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ABSTRACT

In order to investigate air-sea interactions during the life cycle of typhoons and the quantificational
effects of typhoon-induced SST cooling on typhoon intensity, a mesoscale coupled air-sea model is developed
based on the non-hydrostatic mesoscale model MM5 and the regional ocean model POM, which is used
to simulate the life cycle of Typhoon Chanchu (2006) from a tropical depression to a typhoon followed
by a steady weakening. The results show that improved intensity prediction is achieved after considering
typhoon-induced SST cooling; the trend of the typhoon intensity change simulated by the coupled model is
consistent with observations. The weakening stage of Typhoon Chanchu from 1200 UTC 15 May to 1800
UTC 16 May can be well reproduced, and it is the typhoon-induced SST cooling that makes Chanchu weaken
during this period. Analysis reveals that the typhoon-induced SST cooling reduces the sensible and latent
heat fluxes from the ocean to the typhoon’s vortex, especially in the inner-core region. In this study, the
average total heat flux in the inner-core region of the typhoon decrease by 57.2%, whereas typhoon intensity
weakens by 46%. It is shown that incorporation of the typhoon-induced cooling, with an average value of
2.17◦C, causes a 46-hPa weakening of the typhoon, which is about 20 hPa per 1◦C change in SST.
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1. Introduction

The typhoon is accompanied by the most intense
air-sea interactions on a synoptic scale. When a ty-
phoon propagates over the ocean surface, the surface
wind stress generates ocean currents and strong tur-
bulent mixing in the ocean. The mixing deepens the
ocean mixed layer, entraining cooler thermocline wa-
ter into it, which lowers the SST (Price, 1981; Price et
al., 1994; Shay et al., 2000; Sheng et al., 2006). Obser-
vational studies have shown that the maximum SST
cooling can reach up to 9◦C (Sakaida et al., 1998). On
the other hand, the SST cooling reduces the sea sur-

face heat fluxes, which subsequently leads to reduced
typhoon intensity (Sutyrin and Khain, 1984; Khain
and Ginis, 1991; Falkovich et al., 1995).

Due to the lack of observational data over the
oceans, the main method used to research the effect
of SST cooling on typhoon intensity is dependent on
the coupled air-sea model. The earliest simulations of
the coupled air-sea model were performed by Elsberry
et al. (1976), Chang and Anthes (1978) and Sutyrin
and Khain (1979) with a coarse resolution. Their cal-
culations suggested that the effects of SST cooling on
typhoon intensity are small. There may be some lim-
itations of using an axisymmetric typhoon model as
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part of a coupled model, especially on the scale of
the inner core, because the ocean response is asym-
metric about the moving typhoon center (Zhu et al.,
2004). Presently, three-dimensional hurricane-ocean
coupled models have been used in studies with a rel-
atively high resolution (Schade and Emanuel, 1999;
Bender and Ginis, 2000; Huang et al., 2005). Re-
sults have shown that typhoon-induced SST cooling
can weaken typhoon intensity significantly. Improved
intensity prediction was achieved to a great extent af-
ter considering typhoon-induced SST cooling. Ben-
der and Ginis (2000) preformed several real-data sim-
ulations with the Geophysical Fluid Dynamics Lab-
oratory (GFDL) hurricane model coupled with the
Princeton Ocean Model (POM). The errors of the hur-
ricane intensity simulated by their coupled model were
generally weaker than those without using a coupled
model.

