Over the cold wake the reduction was
considerable and was greater for the slower-moving storm
where the ocean response was larger. For the experiment
with no basic flow the region of SST anomalies greater than
2° (stippled area in Figure 5) extended over the central area
of the storm resulting in a decrease of the total heat flux of
over 1.0 kW m % in the eye wall region of the storm where
the heat flux maximum was located. For these two sets of
experiments the value of the maximum total heat flux
decreased nearly 30% and 60%, respectively.

In accordance with the reduction of the total heat flux the
total storm precipitation accumulated relative to the moving
storm significantly decreased (Figure 9) for both sets of

DECREASE OF HEAT FLUXES
DUE TO OCEAN COUPLING
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Fig. 8. The decrease of the tolal surface
the entire hours of the integration and compuled relative to the
maving storm for both the S ms™' easterly basic flow (top) and the
ne basid cxporiments
center portion of the innermost nest, The hurnicane center position

15 indicated by the hurricane symbol

flow (botlom) The region shown is for the
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DECREASE OF PRECIPITATION
DUE TO OCEAN COUPLING
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Fig. 9. The decrease in the total storm precipitation (centime-
ters) between the coupled and the noncoupled experiments, accu-
mulated relative to the moving storm for the entire 72 hours of the
integration for both the 5 m s ™! easterly basic flow (top) and the no
basic flow (bottom) experiments. The region shown is for the center
portion of the innermost nest with the tick marks drawn at I°
intervals. The hurricane center position is indicated by the hurricane
symbol.

coupled experiments. The large decrease was located in the
eye wall region with the position of the maximum decrease in
precipitation appearing to be biased toward the quadrant of
the storm where the largest decrease in heat flux occurred.
For example, for the integrations with the S m s ™! easterly
basic flow, the precipitation was reduced between 10 and
20% (maximum decrease of about 60 cm) on the eastern side
of the storm center over the cold wake in contrast to only §
to 10% (maximum decrease of about 20 cm) on the western
side where the reduction of heat fluxes due to the ocean
coupling was much smaller. For the set of experiments with
no basic flow the reduction of precipitation in the eye wall
region south of the storm center ranged between 20 and 50%
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(maximum decrease of over 120 cm) and between S and 20%
(maximum less than 60 cm) north of the storm.

Another feature produced by the decrease of the heat flux
due to the ocean coupling is seen in the horizontal (Figure
10) and the vertical (Plate 1) distributions of the equivalent
potential temperature. In the regions over the cold wake
underneath and to the east of the storm center the equivalent
potential temperature in the lower boundary layer decreased
by about 2° to 6° (Figure 10c) relative to the noncoupled
experiment. Although the area of the cold wake was rather
narrow (Figure 5), the effect on the equivalent potential
temperature spread over a large region east and north of the
storm center (Figure 10). The decrease of the equivalent
potential temperature was generally much smaller in the
region west and south of the storm. Apparently, the neces-
sary heat energy to drive the storm was provided by the
warm tnoist air from this region. However, the equivalent
potential temperature at the storm center was significantly
less than the value attained in the noncoupled experiment.
Therefore as seen in both Figure 10 and Plate 1, the gradient
of the equivalent potential temperature in the center area
was considerably weakened with the ocean coupling, partic-
ularly in the lower boundary layer. The difference of the
equivalent potential temperature between the storm center
and the outer storm periphery (~450 km), calculated in the
lowest 500 m of the boundary layer and averaged for all four
sides of the storm, decreased from 16° to 12° due to the ocean
coupling. These values correlated reasonably well with the
average sea level pressure difference of about 70 and 55 hPa,
respectively (measured between the storm center and the
outer storm periphery), for the noncoupled and coupled
experiments.

From Plate 1 it is clearly seen that the resulting reduction
in the moist static energy in the boundary layer directly
affected the warm core temperature. The upper level equiv-
alent potential temperature was lowered nearly 4° compared
to the noncoupled case. In comparison, for the experiment
with no basic flow (figure not shown) the decrease exceeded
7°. The decrease with height of the equivalent potential
temperature observed within the model eye between the
boundary layer and the 4-km level in both the coupled and
the noncoupled experiments may have been related to
subsidence and horizontal mixing of the air within the eye
region [e.g., Kurihara and Bender, 1982].

