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ABSTRACT

Three experiments for the simulation of typhoon Sinlaku (2002) over the western North Pacific are
performed in this study by using the Canadian Mesoscale Compressible Community (MC2) atmospheric
model. The objective of these simulations is to investigate the air-sea interaction during extreme weather
conditions, and to determine the sensitivity of the typhoon evolution to the sea surface temperature (SST)
cooling induced by the typhoon. It is shown from the three experiments that the surface heat fluxes have a
substantial influence on the slow-moving cyclone over its lifetime. When the SST in the East China coastal
ocean becomes 1°C cooler in the simulation, less latent heat and sensible heat fluxes from the underlying
ocean to the cyclone tend to reduce the typhoon intensity. The cyclone is weakened by 7 hPa at the time of
its peak intensity. The SST cooling also has impacts on the vertical structure of the typhoon by weakening
the warm core and drying the eye wall. With a finer horizontal resolution of (1/6)° x (1/6)°, the model
produces higher surface wind, and therefore more surface heat fluxes are emitted from the ocean surface to
the cyclone, in the finer-resolution MC2 grid compared with the relatively lower resolution of 0.25° x 0.25°

MC2 grid.
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1. Introduction

Tropical cyclones develop over the data-sparse
tropical oceans. They are a serious type of natural dis-
aster both because of the loss of human life they cause
and the large economic losses they induce. Tropical cy-
clones derive energy primarily from evaporation from
the ocean and the associated condensation in convec-
tive clouds concentrated near their centre (Holland,
1993). The warm-core structure within a tropical cy-
clone produces very strong surface winds and causes
damage to coastal regions through high-speed wind,
huge storm surges and waves, and heavy rain. Al-
though great progress has been achieved in tropical
cyclone simulation in the last forty years, it is still a
challenge to accurately simulate tropical cyclone for-
mation, intensification and storm track (Masashi et
al., 2001; Meng et al., 2002). Emanuel (1999) demon-
strated that the evolution of hurricane intensity de-
pends mainly on three factors: the storm’s initial in-
tensity, the thermodynamic state of the atmosphere
through which it moves, and the upper ocean proper-
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ties along the storm track. The momentum and en-
thalpy exchanges at the air-sea interface accompany-
ing the passage of a cyclone are the dominant processes
between the tropical cyclone and the ocean underly-
ing. The surface heat fluxes increase the buoyancy of
the air in the boundary layer, and latent heat is re-
leased in the frontal cloud later. The cyclone intensity
can be strongly modulated by pre-existing oceanic fea-
tures, such as a warm-core eddies or sea surface tem-
perature (SST) cooling induced by a previous cyclones
(Bao et al., 2000). On the other hand, a slow mov-
ing cyclone can generate crescent-shaped SST cooling
within one or two days, which can be clearly detected
in a satellite images (Wentz et al., 2000), and results
from cyclone-induced entrainment mixing at the bot-
tom of the oceanic mixing layer (Ren et al., 2004; Per-
rie et al., 2004). The SST cooling reduces the sea sur-
face heat fluxes, which subsequently leads to reduced
storm intensity. (Bender and Ginis, 2000; Bao et al.,
2000; Perrie et al., 2004).

On the average, 26 tropical cyclones occur over the
western North Pacific per year, with the maximum cy-
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clone activity in August and a high degree of seasonal
variation. This total is more than that in any other
region (Xue and Neumann, 1984). About 7 or 8 ty-
phoons making landfall in China per year, on average.
In 2002, 5 tropical cyclones made landed in Mainland
China (Mekkhala, Hagupit, Sinlaku, Vongfong, and
Kammuri). Sinlaku had the strongest wind at land-
fall, compared to the other four landfalling typhoons
(Lu, 2003). The purpose of this study is to investigate
the role of air-sea fluxes on the evolution and verti-
cal structure of typhoon Sinlaku. We consider simula-
tions of typhoon Sinlaku over the western North Pa-
cific Ocean, using the well-tested Canadian Mesoscale
Compressible Community (MC2) atmospheric model.
A brief description of the atmospheric 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 with consideration of the impact of
air-sea interaction on typhoon evolution. Conclusions
are given in section 4.