While the previous studies generally agree that
typhoon-induced SST cooling can have a significant
impact on the typhoon intensity, they disagree con-
cerning the quantitative relationship between the
typhoon-induced SST cooling and the weakening of the
typhoon. In the study of Ren and Perrie (2006), the
typhoon was weakened by 7 hPa per 1.0◦C decrease
in SST, which was close to the rate of 10 hPa ◦C−1,
the result that Emanuel (1991) obtained under a typ-
ical typhoon environment based on the Carnot engine
concept. However, in the study of Holland (1997), the
quantitative relationship, which was obtained using
a thermodynamic approach, was 33 hPa ◦C−1. Ac-
cording to Zhu and Zhang (2006), a change in SST
by 1◦C results in the weakening of typhoon intensity
by 20 hPa, which was relatively close to the rate of
16 hPa ◦C−1, as suggested by Chan et al. (2001) us-
ing a coupled model. Chan et al. (2001) pointed out
that the quantitative relationship in Emanuel’s study
was underestimated because thermodynamic processes
within much of the troposphere had not been consid-
ered, and in Holland’s study, dissipation mechanisms
were ignored, so his quantitative relationship was over-
estimated.

Recent studies showed that the weakening of ty-
phoon intensity mainly results from the SST cool-
ing within the inner-core region of the typhoon, al-
though the largest SST decrease occurs in the right-
rear quadrant. According to Weatherford and Gray
(1988), the “inner core” of a typhoon is defined to ex-
tend from the center out to a 111-km radius. Cione
and Uhlhorn (2003) studied the correlation of SST
change and changes in typhoon intensity using air-
borne expendable bathythermograph (AXBT) obser-
vations and buoy-derived archived SST data. They
used this to highlight the significant impacts of the

changes in inner core SST on the magnitude of air-sea
fluxes within the high-wind inner core region. Rel-
atively modest changes in inner core SST could ef-
fectively alter maximum total heat flux. Zhu and
Zhang (2006) performed a simulation of Hurricane
Bonnie (1998) with the MM5 model. The SST field
was updated daily using the Tropical Rainfall Mea-
suring Mission (TRMM) Microwave Imager (TMI)
level 1 standard product at 0.25◦ × 0.25◦ latitude-
longitude resolution to represent the typhoon-induced
SST changes. Two additional sensitivity simulations
were performed in which the typhoon-induced cool-
ing was either ignored or shifted towards the mod-
eled storm track. Results showed marked sensitivity
of the model-simulated storm intensity to the mag-
nitude and relative position with respect to the hur-
ricane track. In the absence of the SST cooling, the
model produced the strongest hurricane, whereas shift-
ing the SST cooling close to the storm track generated
the weakest storm. Zhu et al. (2004) investigated the
interaction between a tropical cyclone and the ocean
using a three-dimensional tropical cyclone model cou-
pled with a two-layer ocean model. Two representa-
tions for entrainment into the ocean mixed layer were
compared: one based on the turbulent erosion model
(TEM) and the other based on the dynamic instability
model (DIM). Although the experiment based on the
TEM produced a much smaller maximum SST cooling
because the cooling was directly underneath the hur-
ricane core, it was more effective in reducing the heat
flux from the ocean to the storm in the inner-core re-
gion and led to a greater reduction of the tropical cy-
clone intensity.

The purposes of the present study are to investi-
gate the air-sea interactions during the life cycle of the
typhoon and to quantify the impact of the typhoon-
induced SST cooling on typhoon intensity. We couple
the non-hydrostatic mesoscale model MM5 and the re-
gional ocean model POM and then simulate the evo-
lution of Typhoon Chanchu (2006) from a very weak
tropical depression into a typhoon followed by a steady
weakening. In this way we investigate the air-sea in-
teractions during the life cycle of Typhoon Chanchu.
A brief description of the coupled model used in this
study is presented in section 2. The typhoon case
and the experimental design are also described there.
Numerical results of the typhoon simulations are dis-
cussed in section 3, while the impact of SST cooling
on the typhoon is analyzed in section 4. Summary and
conclusions are intensity given in section 5.

