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Abstract: This study investigates the impact of the sea surface temperature (SST) on the forecast
of two typhoons, which consecutively hit South Korea in 2020. SST data were obtained from the
Daily Optimum Interpolation Sea Surface Temperature (OISST) version 2 and HYbrid Coordinate
Ocean Model/Navy Coupled Ocean Data Assimilation (HYCOM/NCODA; GLBy0.08/expt_93.0).
When verified using in situ observational data, the OISST data did not accurately estimate the
changes in SST during each typhoon’s landfall period compared to the HYCOM data since it has
a relatively low temporal resolution. To investigate the impact of these two SST data on typhoon
forecasts, we conducted sensitivity experiments using the Weather Research and Forecasting (WRF)
model. The results showed that simulated typhoon intensities were significantly improved in the
simulations with HYCOM data (HY runs), while typhoon track forecast performances were similar in
both runs. In addition, the forecast performances of the maximum wind speed at 10 m during the
typhoon landfall period were improved in the HY runs. Therefore, this study showed that the overall
typhoon intensity and forecast performances during the landfall period could be improved when the
higher temporal-resolution SST data were prescribed in the model boundary conditions for a better
representation of typhoon-induced SST changes.

Keywords: typhoon forecasting; sea surface temperature; OISST, HYCOM

1. Introduction

Typhoons are one of the most dangerous natural disasters to coastal regions. Strong
winds, heavy rainfall, and storm surges, which are characteristic of strong typhoons, can
cause huge socio-economic losses whether they occur separately or together [1-3]. Many
previous studies have expected that sea surface temperature (SST), ocean heat content
(OHC), atmospheric temperature, and water vapor, all of which affect typhoon activities,
could be changed to favorable conditions for typhoon development or intensification under
global warming [4-6]. In addition, even some recent studies projected that the possibilities
of typhoon development and intensification at higher latitudes than in the past and moving
northward to mid-latitudes would also increase [7-9]. Thus, there is an increasing need for
research to reduce the damage caused by stronger and more active typhoons in the future.

In autumn 2020, consecutive typhoons, Maysak and Haishen, made landfall in the
southern part of the Korean Peninsula. Haishen moved slowly and intensified rapidly at
low latitudes with higher SSTs, moving westward first, then turning sharply northward,
and making landfall at a similar location to Maysak, but four days later. It reached Category
4 status on 3 September, but prior to landfall, it rapidly weakened to Category 2. Thus,
the two consecutive typhoons could cause more powerful damage in South Korea because
there was not enough time to restore the damage perfectly from the prior typhoon Maysak,
and another strong typhoon immediately hit Republic of Korea. If consecutive typhoons
directly hit city areas with skyscrapers or facilities such as nuclear power plants, which are
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vulnerable to typhoon-caused wind damage, at their lifetime maximum intensities (LMI),
the damage could be enormously larger. Since such strong typhoons are likely to approach
and affect the Korean Peninsula in succession in the future, it is necessary to forecast
typhoons exactly and prepare for the damage from the typhoon in advance. However,
even short-term typhoon forecast performances, particularly intensity and track for the
landfall period, are still insufficient [10,11]. In addition, the track forecast performances
were notably improved in recent decades, while the intensity forecast performances were
not significantly improved during the same period [12].

One possible reason for poor intensity forecast performance is that most studies of
short-term typhoon forecasts do not update the SST or use fixed SST with time [13-15]. Thus,
changes in SST followed by the typhoon trajectory and typhoon-induced SST changes were
not realistically reflected during the simulations. However, SST is one of the most important
factors for typhoon intensification processes since it provides energy in the form of latent
and sensible heat. In addition, many previous studies [16,17] revealed that according to
diverse properties (i.e., size, intensity, and translation speed) of the typhoons, typhoons
could cool the SSTs around them generally 5-6 °C, even up to 11 °C [18] by causing vertical
mixing and upwelling, and this cooler upper ocean environment suppresses the typhoon
development [19-21]. Thus, capturing the variations in SST realistically in the presence of
typhoons might have a significant role in typhoon intensity forecasting. Therefore, two
types of SST data were selected in this study, and the performances of two SST data were
verified for the typhoon landfall period. In addition, we prescribed each SST data for the
boundary condition of the Weather Research and Forecasting (WRF) model to investigate
the sensitivity of the SST update on the typhoon simulation.