5.2. Changes in Storm Intensity

The impact of the ocean coupling on the storm intensity is
demonstrated in the time series of minimum sea level pres-
sure (Figure 11) and maximum low level winds (Figure 12)
for each of the cases with the easterly basic flow. During the
first 12 hours, as the storm was undergoing rapid strength-
ening, the effect on storm intensification was relatively
small. However, after 12 hours without ocean interaction the
storms continued to rapidly intensify, especially in the cases
with weaker basic flows. In contrast, for all of the coupled
experiments the intensification rate began to level off after 12
hours. In the experiments with the faster basic flows (5 and
7.5 m s”!) the impact of the ocean interaction on storm
intensity remained small until around 30 and 36 hours,
respectively. Beyond this time the storm intensity increased
only slightly in the coupled experiments, while significant
storm intensification (about 15 hPa deepening and 6 m s !
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Fig. 10. Distribution at 72 hours of the model level 17 (o = 0.98)
equivalent potential temperature (°K) for the 5 m s ™! basic flow
experiments run (a) with and (b) without ocean coupling as well as
(c) the decrease of the equivalent potential temperature between the
coupled and the noncoupled experiments. The contour interval is 2°,
with values less than 352° and 350° in Figures 10a and 104 and
values greater than 0° and 2° in Figure 10c, indicated by lighter and
thicker shading, respectively. See Figure 6 for more details.
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increase of the low-level winds) occurred during the remain-
ing 36 hours of the noncoupled integrations.

The time series of the maximum SST decrease are pre-
sented in Figure 13. Comparison of Figures 11, 12, and 13
indicate that the greatest intensity differences between the
coupled and the noncoupled models occurred in the experi-
ments with the weaker basic flows where the greatest
decrease of the SST occurred and the decrease of heat flux
(Figure 8) was greatest. For example, at 72 hours the
maximum SST cooling was 5.9°C for the no basic flow case
and about 3.5°C for the S m s~! easterly flow. The differ-
ences from the control experiments at 72 hours in the
minimum sea level pressure and maximum surface winds for
the former case was about 20 hPa and ~8 m s ™! compared to
14 hPaand —5m s ™! for the latter. This result was consistent
with other earlier numerical studies performed with a much
simpler experimental design {e.g., Khain and Ginis, 1991;
Sutyrin and Khain, 1984].

The average differences in minimum sea level pressure,
maximum low-level wind, and maximum SST cooling are
summarized in Table 3, calculated for the final 48 hours of
the integrations for all sets of experiments performed. The
average translational speed for each storm during this period
is also included in the second column. The storms embedded
in the westerly basic flows moved slower than those with
corresponding easterly flow since the basic flow in these
cases was oriented in a direction almost opposite to the flow
due to the beta gyre. For example, the average storm
translational speed during this period was 6.1 m s ! for the
storm embedded in the S m s ! easterly basic flow and 4.2 m
s ! for the storm in the 5 m s ! westerly basic flow. This
resulted in larger sea surface cooling with the storms moving
in the westerly basic flow and a greater decrease in intensity
for these cases. A strong correlation was found between the
maximum sea surface cooling and the changes in storm
intensity for the cases with both the easterly and the west-
erly moving storms. A conclusion can now be made from
these results that the faster-moving storms produced a
progressively smaller SST response and smaller reduction in
tropical cyclone strength measured by both the minimum sea
level pressure and the maximum low-level winds.

Examples of observed maximum sea surface cooling for
tropical cyclones in various regions are summarized in Table
4. All of these storms were of either moderate or strong
hurricane intensity, similar to the storms in our experiments.
The observed maximum cooling varied from 1° to 6° in good
agreement with the model results. The observations were
grouped according to slow (less than 4 m s~'), medium
(between 4 and 8 m s™'), and fast (greater than 8 m s ™)
translational speeds. This yielded average cooling for the
three groups of 5.3°, 3.5°, and 1.8°, respectively. For our
numerical experiments the same grouping of storm motion
yielded values of 4.8°, 3.3°, and 2.6°. Although these ob-
served ocean responses were probably sensitive to the
specific vertical profiles of the ocean stratification, this data
set clearly showed that the magnitude of the simulated sea
surface cooling was reasonable and that the obtained rela-
tionship between the sea surface cooling and the storm
motion for the numerical simulations was similar to that
found in the observational data.