2. The coupled model

2.1 Experimental design

In this paper, Typhoon Chanchu, which occurred
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in the South China Sea (SCS) in 2006, is taken as an
example to conduct the simulation experiment (here-
after referred to as CEX). Chanchu formed at 1200
UTC 9 May 2006 over the sea east of the Philip-
pines. It moved northwestward steadily after its gen-
eration and strengthened gradually. At 0000 UTC 13
May it strengthened to a typhoon in the SCS. There-
after, Chanchu moved westward slowly with a moving
speed range of 2.7–4.2 m s−1 and then suddenly turned
northward at 0000 UTC 15 May. Chanchu moved
rapidly and made landfall in the coastal area between
Chenhai and Raopin, in Guangdong Province in China
at 1815 UTC 17 May. Chanchu was the first typhoon
to make landfall in China in 2006. Its landing time was
44 days earlier than the climatological average. It was
the earliest typhoon to hit Guangdong Province and
also one of the most intense typhoons to make landfall
in China in May since 1949.

In this study, POM is taken as the ocean part of
the coupled model (Bao et al., 2004). As shown in
Fig. 1, POM is implemented on the domain of 0◦N
to 30◦N and 99◦E to 130◦E, covering all of the SCS
and the western portion of the Pacific. A uniform hor-
izontal resolution of 0.25◦×0.25◦ is used. In the ver-
tical, there are 21 sigma layers with finer resolution
in the upper ocean. The external time step is taken
to be 60 s and internal time step 1800 s. The west-
ern boundary is fixed and the other three boundaries
open. Monthly velocity, elevation, salinity and tem-
perature fields from the Simple Ocean Data Assimila-
tion (SODA) have been interpolated to model grids as
dynamic forcing at the open boundaries, with the in-
and out-flux being balanced. Gravity wave radiation
condition is applied to the velocity component per-

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Domain configuration for CEX, D01 and D02
denotes twi-nested MM5 simulation domain respectively
and the outer domain is for POM simulation. Dimensions
of each domain (north-south by east-west) are shown.

pendicular to the open boundaries. An upwind-
advection scheme is applied to temperature, salinity,
and the velocity component parallel to the boundary
so that in the case of inflow the boundary conditions
derived from the SODA data are imported by inward
velocities. MM5 is used as the atmospheric part of the
coupled model, with two-nested domains. The outer
domain D01 has 181×151 grid points, with 15 km grid
spacing in the horizontal and 32 layers in the vertical;
the time step is set to 50 s. No bogus scheme is used.
The initial conditions and lateral boundary conditions
come from the NCEP analysis data with 1◦×1◦ resolu-
tion. MM5 is integrated for 126 h, from 0600 UTC 12
May to 1200 UTC 17 May 2006. This 126-h integra-
tion covers several important periods in the life cycle
of Typhoon Chanchu, including its formation, rapid
intensification, propagation westward in the SCS, its
abrupt northward movement and decay stage. The
air-sea coupling occurs over the limited-area D01 do-
main. The inner domain D02 has 181×241 grid points.
A one-way nested grid is used with 5 km grid spacing
in the horizontal and 32 layers in the vertical. The
time step is set to 18 s. The initial and boundary con-
ditions in the D02 simulation are provided by hourly
output from the D01 simulation. It is initialized at
1300 UTC 14 May and is integrated for 48 h, cov-
ering the time period when Chanchu developed into
its strongest stage after turning northward and then
weakening gradually in its decay stage. MM5’s model
physics include the Betts-Miller cumulus parameteri-
zation scheme (implicit) and the Reisner II (explicit)
microphysics scheme. Besides these physics process
schemes, the shallow convection scheme and the MRF
planetary boundary layer scheme are utilized, with the
radiation scheme taken from CCM2 (Climate Commu-
nity Model version 2).