2. Model description, typhoon case introduc-
tion and experimental design

2.1 Model description

Robert et al. (1985) originally developed the MC2
atmospheric model used in this study. It has evolved
as a result of cooperative research involving scien-
tists from universities and the Meteorological Ser-
vice of Canada (MSC). The model is described in

http://collaboration.cmc.ec.ge.ca/science /rpn.comm/.

It is a state-of-the-art fully elastic nonhydrostatic
model solving the full Euler equations on a limited-
area Cartesian domain. MC2 uses semi-Lagranigan
advection and a semi-implicit time-differencing dy-
namic scheme. This model has proven to be quite
versatile as a modeling tool, allowing excellent simu-
lations over a wide spectrum of scales (Benoit et al.,
1997). It has also been used to successfully simulate
Northwest Atlantic cyclones (McTaggart-Cowan et al.,
2001, 2003) and western North Pacific typhoons (Li.,
2004). Further details on the model dynamics are
given by Benoit et al. (1997).

The model is implemented on the domain of 10.0°N
to 44.5°N and 107.5°E to 147.0°E and with a horizon-
tal resolution of 0.25° x 0.25° and 30 vertical layers,
using latitude-longitude projection. The integration
time step is 600 s. Initial conditions, lateral boundary
conditions, and SST are determined from the analysis
data generated by the regional data assimilation sys-
tem at the Canadian Meteorological Centre (CMC)
as described by Chouinard et al. (1994). The MC2
model interpolates linearly in time between analyses
to obtain boundary conditions for every time step. A
force-restore scheme, described by Benoit et al. (1997),
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is used to calculate surface heat and moisture fluxes
over land. The surface fluxes above the sea are cal-
culated using Monin-Obukhov similarity theory. Deep
cumulus convection is parameterized using the Kain-
Fritsch scheme (Kain and Fritsch, 1990, 1993).

2.2 Typhoon case

Typhoon Sinlaku began its extended lifecycle as a
tropical depression at 16.7°N, 154.3°E at 1800 UTC 28
August 2002 and became tropical storm twelve hours
later. Sinlaku became a typhoon near 22.5°N, 152.6°E
at 1200 UTC 30 August and developed maximum sus-
tained winds of 110 knots. The system turned more
westward by the end of the month, passing west of
135°E near 25°N early on 3 September. Sinlaku’s
storm track during 4-7 September is shown in Fig.
1, as reported by the JTWC (Joint Typhoon Warn-
ing Centre, http://metoc.npmoc.navy.mil/jtwe.html).
Sinlaku crossed the Japanese island of Okinawa on
4 September with maximum sustained winds of 95
knots. Subsequently, the typhoon headed towards Tai-
wan, carrying sustained winds of 90 knots. After tear-
ing through the Okinawa island chain and Taiwan,
Typhoon Sinlaku slammed into Mainland China. It
tracked into Zhejiang province at noon on 7 Septem-
ber, making landfall near the city of Wenzhou. During
4 September, Sinlaku moved slowly with a displace-
ment speed of about 5 m s~!. During 5-6 September,
it decelerated as it propagated over the coastal ocean,
with a speed of less than 2.5 m s~!. Previous idealised
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Fig. 1. Comparisons between the MC2-L track (crosses)
simulation, with the MC2-SST simulation (open circles)
and the JTWC-reported storm track (closed circles). The
integration is from 0000 UTC 4 September to 1800 UTC 7
September, with the 6-hour interval indicated.
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Fig. 2. SST difference during the passage of typhoon Sin-
laku (7 September minus 31 August). SST data is from the
50 km Sea Surface Temperature Global dataset (SST50)
from NOAA http://www.saa.noaa.gov/. It is a composite
gridded-image derived from 8-km resolution global SST
Observations and is generated twice weekly (Tuesday and
Saturday) on a global scale by NOAA. The contour inter-
val is 0.5°C.

Table 1. List of experiments conducted.
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and real case studies show that slow-displacement ty-
phoons, with a shallow ocean mixed layer depths, can
produce SST cooling along their storm tracks (Bender
and Ginis, 2000; Chan et al., 2001). This is also re-
flected in the satellite data of Sinlaku. As shown in
Fig. 2, during the passage of Sinlaku, an obvious SST
cooling area extends from south to north along China’s
eastern coastal waters, with the maximum SST cool-
ing of —3.4°C located between the Yellow Sea and the
East China Sea.