It should be pointed out that in the noncoupled experi-
ments with easterly flow, the storms progressively became
more intense with the smaller basic flows (Figures 11 and
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Plate 1. East-west cross section through the storm center of the equivalent potential temperature (°K) at 72 hours
for the 5 m s ™! basic flow experiments run with (top) and without (bottom) ocean coupling. The contour interval is 5°
with no additional contours drawn for the area of equivalent potential temperature above 365°. The vertical coordinate
is the square root of height in meters. (See Figure 11 of Bender et al. [1985] for more details of this coordinate system).
The arrows plotted at each grid point are the wind vectors.
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Fig. 11. Time s¢ries of minimum sea level pressure (hPa) for the no basic fow éxperiments and all experiments with
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12). Hence the differences in the reduction in intensity the final 12 hours of the integrations varied by only about 3
shown in Table 3 between the faster-moving and the slow- hPa between the no basic flow (958 hPa) and the 7.5 m st
moving storms with easterly basic flow were primarily a (955 hPa) basic flow experiments. Analysis of the kinetic
result of differences in storm strength between the noncou- energy budgets for the noncoupled experiments indicated
pled control experiments. With the coupling included, the that without the basic flow the divergence of kinetic energy
average difference in the minimum sea level pressure during away from the storm region remained very small in the
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Fig. 13. Time series of maximum SST decrease (°C) during the
72-hour coupled integrations for the three cases with the easterly
basic flow and the case with no initial basic flow.

middle atmosphere (between the 850- and the 250-hPa level).
However, in the presence of easterly basic flow (both with
and without coupling) a divergence of kinetic energy took
place between the 900- and the 800-hPa levels and also
between the 500- and the 200-hPa levels. This effect may
have contributed to this systematic decrease in the storm
intensity in these noncoupled experiments with the inclusion
of the basic flows. However, the relationship between storm
intensity and environmental flow is not fully understood.
Indeed, for the noncoupled integrations with westerly basic
flow a similar correlation was not evident between storm
intensity and magnitude of the basic flow. Once the ocean
coupling was included, the slower-moving storms in these
integrations became considerably weaker than those embed-
ded in the stronger westerly flows. The minimum sea level
pressure at 72 hours was about 8 hPa higher in the no basic
flow experiment compared with the 7.5 m s ~! westerly flow
experiment.

In previous numerical experiments with hurricane-ocean
coupled models [e.g., Khain and Ginis, 1991; Sutyrin and
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Khain, 1984] the model tropical cyclones responded with
about a 1-day delay to the decrease of the SST. However, as
mentioned before, these earlier experiments were carried
out with both a simplified experimental design and a coarse
grid resolution (e.g., 40 and 60 km). Also, the intensity of the
tropical cyclones {e.g., Khain and Ginis, 1991, 1000 hPa}
was considerably weaker at the time the ocean-coupling
began. To test the response of a mature tropical cyclone to
the effect of the ocean coupling, a supplemental experiment
was performed for the 5 m s™! easterly flow case in which
the ocean coupling began at 24 hours (Figure 14). By this
time the minimum sea level pressure of the storm had
dropped to 955 hPa. As seen in Figure 14 (bottom) the ocean
immediately began to respond to the effect of the tropical
cyclone as the SST in the eye wall region began to rapidly
decrease. Within 12 hours the maximum SST anomaly
reached the same value as the original coupled experiment.
Likewise, (Figure 14, top) the tropical cyclone also began to
immediately respond to the ocean coupling with a rise in the
minimum sea level pressure. The minimum sea level pres-
sure of the tropical cyclone reached nearly an identical value
as the original coupled experiment 12 hours after the cou-
pling of the two models began. Both storms remained at
nearly the same intensity for the duration of the integrations.
This clearly demonstrates that for these idealized experi-
ments in which other environmental effects such as vertical
wind shear were absent, the final equilibrium states of the
tropical cyclones were primarily determined by the SST.