To examine the improvement in typhoon simula-
tion after typhoon-induced SST cooling is taken into
account, we conducted another simulation using MM5
with no coupling with POM. SST values at 0600 12
May 2006 from ocean model initialization are used and
they are not varied during the integration. This sim-
ulation is denoted as the uncoupled experiment (here-
after referred to as UEX).
2.2 The method of coupling

After POM initialization, during the period of one
POM internal time step, MM5 is integrated using the
SST field from POM initialization. The surface wind
speed, latent heat fluxes and sensible heat fluxes com-
puted in the MM5 model are passed on to POM. POM
is then integrated over one internal step and a new SST
field is calculated. The new SST field is used in the
ensuing time steps of MM5. Due to different model
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meshes used in MM5 and POM, the transfer of the
surface wind speed, heat fluxes from MM5 to POM,
as well as the transfer of the SST field from POM to
MM5, are all accomplished through interpolation. In
this way, MM5 is driven using variations in SST sim-
ulated by POM, and POM is forced using the surface
wind speed and heat fluxes from MM5, which reflect
a realistic simulation of the typhoon and ocean.
2.3 Ocean model initialization

The importance of a realistic ocean initialization
for proper simulation of the ocean response in the cou-
pled typhoon-ocean model can not be overemphasized
(Bender and Ginis, 2000). In this study the initializa-
tion procedure included three steps. First, POM was
integrated from the calm state of ocean. The initial
temperature and salinity were provided by the Levi-
tus dataset for January, and the wind stress was ob-
tained from COADS. They were both horizontally and
vertically interpolated to each grid on each of the 21
sigma-layers. After 2 model years, the model reached a
quasi-equilibrium state (Zhang and Qian, 1999). This
was followed by a second procedure to adjust the upper
ocean structure to a more realistic pre-storm condition
at the start of typhoon forecast. During this integra-
tion, POM was forced by the wind stress from the
NCEP reanalysis data, net heat fluxes, and shortwave
radiation from the Southampton Oceanography Cen-
tre (SOC). In the third procedure, the daily-averaged
SST on 12 May 2006 was obtained from TRMM/TMI
and assimilated into the model (Bender and Ginis,
2000). The assimilation procedure involved the re-
placement of the SST field in the upper ocean mixed
layer with the TRMM/TMI SST field and prognostic
model integration for another 10 days for dynamical
adjustment. During this integration, the SST field at
the surface was kept constant.

3. Experimental results

3.1 Overview of the simulated typhoon results

It is evident from Fig. 2 that the simulated track
in CEX is similar to that in UEX (in this paper we
assume that unless mentioned otherwise, results are
all from the D01 simulation), and both follow the ob-
served track closely. Thus, we may state that the ty-
phoon track is not sensitive to the typhoon-induced
SST cooling, as shown in previous studies (e.g., Zhu
et al., 2004; Zhu and Zhang, 2006). A comparison of
the simulated and observed tracks reveal a reasonably
accurate simulation, especially considering that there
is no bogusing of the storm to match the initial condi-
tions and that there is no continuous data assimilation
as the simulation progresses. The tracks in CEX and

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The simulated and observed tracks of Chanchu
(shaded circles: CEX, open circles: UEX, open rectan-
gles: observation).

UEX appear to agree less with observations early in
the development from 0600 UTC 12 May to 0600 UTC
13 May. Part of the error is due to the fact that the
low-level cyclonic circulation is broad and weak, as
shown in some simulations (e.g., Davis and Bosart,
2001).

The simulated minimum surface pressure values in
CEX are consistently better in comparison with obser-
vations than those of UEX, for both D01 and D02 (see
Fig. 3). In CEX, the simulated typhoon intensity re-
produces Chanchu’s rapid deepening stage, the main-
taining stage, and the steady weakening stage very
well. Chanchu continued to intensify from 0600 UTC
12 May to 0000 UTC 15 May, with the central pres-
sure dropping from 984 hPa to 948 hPa. Thereafter
Chanchu maintained its intensity until 1200 UTC 15,
and then began to weaken steadily. The central pres-
sure was 969 hPa at 1200 UTC 17 May. The D01
simulated typhoon in CEX deepens rapidly from 0600
UTC 12 May and reaches its minimum central pres-
sure of 949 hPa at 0000 UTC 15 May, which is very
close to the observation (948 hPa). The simulated ty-
phoon weakens steadily from 0600 UTC 15 May and
then strengthens a little after 0000 UTC 17 May. By
comparison, UEX produces a much stronger typhoon
than CEX. The simulated typhoon in UEX deepens
excessively from 0600 UTC 12 May to 1800 UTC 16
May. Its peak central pressure is 903 hPa, 46 hPa
lower than the observation. It fails to reproduce the
typhoon weakening stage from 1200 UTC 15 May to
1800 UTC 16 May because SST is invariant without
considering typhoon-induced SST cooling. However,
it is the typhoon-induced SST cooling that makes Ty-
phoon Chanchu weaken during this period.