2.3 Ezxperimental design

All of the experiments are listed in Table 1. The
control run, denoted MC2-L, is carried out with the
MC2 model with a horizontal resolution of 0.25° x
0.25° and the model domain described above, us-
ing CMC analysis data to provide initial and lateral
boundary conditions, as well as the SST field at the
initial time (0000 UTC 4 September). The SST field in
MC2-L is time-invariant during the whole integration
period. The sensitivity experiment denoted MC2-SST
is performed in manner as the simulation MC2-L, but
with 1°C reduction in SST in the coastal water region
of 24°N-34°N, 120°E-130°E. The reduced SST region
is chosen according to Fig. 2. According to Zhang and

Experiment name Description

MC2-L
MC2-SST

Simulations by 0.25° x 0.25° MC2 model, with time-invariant SST
Same as MC2-L but for 1°C reduction of SST in the region of 24°-34°N, 120°-130°E,

during the whole integration time

MC2-H

Same as MC2-L, but for a finer resolution of (1/6)° x (1/6)°,

with the domain of 17°-37°N, 113.5°-136°E.

Wang (2003), changing the vertical resolution has sig-
nificant effects on hurricane intensity and structure.
In order to investigate the influence of model reso-
lution on the typhoon simulation, especially on air-
sea heat fluxes, a third sensitivity experiment denoted
MC2-H is performed using a finer horizontal resolu-
tion of (1/6)° x (1/6)°, with a domain of 17°N-37°N,
113.5°E-137°E. The three experiments are integrated
from 0000 UTC 4 September to 1800 UTC 7 Septem-
ber 2002.

3. Simulation results
3.1 Overview of the simulated typhoon results

The evolutions of minimum sea level pressure
(MSLP) and maximum surface wind speed (Vipax) of
Sinlaku from the JTWC and the three experiments are
plotted in Figs. 3a and 3b, respectively. The large dif-
ferences between the JTWC and the simulations at the
initial time in the figures are because of the weak initial

vortex in the CMC analysis data. In other studies, the
initial vortex provided by the large-scale analysis data
is often too weak, and sometimes misplaced (Zou and
Xiao, 2000). Many successful simulations, including
prediction of cyclone intensity and track, were carried
out by implanting a bogus vortex into the large-scale
analysis of the initial state (Lord, 1991; Kurihara et
al., 1993). There is no bogus vortex in the three exper-
iments in the present study, because the bogus technol-
ogy for improved typhoon simulation is not the focus
of this paper. The reader is directed to Zou and Xiao
(2000) for more details concerning the bogus data as-
similation scheme.

The spin up of the simulation is quite fast. For ex-
ample, within 18 hours, the MSLP simulated by MC2-
L drops from 991 hPa to 980 hPa with Vj,.x increasing
from 19 ms~! to 26 m s~!. The simulated typhoon in
MC2-L reaches its peak MSLP and V. at 1800 UTC
6 September and 0400 UTC 6 September, respectively,
with the values of 961 hPa for MSLP and 31 ms™!
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Minimum Sea Level Pressure (hPa)

Integration hour from 0000 UTC 4 Sep.

Fig. 3. Time series of (a) minimum sea level pressure (MSLP) in hPa, (b) maximum 10-m wind (Viax) in ms™,
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for Vinax- The simulated typhoon weaken rapidly after
the peak intensities in the three experiments, in agree-
ment with the JTWC analysis. The MSLP difference
between MC2-L and MC2-SST becomes obvious after
12 h of integration in Fig. 3a. The cyclone is weaker in
MC2-SST, which has SST cooling. The biggest differ-
ence in MSLP between MC2-SST and MC2-L is 7 hPa
at 1800 UTC 6 September. The V.. is also lower
in MC2-SST than in MC2-L. The biggest difference
in Vipax between MC2-SST and MC2-L is —4 m s~}
at 0000 UTC 7 September. Compared with MC2-L,
more accurate typhoon intensity is presented by MC2-
SST during the typhoon’s landfall. There is no obvi-
ous MSLP difference between MC2-H and MC2-L be-
fore landfall. With finer resolution, MC2-H produces
higher Vi .x than MC2-L. For example, the Vi,., dif-
ference between MC2-H and MC2-L at the time of the
peak wind of MC2-H is 5 m s~ 1.