The remainder of this study is organized as follows. Section 2 briefly describes the
model configuration and selected SST data. Section 3 evaluates the performances of the
two SST data and shows the simulation results. Finally, summary and conclusions are
presented in Section 4.

2. Model Configuration and Experimental Design

The WRF model version 4.1.2 was used to verify the impact of the different sea surface
temperature (SST) data on typhoon forecasts. The model consisted of multiple two-way
nesting fixed domains with uniform horizontal resolutions (west-east and south-north
grid points) of 12 km (491 x 501) and 4 km (841 x 871), and time steps of 60 s and 20 s,
respectively (Figure 1). The model had 35 vertical levels with the top model level at 50 hPa.
As shown in Table 1, the model utilized the Kain—Fritsch [22] cumulus parameterization
scheme, the 6 class WRF single moment microphysics (WSM6) [23] cloud microphysics
scheme, the Yonsei University planetary boundary layer scheme (YSU) [24,25], the rapid
radiative transfer model for long-wave radiation scheme [26], and the Dudhia short-wave
radiation scheme [27]. We selected those schemes because they have been widely used
in diverse study areas and have already demonstrated their good performances for East
Asian countries in previous studies [28-30].

We used the National Centers for Environmental Prediction (NCEP) FNL (final) op-
erational global analysis and forecast data with a temporal resolution of 6 h and a hori-
zontal spatial resolution of 0.25° x 0.25° as the initial conditions of the WRF model. We
selected widely used two SST data in this study, which were obtained from the Daily
Optimal Interpolation Sea Surface Temperature (OISST) version 2 [31] and from the HYbrid
Coordinate Ocean Model/Navy Coupled Ocean Data Assimilation (HYCOM/NCODA;
GLBy0.08/expt_93.0, hereafter HYCOM) [32]. The main characteristics of the two data
are summarized in Table 2. The notable differences between the two data are the different
horizontal resolutions, data provision time intervals, and the kind of satellite data used to
estimate each SST data. OISST (HYCOM) data has 0.25° x 0.25° (0.03° x 0.08°) horizontal
resolution in latitude-longitude directions and it is provided daily (3-hour intervals). When
it comes to satellite data, the Advanced Very High Resolution Radiometer (AVHRR) data
are only used as input for SST estimation in the OISST data, while diverse satellite data
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are used for SST estimation in HYCOM data. In this study, we prescribed the two data
in the WRF model at 6 h intervals, even if OISST data were not changed every 6 h. Thus,
the same SST data were used at 6 h intervals during the day when using the OISST data.
Hereafter, we refer to our model runs using the OISST and HYCOM data as the Ol and HY
run, respectively.
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Figure 1. Terrain height (m, shading) and model domains for all the simulations. Typhoon marks
represent the Regional Specialized Meteorological Center (RSMC) best tracks of typhoons Maysak
and Haishen. Filled and unfilled stars represent the Geomundo and Tongyeong stations at 34.0° N
127.5° E and 34.4° N 128.2° E, respectively.

Table 1. WRF model configuration.

Version WRF V4.1.2

Domains D01 D02

Horizontal Resolution 12 km 4 km
Grids (west-east x south-north) 491 x 501 841 x 871
Microphysics scheme WSM6
Cumulus scheme KF X
PBL scheme YSU
Long-wave/short-wave radiation scheme RRTM/Dudhia
LSM Unified Noah LSM

Table 2. Characteristics of two datasets used in this study.

OISST HYCOM
Period September 1981—present January 2003—present
Spatial Resolution o o o o
(latitude/longitude) 0.25°/0.25 0.03°/0.08
Temporal resolution Daily 3-hour intervals
AVHRR, AMSR-E, METOP-A,
Input data AVHRR, In situ GOES, MeteoSat-2, AATSR,
CDT, XBT, In situ

Agency NCEI/NOAA U.SNRL




Atmosphere 2023, 14,72

40f11

We selected two typhoons, Maysak and Haishen, that affected Korea in a row in 2020
for this study. We conducted five-day (from 00 UTC 29 August 2020 to 00 UTC 3 September
2020) and three-day (from 12 UTC 4 September 2020 to 12 UTC 7 September 2020) simula-
tions for typhoons Maysak and Haishen, respectively, to intensively analyze the forecast
performance for the landfall period. In this study, the typhoon forecast performances were
verified using the Regional Specialized Meteorological Center (RSMC) best track (BST)
data, and the BSTs of the two typhoons with respect to the simulation period are shown in
Figure 1.