3.2 The SST cooling induced by Typhoon
Chanchu

Figure 4a shows the difference of daily-averaged
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(a) (b) 

Fig. 3. Time series of minimum sea level pressure in hPa for CEX (shaded circles), UEX (open
circles) and observation (open rectangles). Here (a), (b) are for D01 and D02 simulations, respec-
tively.

(b)(a)

Fig. 4. (a) The simulated daily-averaged SST difference between 17 May and 12 May and (b)
TRMM/TMI observed SST difference during the same period. There are some missing data in
TRMM/TMI observed SST field. The shaded circles in (a) represent the typhoon track simulated
by CEX, and the open rectangles in (b) represent the observed track.

SST between 17 May and 12 May simulated by
POM in CEX. When compared with the difference of
TRMM/TMI-derived daily-averaged SST during the
same period (Fig. 4b), it is evident that the simulated
SST cooling is consistent with observation. During
this period, the relatively slow movement of Chanchu
causes very large SST cooling in the SCS, with a pro-
nounced rightward bias in the SST cooling with re-
spect to the typhoon track. The extent of the region
with SST cooling larger than 2◦C is at least 10.0×105

km2, a very large area. The maximum SST cooling
is 8.5◦C, which matches the maximum TRMM/TMI-
derived SST cooling of 8.3◦C well. Chanchu produces
two cold wakes with SST cooling larger than 6◦C. One
is around 116.0◦E and 15.5◦N, which is located north
of the TRMM/TMI observed wake. This is because
the simulated storm takes a more northward track

than that observed during 21–33 h. The other cold
wake is around 116.0◦E and 18.5◦N. These two cold
wakes are about 65 km and 107 km to the right of the
typhoon track, respectively.

The rightward bias in the SST cooling is well estab-
lished from previous observations and numerical stud-
ies. Shay et al. (1992) investigated the evolving up-
per ocean response excited by the passage of hurricane
Gilbert (1988). According to Shay et al. (1992), both
the AVHRR (Advanced Very High Resolution Ra-
diometer) images and the objectively analyzed fields
indicated a rightward bias in the upper ocean cooling
that extended from the storm track to about 4Rmax

(where Rmax, the radius of maximum winds, was equal
to 50 km). Wada (2005) used TRMM/TMI observed
SST to analyze the SST cooling resulting from Ty-
phoonFex (1998), and found that the SSTcooling was
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Fig. 5. Changes of the simulated SST at (a) 0000 UTC 14 May, (b) 0000 UTC
15 May, (c) 1200 UTC 15 May and (d) 0000 UTC 16 May in CEX. Here the
typhoon center positions are shown by the typhoon symbols.

evident along the track and on the right side of the
running typhoon.