Comparisons between the JTWC, MC2-L and
MC2-SST storm tracks are shown in Fig. 1. The MC2-
H track is similar to that of MC2-SST, and therefore it
is not shown in the figure. Slight initial differences at
0000 UTC 4 September result from analysis discrep-
ancies between the JTWC and CMC analysis low po-
sitions. Thereafter, the typhoon propagation tracks in
the simulations are similar to the JTWC results before
7 September. The typhoon in MC2-L moves faster af-
ter 7 September as it approaches landfall, and finally
goes more inland than the JTWC analysis. Mean-
while, MC2-SST and MC2-H present similar tracks as
that of the JTWC analysis, especially when approach-
ing landfall and after.

3.2 Horizontal distribution of surface wind field

The blended winds, combining QuikSCAT and
National Centers for Environmental Prediction anal-
ysis wind fields (QUIKSCAT/NCEP), available from

http://www.ssmi.com/qscat/scatterometer_data_daily.

html, depicts a well-organized circular wind field

around the central eye region at 2100 UTC 6 Septem-
ber (see Fig. 4a). The wind speed around the eye is
greater than 15 m s~!. The maximum wind speed
(>40 m s™1) occurs in the southeast quadrant of the
cyclone. The simulation results for 10-m wind fields
from the three experiments are shown in Figs. 4b—4d,
respectively. They present a well-defined and asym-
metric wind structure converging cyclonically towards
the bigger eyes. Compared with Fig. 4a, the model
produces lower surface maximum wind. All of the
maximum wind speeds in the three experiments are
less than 35 m s~!. With finer resolution, MC2-H
represents clearly the high-speed wind belt with a
maximum value of 33 ms~! in the southeast quadrant
of the cyclone.

3.3 Vertical cross section

Figure 5 depicts the vertical distributions of rela-
tive humidity and air temperature along the east-west
oriented line through the eye of Sinlaku at integration
hour 48 for the three experiments. The eye extends up
to 200 hPa and has a radius of about 50 km. The rel-
ative humidity is more than 95% in the eye wall, from
the surface to the middle troposphere. The eye is rel-
atively dry in the troposphere, with relative humidity
about 80% in the low level and 20% in the upper level.
The warm core structure from the surface to 400 hPa in
the eye is obvious. There are some differences between
Fig. ba (MC2-L) and Fig. 5b (MC2-SST). The warm
core in the boundary layer in MC2-SST is weaker than
that in MC2-L. For example, the air temperature at
900 hPa in the eye in MC2-SST is about 2.5°C lower
than that in MC2-L. The eye wall is slightly dryer in
the middle and upper troposphere in MC2-SST than
in MC2-L. When the model horizontal resolution in-
creases from 0.25° x 0.25° to (1/6)° x (1/6)°, the sim-
ulation MC2-H presents a narrower and a more com-
plicated eye wall than MC2-L or MC2-SST.

Similar cross sections for potential temperature are
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Fig. 4. Surface wind field at 2100 UTC 6 September from (a) QUIKSCAT /NCEP blended wind
fields (http://www.ssmi.com), (b) MC2-L, (c) MC2-SST, and (d) MC2-H. (Units: ms™1).

shown in Fig. 6. The potential temperature in the eye
is relatively high at the low-level (>365K), and slightly
lower in the mid and upper troposphere with a nearly
constant value in the vertical. Compared with MC2-L
and MC2-H, MC2-SST has lower potential tempera-
ture in the eye and surrounding area. This reduction
in warm-moist air in MC2-SST is likely related with
the less sensible and latent heat fluxes from the ocean
to the typhoon eye, which will be discussed in the fol-
lowing section.

3.4 Surface latent and sensible heat fluxes

Spatial distributions of the latent heat flux at inte-
gration hours 24,48, and 72 for the three experiments
are shown in Fig. 7. Corresponding sensible heat fluxes
are shown in Fig. 8. The latent heat flux, which has al-
ready been shown to be a dominant forcing in the de-
velopment of mesoscale structures in the marine atmo-
spheric boundary layer (MABL) (Warner et al., 1990),
has dominant over sensible heat flux during the whole
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Fig. 6. As in Fig. 5, but for potential temperature (Unit: K). The contour interval is 5 K.

integration stage for the three experiments. The spa-
tial structures of latent and sensible heat fluxes are
similar to the low-level wind structure. In the eye re-
gion, the underlying ocean provides much less surface
flux to the storm due to low wind speeds there. Sur-
rounding the eye, large quantities of surface heat fluxes
are emitted from the ocean to the cyclone, because
of the high-speed winds. The boundary of the eye is
characterized by a high horizontal heat flux gradient.
Inside the wall, the high heat fluxes belts are mostly
biased to the maximum wind speed belts. The cyclone

obtains more surface heat fluxes at 48 h than at 24 h or
72 h, due to the higher wind speed combined with the
higher air-sea temperature difference at 48 h (figure
not shown).