Finally, it should also be noted that even in the experiment
performed without the basic flow and ocean coupling, the
minimum sea level pressure (939 hPa) obtained by the model
tropical cyclone was somewhat higher than the potential
minimum computed from either the initial (Figure 2a) or the
48-hour environmental sounding of the matured storm (928
or 914 hPa, respectively) using the formulation of Emanuel
[1988]). Probably, the finest resolution used in the present
experiments was still not sufficient to adequately resolve the
structure of the eye or eyewall which may have reduced the
model storm intensity. Also, the treatment of convection and
radiation could have influenced the storm intensity in the
numerical model.

TABLE 3. Differences Between the Coupled and the Noncoupled Models Averaged for the Final
48 hours of the Integrations Presented in This Study
Coupled-Noncoupled
Maximum
Translalional Minimum Sea Surface Wind
Basic Flow, Speed, Level Pressure Difference, Maximum 55T
m 5 ms! Difference, hPa ms”! Decrease, 'C
No Basic Flow
1.7 16.4 -7.0 -5.6
Westerly Flow
2.5 2.2 15.6 -6.7 -4.6
5.0 4.2 12.0 -4.8 -3.7
7.5 6.6 7.0 -2.6 -3.0
Easterly Flow
2.5 3.8 1.8 -5.0 —-4.1
5.0 6.1 9.7 -3.7 -3.2
7.5 8.3 7.7 -2.8 -2.6

The average translational speed for each storm is also included in column 2.

temperature.

SST, sea surface
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TABLE 4. Maximum Sea Surface Cooling Observed After the Passage of 16 Tropical Cyclones
(of Moderate or Strong Intensity) in Various Regions
Tropical Storm Maximum

Cyclone Storm  Motion, Cooling,

Name, Year ms” Region °C Reference

Slow-Moving Storms (Less Than 4 m s~!)
Virginia, 1978 1.¢ western North Pacific 6.0 Pudov [1980]
Ella, 1978 2. western Atlantic 4.5 Black [1983]
Hilda, 1964 3. Gulf of Mexico 6.0 Leipper [19671
Carla, 1961 3 Gulf of Mexico 48 Stevenson and Armstrong [1965]
Average 24 5.3
Medium-Moving Storms (Between 4 and 8 m s™)
Joan, 1970 4.( South China Sea 4.0 Ramage et al. [1974)
Norbert (1984) 4.3 eastern North Pacific 2.2 Sanford et al. 1987}
Tess (1975) 6.( western North Pacific 4.0 Pudov et al. [1978)
Harvey (1981) 6.( Sargasso Sea 3.5 Stramma et al. [1986)
Gay (1985) 6.C western North Pacific 2.0 Church et al. [1989)]
Gilbert (1988) 6.5 Gulf of Mexico 4.0 Shay et al. [1991}
Gloria (1985) 6.§ western North 5.0 Cornillon et al. [1987)]
Atlantic
Average 5.7 3.5
Fast-Moving Storms (Greater Than 8 m s ™!

Eloise (1975) 9.0 Gulf of Mexico 2.5 Johnson and Withee {1978]
Phyllis (1975) 10.0 western North Pacific 2.0 Schramm [1979}
Shirley (1965) 13.0 Japan east coast 2.5 Wright [1969)
Belle (1976) 13.0 West Atlantic 1.0 Johnson and Speer [1978)
Ida (1958) 15.0 western North Pacific 1.0 Ogata [1960)
Average 12.0 1.8

The storms are grouped according to their translational speed

5.3. Changes in Storm Track

To evaluate the effect of the tropical cyclone-ocean cou-
pling on the storm motion, the storm tracks were analyzed
for each set of experiments. Figure 15 shows the storm
tracks in the experiments with both easterly and westerly
basic flows of 2.5 m s~!. A small effect on the storm track
was introduced by the ocean coupling particularly with the
easterly basic flow. After 36 hours the storm turned slightly
more to the north and was located about 45 km to the north
of the noncoupled experiment by 72 hours. For the storms
with the § and 7.5 m s™! easterly and westerly flows the
difference in the storm tracks remained extremely small
throughout the entire integration. An example is shown in
Figure 16 (bottom) for the 7.5 m s ™' easterly basic flow. It is
also evident that the largest impact on the storm track
occurred with no basic flow (Figure 16, top). In this exper-
iment the storm with the ocean interaction gradually turned
more to the north and to the east by the end of the second
day of the integration and was located over 70 km to the
east-southeast of the noncoupled experiment by 72 hours. A
possible explanation for this track deviation is related to a
systematic weakening of the circular averaged tangential
flow at all radii of the storm induced by the interaction with
the ocean (Figure 17). This effect was greatest in the exper-
iments with no basic flow where decreases of nearly 2 ms ™!
in the winds in the outer radii of the storm were found.
Although these differences were relatively small, they were
probably sufficient to have altered the orientation of the beta
gyre and thus affected the beta drift. Fiorino and Elsberry
[1989]) found that differences of about 2 m s! in the
tangential wind profiles in the 300- to 700-km radius of an
idealized vortex resulted in similar changes in storm track in
a nondivergent, barotropic numerical model with no basic