Figure 5 shows the SST cooling induced by
Chanchu in different life cycle stages. In the early
integration when Chanchu is a tropical depression,
its wind speeds are relatively low and it moves very
quickly. The SST cooling is about 1◦C in the cen-
tral SCS, and there is no obvious SST cooling center
formed (figure not provided). At 0000 UTC 14 May
an SST cooling center is formed on the right side of
the typhoon center with the maximum SST cooling of
more than (Fig. 5a), about 130 km away from the ty-
phoon center. At that time, the SST cooling within
the inner-core region is about 1.5◦C. Thereafter, the
SST cooling becomes more and more obvious and the
maximum SST cooling center gets nearer to the ty-
phoon center due to the slow movement of Chanchu
(merely 1.1 m s−1 at its slowest). At 0000 UTC 15,
there is a great SST cooling area formed in the right-
rear quadrant of the typhoon with SST cooling over
4.0◦C (Fig. 5b). The maximum SST cooling center is
around 116.0◦E and 15.5◦N, with the maximum SST
cooling of 5◦C, 84 km away from the typhoon center.
At that time, the SST cooling within the inner-core re-
gion is over 4◦C. Typhoon Chanchu is strongest from
0000 UTC 15 to 1200 UTC 15 May with a moving
speed of 2.5–3.9 m s−1, which is very favorable for SST
cooling. By 1200 UTC 15 May, the SST drops further

at the SST cooling center around 116.0◦E and 15.5◦N.
The maximum SST cooling is more than 7◦C. The SST
cooling is generally over 6◦C behind the typhoon and
over 5◦C within the inner-core region (Fig. 5c). The
simulation of the SST cooling induced by Typhoon Fex
performed by Wada (2005) also showed that SST cool-
ing under the slowest translation stage is the greatest
through the generation, development, and sustenance
stages of Typhoon Rex. Thereafter, the position where
the maximum SST cooling occurs hardly changes al-
though the typhoon moves faster (Fig. 5d), which is
consistent with other simulations (e.g., Wada, 2005).
After 0000 UTC 17 May, there is another SST cool-
ing center formed around 116.0◦E and 18.2◦N, with
the largest SST decrease being 6◦C. In conclusion, the
ocean response is highly asymmetric about the mov-
ing typhoon center, especially on the scale of the inner
core. SST cooling is obvious in the right-rear quadrant
of the typhoon, whereas in the inner-core region the
SST cooling is less than that in the right-rear quad-
rant.

4. Heat fluxes exchange between ocean and
the vortex

Because of the significant intensity changes, the in-
corporation of the typhoon-induced cooling also causes
pronounced structural changes in surface winds.
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(d) (c) 

Fig. 6. (a, c) The simulated surface winds in m s−1 and (b, d) total heat fluxes in
W m−2 in the inner-core region at 0900 UTC 15 May on D02 for (a, b) CEX and (c,
d) UEX.

Figures. 6a, 6c show that the distribution of wind
fields and the magnitude of wind speed in these two
simulations differ from each other. UEX produces sur-
face winds with the maximum wind speed of 56 m s−1,
much stronger than that in CEX, whose maximum
wind speed is 41 m s−1. Moreover, compared with
UEX, CEX results show that there is a much more
significant asymmetry in the distribution of the wind
field around the typhoon center. Therefore, the SST
cooling makes some contributions to the formation of
the asymmetry in the wind field. As expected, the
spatial structure of the total heat fluxes (sensible heat
fluxes plus latent heat fluxes) in UEX is similar to the
surface wind structure (see Fig. 6d). In the eye re-
gion, the underlying ocean provides much less surface
flux to the typhoon due to low wind speeds. Surround-
ing the eye, large quantities of surface heat fluxes are
emitted from the ocean to the cyclone, because of the
high-speed winds. This process reaches a maximum
near the radius of maximum wind (RMW), and then
decreases gradually outwards. With consideration of
typhoon-induced SST cooling, the total heat flux in
CEX is much smaller than that in UEX in the inner-
core region, and less heat flux is provided to the vortex
by the underlying ocean. There is no vortex-shaped

symmetrical distribution of the total heat flux and al-
most no similarity to the distribution of wind (see Fig.
6b).

The time-radius cross section of azimuthally aver-
aged total heat fluxes on D02 for CEX and UEX are
compared in Fig. 7a and Fig. 7c. The total heat flux
in UEX reaches the maximum when the radius is in
the range of 60–90 km. Especially after 1200 UTC 15
May, the total heat flux is over 2000 W m−2 in this
area. The heat flux outside of the inner-core region
is generally in the range of 1200–1500 W m−2, and
has little change with time. In the early part of the
integration, the heat flux in CEX is similar to that
of UEX. After 1800 UTC 14 May, the heat flux in the
inner-core region of the typhoon is much less than that
simulated by UEX.