Less latent heat and sensible heat flux are provided
to the cyclone by the underlying ocean in MC2-SST.
For example, the maximum latent heat fluxes for MC2-
L at 24 h, 48 h and 72 h are 840, 1040, and 950 W
m~2, respectively, compared to 640, 780, and 720 W
m~2 for MC2-SST. The only difference between MC2-
L and MC2-SST is the reduced SST field in MC2-SST.
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Fig. 7. Latent heat fluxes at 24 h for (a) MC2-L, (b) MC2-SST and (c) MC2-H. Here (d), (e), (f) and (g),

(h), (1) are the same as (a), (b), (c), but for 48 h, 72 h respectively. The cross marks in the plots are the cyclone
centre. The unit of latent heat flux is W m™2. The contour interval is 200 W m™~?.

Therefore, the SST cooling induces less surface heat
flux from the ocean to the cyclone, and has a damping
effect on the cyclone intensity (see Fig. 3).

By comparison, more surface heat flux is emitted
from the ocean surface to the cyclone in MC2-H, than
with MC2-L. For example, the maximum latent heat
fluxes for MC2-H at 24 h, 48 h and 72 h are 900, 1320,
and 1160 W m~2, respectively.

Figure 9 shows the cross sections of 10-m wind, sea-
air temperature difference and sea-air specific humid-
ity difference at 2 m, and surface heat fluxes along the

east-west oriented line through the eye of the typhoon
after integration, for the three experiments. The spa-
tial distributions of surface heat fluxes are mainly de-
cided by the wind structure. In the typhoon eye (near
125°E), the near-zero surface heat fluxes are related
to the calm wind. In the wall region, the highest heat
fluxes correspond to the strongest wind peak in the
wall. At the same time, the sea-air differences in Figs.
9b and 9c are smaller in the eye and larger in the wall,
and these are also conducive to the surface heat spatial
distributions. It is obvious that, compared with
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Fig. 8. As in Fig. 7, but for sensible heat flux. The contour interval is 100 W m ™2,

MC2-L, the surface heat fluxes provided to the cyclone
are lower in MC2-SST due to the weaker surface wind
speed and smaller sea-air differences. There is no no-
table difference between MC2-L and MC2-H for sea-air
difference in the wall region in Figs. 9b and 9c. How-
ever, MC2-H produces stronger surface winds in the
wall than MC2-L, which induces higher surface heat
fluxes than MC2-L.

4. Discussion and conclusion

Three experiments are performed in this study us-
ing the Canadian MC2 atmospheric model: (1) control

run denoted MC2-L, (2) 1°C cooler SST run denoted
M(C2-SST and (3) finer horizontal resolution run de-
noted MC2-H. This paper demonstrates that even run-
ning at the relatively low resolution of 0.25° x 0.25°
in MC2-L, the MC2 model is capable of simulating
the development and most of the mesoscale features of
typhoon Sinlaku, 2002. These include the rapid deep-
ening, the central low pressure, and the structure of the
eye and the eye wall. With the finer horizontal resolu-
tion of (1/6)° x (1/6)°, the model produces higher sur-
face wind and a slightly more complex cyclone vertical
structure. Another interesting issue is the sensitivity
of the typhoon evolution to SST cooling. It is found
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that surface heat fluxes have a substantial influence
on the a slow-moving cyclone throughout its lifecycle.
When the SST in the East China coastal ocean be-
comes 1°C cooler, less surface heat fluxes are provided
to the cyclone from the underlying ocean, leading to
less warm-moist air inside the cyclone. The cyclone
is weakened by 7 hPa at the peak time, and shows a
more accurate storm track before and after landfall. A
more detailed investigations of the sea-air interactions
during cyclone conditions should be performed using
a composite atmosphere-ocean coupled model, follow-
ing the experiments performed by Bender and Ginis
(2000).
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