current. Differences in storm motipn presented in these
results and those obtained by Khain and Ginis [1991] prob-
ably resulted from differences in the impact of the coupling
on the beta gyre between the two sets of experiments, due to
the different experimental design and grid resolution. For the
experiments with the 7.5 and S m s ~! basic flow where no
significant track deflection occurred, the decrease of the
winds in the outer radius was less than 1 ms ™.

It is interesting to note in Figure 16 that in the 7.5 m s~
easterly basic flow experiment there was a tendency for the
storm with the ocean interaction to move slightly faster than
the noncoupled case. A similar response occurred in the 7.5
m s~' westerly basic flow experiment. One possible mech-
anism that may be responsible for this slight increase of
forward speed was the large reduction of precipitation that
occurred to the rear of the storm shown in Figure 9. This
asymmetric decrease of precipitation on one side of the
storm may have introduced a slight shift in the surface
pressure minimum toward the region of stronger condensa-
tional heating which in both of these experiments was
located in front of the storm.

6. SuMMARY AND CONCLUDING REMARKS

The effect of tropical cyclone-ocean interaction was inves-
tigated with a high-resolution tropical cyclone-ocean cou-
pled model. The model was formed by coupling the GFDL
18-level movable-mesh tropical cyclone prediction model
with an 8-layer primitive equation ocean model. The resolu-
tion of the inner nest of the atmospheric model as well as the
uniform resolution of the ocean model was 1/6°. Thus the
vertical and horizontal resolutions of the coupled model
were considerably finer than those used by previous numer-
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ical models that have investigated the interaction of the
tropical cyclone-ocean system. In the present experiments
the hurricane was embedded in easterly and westerly envi-
ronmental flows of 2.5, 5.0, and 7.5 m s ~'. For comparison,
similar experiments were carried out without coupling (con-
trol cases). The initial tangential wind profile of the tropical
cyclone used was similar to the observed profile for Hurri-
cane Gloria just after it was first upgraded to a hurricane. A
supplemental experiment was also performed in which no
basic flow was included, and hence the tropical cyclone
movement was due entirely to the beta effect. This supple-
mental integration was designed to simulate those situations
where tropical cyclones are embedded in weak steering
flows.

The numerical results demonstrated that the ocean cou-
pling produced a significant cooling of the sea surface,
decrease of the total heat flux directed into the hurricane
from the ocean, and hence reduction in hurricane intensity.
The storm weakening was consistently greater for the slower
moving storms where the SST decrease was larger. A
general conclusion from both the easterly and the westerly

5m/s EASTERLY BASIC FLOW
T T T

T T
990} ———— COUPLING FROM BEGINNING
—+— COUPLING AFTER 24 HOURS
w sk - = = - HURRICANE MODEL
2
g
g 90
32 %o
=
= N
= 901 AN E
= RN
sy o \"~~‘“\l-"‘\
940+ 31 3
g
]
930 1 1 1 1 L
0 12 A ¥ 8 60 7
S5m/s EASTERLY BASIC FLOW
0 \ T ‘ T 4] Ll ¥