It is known that SST cooling reduces the sensible
and latent heat fluxes from ocean to the vortex, espe-
cially in the inner-core region. A reduction of the sur-
face heat flux diminishes the moist static energy. In an
approximate steady-state theory for a hurricane that
assumes neutrality to slantwise convection throughout
the vortex, Emanuel (1986) derived a simple linear re-
lationship between the differences in the equivalent po-
tential temperature ∆θe and the sea level pressure
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(c) (d) 

(b)(a)

Fig. 7. The time-radius cross section of azimuthally averaged fields over D02 for (a, b) CEX
and (c, d) UEX. (a), (c): total heat fluxes (Units: W m−2) ; (b), (d): equivalent potential
temperature (Units: K).

∆P between the storm center and the outer storm pe-
riphery: ∆P = −(3.3)∆θe. Bender and Ginis (2000)
indicated some variability in the ratio −∆P/∆θe with
values lying between 3.1 and 4.2. However, the two
studies highlighted the relationship between vortex in-
tensity as measured by ∆P and the elevation of θe

near the vortex center. Therefore, it is necessary to
examine the effects of ocean coupling on the distribu-
tions of boundary layer moist static energy in CEX and
UEX. Taking the lowest model level (σ=0.995, ∼36 m
height) in the models as an example, Figs. 7b and
7d show that there is a relatively big difference in θe

in the inner-core region of the typhoon between CEX
and UEX, whereas outside of the inner-core region the
difference is relatively small. In the inner-core region,
θe decreases rapidly outwards. Comparing CEX and
UEX at 0900 UTC 15 May, over a distance of 111
km from the center, θe increases by 14 K and 22 K, re-
spectively. UEX has the larger radial gradient of moist
static energy, and a stronger radial gradient of moist
static energy is associated with a more intense vortex
(Zhu et al., 2004). In light of the temporal develop-
ment of θe, there is a relatively big change in θe in the

inner-core regions of the two typhoons simulated by
CEX and UEX.

To quantify the impact of the variation in SSTs
within the inner core on the typhoon intensity, Fig. 8
shows the time series of the area-averaged SSTs and
total heat fluxes within the inner core for the two ex-
periments, following the typhoon’s movement. One
can see that the SST differences within the inner core
are small during the first 12 h, and the time series of
the area-averaged SST in CEX shows a steady drop
from 1800 UTC 12 May to 0900 UTC 15 May. At
0900 UTC 15 May, SST is 26.15◦C, which is 5.15◦C
lower than that in UEX. Thereafter it experiences little
increase. Because it doesn’t incorporate the typhoon-
induced SST cooling, the area-averaged SST in UEX
shows little change from 0600 UTC 13 May to 1500
UTC 16 May. On average, the SST in CEX is 2.17◦C
colder than that in UEX (see Table 1), thus the 46-
hPa central pressure difference between CEX and UEX
yields a 21.3 hPa deepening with a 1◦C increase in SST
within the inner core. The deepening rate of 21.3 hPa
per degree is close to the deepening rates that Zhu and
Zhang (2006) and Chan et al. (2001) obtained.
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(a) (b) 

Fig. 8. Time series of (a) the area-averaged SST, (b) total heat flux in the inner-core
region for CEX and UEX.

Table 1. Area-averaged sensible heat flux, latent heat flux, total heat flux, and SST in inner-core region from 0600 UTC
12 May to 1200 UTC 17 May for CEX and UEX.