L
2
S
s \
g 2
]
=
Ed
=
3k 4
-4 ! 1 A 1 L L T —
1] - 2 - R " 7

INTEGRATION HOURS

Fig. 14. Time series of minimum sea level pressure (top, hPa)
for the S m s~} easterly flow experiments run with hurricane-ocean
coupling from the beginning (solid curve), without coupling (dashed
curve), and with the coupling beginning at 24 hours (dashed-dotted
curve). The maximum SST cooling (°C) is also plotted (bottom) for
the experiments with coupling from the beginning (solid line) and
with the hurricane-ocean coupling beginning at 24 hours (dashed-
dotted curve).
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Fig. 15. The 72-hour storm tracks for the experiments with the
2.5m s ™! easterly basic flow (top) and the 2.5 m s~! westerly flow
(bottom) run with (solid curve) and without (dashed curve) hurri-
cane-ocean coupling. The storm positions at 6-hour intervals are
indicated by circles (with coupling) or by triangles (without cou-
pling).

basic flow experiments is that the slower-moving storms
produced a progressively larger SST response and greater
decrease of the total heat flux and hence a greater reduction
in the tropical cyclone strength measured by both the
minimum sea level pressure and the maximum low-level
winds. These results were summarized in Table 3 for all o
the experiments in this study. :
The storm with the S m s ™! easterly basic flow experiment
moved at about 6.1 m s~! in a west-northwest direction,
which is a typical translational speed for tropical cyclones in
the deep tropics. Hence the maximum 3.2°C cooling pro-
duced in this experiment, which was confined to a relatively
narrow area (about 2/3° wide) just to the right of the storm
track, may be considered a reasonable value for typical
real-data cases and agreed well with observations. However,
the actual ocean response is very sensitive to the specific
vertical structure of the ocean, including the mixed layer
depth. Therefore the magnitude of the ocean response can
exhibit considerable variation from one location to another.
In a supplemental experiment the interaction with the
ocean was introduced after integrating the tropical cyclone
model with constant SST for 24 hours. By that time the
tropical cyclone had reached the mature stage of develop-
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Fig. 16. The 72-hour storm tracks for the experiments with no
basic flow (top) and with the 7.5 m s ~! easterly flow (bottom) run
with (solid curve) and without (dashed curve) hurricane-ocean
coupling. The storm positions at 6-hour intervals are indicated by
circles (with coupling) or by triangles (without coupling).

ment with a minimum sea level pressure of 955 hPa. The
purpose of this experiment was to determine the response
time of a mature tropical cyclone to the effect of the ocean
coupling. It was found that in contrast to previous numerical
studies with coarser resolutions and simpler experimental
designs the tropical cyclone immediately began to respond to
the effect of the ocean coupling reaching the same intensity
as the original coupled experiment within 12 hours. The final
intensity and equilibrium state of the tropical cyclone for this
case was found to be independent of the intensity of the
storm at the time the ocean interaction began. This result
will be useful in discussing the issue of initialization of ocean
conditions.

It was also shown that the hurricane-ocean coupling
significantly affected the track only for two of the cases with
slowly moving storms. For the 2.5 m s ~! easterly basic flow
the storm turned slightly more to the north after 36 hours and
was located about 45 km to the north of the control case by
72 hours. The impact on the storm track was largest for the
no basic flow case as the storm turned gradually more to the
north and to the east by the end of the second day and was
finally located over 70 km to the east-southeast of the control
case by 72 hours. A possible explanation for this track
deviation was the altering of the beta gyre related to a
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systematic weakening of the tangential flow at all radii of the
storm induced by the interaction with the ocean. Only a
small percentage of observed storms move with the slow
propagation speed simulated in the no basic flow case.
However, situations in which the steering flow is weak
represent some of the most difficult cases in real track
prediction. In these situations this effect may prove impor-
tant to the accurate prediction of the storm track.

Although the experiments in this study were performed for
an idealized experimental design and environment, they
reveal some of the important effects that the ocean interac-
tion may have on the behavior of actual tropical cyclones. In
real cases the sensitivity shown of the storm to the sea
surface cooling can be modulated by many other environ-
mental factors such as the large-scale flow and vertical
profiles of temperature or humidity. Some of these environ-
mental factors may prohibit tropical cyclones from reaching
their maximum potential intensity [e.g., Emanuel, 1988).
Tuleya and Kurihara [1982) showed numerically that these
types of environmental conditions can also significantly alter
the sensitivity of tropical storm genesis to the SST. It is even
possible in some cases that the storm intensity will not
significantly change despite large changes in the SST. How-
ever, the numerical experiments presented here indicate that
the supply of latent energy to the storm will be significantly
reduced in all cases in which cooling of the sea surface
occurs. The results presented here also demonstrate that the
SST decrease caused by the tropical cyclone-ocean coupling
introcduces an additional important mechanism that can
reduce the maximum intensity of real tropical cyclones.

As the numerical models continue to improve, the effect of
ocean interaction will probably become an important factor
to consider for the successful forecast of tropical cyclone
behavior. Thus a better understanding and evaluation of this
effect is desirable. Future plans include expansion of the
study of the effect of ocean interaction to some actual
observed cases. The present numerical experiments were
desigred to simulate the effect of tropical cyclone-ocean
interaction in the deep ocean. To study real data cases, the
adaptation of a primitive equation model that includes the
effect of bottom topography as well as detailed coastal
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Fig. 17. The distribution of the circular averaged tangential
wind at 72 hours for model level 14 (o = 0.85) for the no basic flow
experiments run with hurricane-ocean coupling (solid curve) and
without coupling (dashed-dotted curve).
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geography is presently being considered. Analysis of these
observed cases will be necessary in order to clarify the role
of the tropical cyclone-ocean interaction in the real atmo-
sphere and ocean.

APPENDIX

The ocean model used is formulated with the Boussinesq
and hydrostatic approximations. The coordinate origin is
located at the undisturbed sea surface with the vertical
coordinate directed downward. The model is simplified by
excluding the effect of horizontal diffusion and assuming
constant salinity. A layered model is subject to kinematic
and dynamic conditions at the boundaries and the layer
interfaces. In the present model the turbulent momentum
and the heat fluxes at the free surface are equal to the surface
wind stress and total (latent and sensible) heat flux into the
atmosphere, and pressure is equal to sea level atmospheric
pressure. At the interface, between the mixed layer and the
thermocline, the exchanges of mass, heat, and momentum
take place through turbulent mixing which produces the
entrainment. An important aspect of this exchange process
is the energetics of the mixed layer and the radiation of
turbulent energy into the thermocline. It is indicated from
some theoretical and laboratory analyses (a recent review is
given by Fernando [1991]) that the bulk of the energy fed
into the mixed layer is trapped by the interfacial layer
beneath the mixed layer. This energy is dissipated by wave
breaking, and only an insignificant part of the energy is
radiated to the thermocline. Accordingly, in the present
model we assume that the turbulence caused by hurricane
forcing is confined within the mixed layer above the discon-
tinuity surface which is regarded as an infinitely thin inter-
facial layer. The turbulence in the mixed layer induces
entrainment of mass, momentum, and heat across the bot-
tom of the mixed layer. Consequently, the temperature
change immediately below the mixed layer may result from
entrainment. Since heat does not penetrate farther down in
the model, the temperature of the layer interfaces within the
thermocline and deep water remain unchanged. The poten-
tial role of bottom friction on the hurricane-generated cur-
rents is not considered in the present study. Accordingly, we
limit our interest to the regions of the outer continental shelf
and deep ocean.

The prognostic variables are the layer thicknesses h;,
horizontal current velocity in each layer v;, (i = 1, N where
N is the number of model layers), mixed layer temperature
(sea surface temperature) T, and temperature at the top of
the thermocline T,. Their time changes are governed by the
equations of continuity, momentum, and heat balance, re-
spectively, with the kinematic and dynamic conditions taken
into account. In addition, the equation of state is used to
relate the density to temperature.

The equations for the layer thicknesses are

hiyy +Ve(hyv)=w, m
Ry + V- (hyvy) = —w, (2)
hyy+ V- (hyv)=0 (i=3, N) 3)

where the subscript ¢ means time derivative and w, is the
rate of entrainment into the mixed layer.
The momentum equations are written as
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u, tan 6
(hlvl),+V-(v,h|vl)+ . "‘"a_ kxh,v,
P' + Ts + LAY (4)
Po
|  utan @
(hava), + V- (vohyva) + | g JkX hava
=- PZ - W,V (5)
Po
(h,-v,~), +V- (v,~h,~v,~)
u; tan 7} 1
+ —-——thiv,-=—‘—Pi (6)
\ a Po
(i=3, N)

where 1, is the wind stress vector, a is the radius of the
Earth, @ is the latitude, p is the mean value of density, P; is
the gradient of pressure integrated over the i layer and
defined as

Py =ghi[p\Vés+ Vpa + 1 1Vpy] )

i-1

Pi=gh{pVE, +Vp, + (p}— p)Vhi + D, (pi— p)Vh;
j=2

+ % (Piv1—P)Vh;+ 1\Vp, + % hyVp,] (8)

(i=2,N)

where p} = 1/2 (p;4, + p;), g is the acceleration of gravity,
P, is the sea level atmospheric pressure. The sea surface
displacement £ is determined by

)]

where H is the mean ocean depth.