Latent heat flux (W m−2) Sensible heat flux (W m−2) Total heat flux (W m−2) SST (◦C)

CEX 508.45 16.97 525.42 28.89
UEX 1084.20 142.88 1227.08 31.05

Schade and Emanuel, 1999 defined the SST feed-
back factor FSST to quantitatively measure the ocean’s
interactive effects on a hurricane’s intensity:

FSST =
∆p

∆p|SST
− 1

where ∆p is the difference between the background
surface pressure far away from the storm and the min-
imum central pressure in the eye. Here, ∆p serves
as a measure of storm intensity. The subscript SST
refers to the pressure depression that occurs with a
fixed sea surface temperature, that is, without any
feedback. The factor FSST is always negative because
a reduction of the SST due to the storm diminishes
the storm’s intensity. Therefore FSST must be in the
range [−1, 0]. In this study, for CEX, ∆p = 54 hPa and
for UEX, ∆p|SST=100 hPa, Therefore FSST = −0.46,
which means that the typhoon-induced SST cooling
can reduce the typhoon intensity by 46%. This result
is similar to the 50% intensity change shown by Schade
and Emanuel (1999) and 47% intensity change shown
by Zhu and Zhang (2006).

For CEX, the time series of area-averaged total
heat flux within the inner core shows strong resem-
blance to the SST variation. The total heat flux
reaches its lowest value of 208.04 W m−2 at 0900 UTC
15 May when the SST is lowest. On average, the total
heat flux in CEX is 701.66 W m−2 lower than that
in UEX (see Table 1), which is a reduction of 57.2%.
The rate of the total surface heat fluxes is 323.35 W
m−2 per degree change, which is similar to the typical

observed flux anomalies of 50 W m−2 with 0.2◦C SST
changes found by Cayan (1992). In addition, as shown
in Table 1, the latent heat flux is dominant over sen-
sible heat flux during the whole integration stage for
both CEX and UEX. Thus the latent heat flux makes
much more significant contributions to the total en-
ergy source of the typhoon, which has been shown to
be a dominant force in the development of mesoscale
structures in the marine atmospheric boundary layer
(MABL) (Warner et al., 1990).

5. Summary and conclusions

It is well accepted that the upper ocean can have a
significant impact on modifying typhoon intensity and
structure. However, exactly how and to what extent
variations in upper-ocean thermal structure directly
impact typhoon intensity and structure is still not well
understood. In this paper, a mesoscale coupled air-
sea model is developed based on the non-hydrostatic
mesoscale model MM5 and the regional ocean model
POM. The air-sea interactions during the life cycle
of a typhoon and the quantifiable effects of typhoon-
induced (SST) cooling on typhoon intensity are inves-
tigated.

In this study, two experiments are performed, one
using the coupled model (denoted CEX) and the other
using only MM5 (denoted UEX), with a fixed SST
field so that the typhoon-induced cooling is ignored.
In the absence of SST cooling, UEX produces a much
stronger typhoon than CEX, with a value 46 hPa
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deeper in central pressure than that in CEX. More-
over UEX fails to reproduce the weakening stage of
Typhoon Chanchu from 1200 UTC 15 May to 1800
UTC 16 May. On average, the SST in CEX is 2.17◦C
colder than that in UEX. Thus the 46 hPa central pres-
sure difference between CEX and UEX yields a 21.3
hPa deepening with a 1◦C increase in SST within the
inner core. The deepening rate of 21.3 hPa per degree
is close to the deepening rates that Zhu and Zhang
(2006) and Chan et al. (2001) obtained. The typhoon-
induced SST cooling reduces the sensible and latent
heat fluxes from the ocean to the vortex, especially in
the inner-core region. In this study, the average total
heat fluxes in the inner-core region of the typhoon de-
creases by 57.2%, whereas typhoon intensity weakens
by 46%, correspondingly.

The simulation results in CEX show that the SST
cooling makes the distributions of wind and total
heat flux around the typhoon center more asymmet-
ric. Thus we may state that air-sea interactions make
some contributions to the formation of the typhoon
asymmetry. The impact of SST cooling on typhoon
structure is under study and will be given in a forth-
coming paper.
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