The model dynamics involves fast-propagating barotropic
gravity waves. In the present study, for computational
efficiency and also since the response of the deep ocean to
hurricane forcing is primarily baroclinic {Geisler, 1970}, we
remove the above fast mode by using a reduced gravity
approximation. Namely, we assume that the lowest model
layer is at rest and infinitely deep. This requires vanishing of
the pressure gradient for £y — = in the relation (8). The
resulting equation to determine the gradient of the sea
surface elevation is given by

N-1
Ve, = —;‘- [Vpa+ (o~ VA + D, (N — pPVA;
N j=2

+hVpy + 3 hyVpol. (10)

The equations for temperature at the mixed layer and at
the top of the thermocline may be conveniently written as
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(h1©4);+ V(v }h,0y) = B, + w,0,, (1

(h203), + V +(v3h,0,) = 2w ,0,, (12)
where ®, = T, — T, ®, = T, — T3, T; is the unchanged
temperature at the base of the second layer; B, is the net
heat flux at the sea surface divided by pc,.

To close the system of equations, we determine the rate of
entrainment w, with the use of a scheme developed by
Deardorff [1983]. In his scheme, three mechanisms of tur-
bulent kinetic energy production in the mixed layer are taken
into consideration, i.e., production by near-surface wind-
driven shear, by velocity shear at the base of the mixed
layer, and by convection due to the surface buoyancy fluxes.
Scale velocities characterizing these mechanisms are u, =
V 1,/ p(friction velocity), év = v; — v, (velocity jump across
the mixed layer base), and w, = (—agh;B,)"* (free-
convection velocity associated with the buoyancy flux; a is
the thermal expansion coefficient), respectively. In addition,
the velocity scale related to the temperature jump (6T = T
~ T,) is expressed by ¢; = (agh8T)"%. Then the ratio w,
against u, (or 8v, w,) can be expressed in terms of nondi-
mensional parameters Ri, = c}/ul, Ri, = c}/(6v)?, and
Ri. = c}wl. Specifically, the following formula is derived
from Deardorff’s parameterization:

w.\ [Rig\'"?
(——‘) ( ") ={[0.1 - 0.06 exp (—4Ri,)]

uye| \Ri,

- [RiJF, > [(Rix) ™2 + F Ri7*] - 0.14}{1.2 + 0.3Ri,
- 0.3[1 - 0.93 exp (—0.35Ri))IRi,Ri;'F;'} (13)

where F, = 1.8[1 — 27 "flv,|hu;?) and F, = (1 +
l.9Riq)“'l’-‘; Ri, is a nondimensional parameter based on
the velocity scale involving the turbulent kinetic energy.
Following Deardorff, we combine (13) with an empirically
obtained formula

wo\[Ri, 112
u, J\Ri,
~ [0.66 - 0.52Ri, if Ri;=0.52

0.28Ri " — exp (~=5(Ri, — 0.52))  if Ri,>0.52
q q q

(14)

and solve these equations for w, and Ri,, using the iterative
method described in the appendix of Deardorff [1983].

The model equations are time integrated numerically on a
staggered Arakawa B grid in an open ocean domain. The
normal component of the current velocity is set to zero at the
domain boundary. To reduce the influence of the boundaries
on the solution, the domain size is chosen much larger than
the area of hurricane forcing. In addition, we apply a
Newtonian damping method to the six-grid-point zone near
the boundaries [Kurihara and Bender, 1980]. The time
integration proceeds with a splitting method developed by
Marchuk [1982], the absolutely stable Crank-Nicolson
scheme is used for the advection terms, and the scheme of
“‘natural filter” for the adaptation terms. Ginis and Sutyrin
[1993] show how the splitting method can be effectively
applied for solving the nonlinear layered model equations.
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