3. Results

To compare the accuracy of satellite-based (OISST) and model-reanalysis (HYCOM)
data, we used in situ SST observations around each typhoon’s landfall period at two buoy
stations close to each typhoon pathway (Figure 2a,d). Figure 2a,d show SST fluctuations in
OISST and HYCOM data while the two typhoons approached and passed by each buoy
station. Also, Figure 2b,e show the differences in SST between the HYCOM and OISST
data for Maysak (09 KST 3 September 2020; 00 UTC 3 September 2020) and Haishen (21
KST 7 September 2020; 12 UTC 7 September 2020), respectively. Overall, the HYCOM data
provided every three hours reflected relatively well the pattern of changes in SST compared
to the OISST data. The typhoon-induced SST cooling when the typhoon approached and
passed near the buoy was realistically reflected in both typhoon cases in HYCOM data,
while OISST data showed relatively little change in SST for that period (Figure 2a,d). We
also analyzed the averaged SST differences between the HYCOM and OISST data for entire
simulation hours (Figure 2c¢,f) with the BSTs of two typhoons. The result showed that the
HYCOM data had a lower SST than the OISST data, south of 30° N, and especially around
the typhoon track. In particular, in the case of Haishen, the largest differences in SST (SST >
4 °C cooler for HYCOM than OISST) occurred at 22° N 130° E to 26° N 133° E, possibly
due to the slow translation speed of the typhoon at that time, or the typhoon-induced
SST cooling at different locations in the two datasets. In addition, in both typhoon cases,
the meridional gradient of the SST difference between the two data seemed large because
relatively higher SST was distributed north of 30° N in the HYCOM data than in the OISST
data, but not in the subtropical region where the typhoon-induced SST cooling was reflected
in the HYCOM data.

To find out how the different SST distributions of these two data affect typhoon fore-
casts, both data were prescribed as boundary conditions in the WRF model at 6 h intervals.

Figure 3 shows the track and intensity forecast results for typhoons Maysak (Figure 3a—c)
and Haishen (Figure 3d—f) in the OI and HY runs. In both typhoon cases, track forecast
performances were similar in the Ol and HY runs. However, intensity forecast performances
were improved in the HY runs. Due to higher SSTs around the typhoons in the OISST data
(Figure 2c¢,f), the simulated typhoons tended to be over-intensified in the OI runs compared
to the BSTs and HY runs. The differences in intensity forecasts between the two runs were
more considerable in the Haishen case. In the case of Haishen, the maximum differences in
minimum sea level pressure (MSLP) and maximum wind speed at 10 m (MWS) between
the two runs were 34 hPa at 18 UTC 5 September 2020 (30 h forecast) and 20 m s~1at
12 UTC 5 September 2020 (24 h forecast), respectively. Notably, despite Haishen being in
the weakening stage, the simulated typhoon was strengthened up to 30 h forecasts in the OI
run. Whereas in the HY run, the simulated typhoon was weakened with similar intensity
to that reflected in the BST data. Due to this, typhoon intensity forecast performance at the
landfall time in Korea (00 UTC 7 September 2020) was highly improved compared to the
Ol run.
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Figure 2. Time series of SST (°C) variations at the times when typhoons (a) Maysak and (d) Haishen
passed near the Geomundo (34.0° N 127.5° E; 22103) and Tongyeong (34.4° N 128.2° E; 22188) stations.
Blue: OISST; red: HYCOM,; black: in-situ data. The OISST data are only provided in daily intervals
and displayed SST values from OISST data were the same during the day regardless of the displayed
time. Horizontal distribution of the difference in SST (°C, shading) between HYCOM and OISST data
for typhoons (b) Maysak at 00 UTC 3 September 2020 and (e) Haishen at 12 UTC 7 September 2020.
Star mark represents each buoy station, respectively. Horizontal distribution of average difference
in SST (°C, shading) between HYCOM and OISST data for the entire forecast time for typhoons
(c) Maysak and (f) Haishen. Typhoon marks represent the Regional Specialized Meteorological Center
(RSMC) best tracks of typhoons Maysak and Haishen, respectively.

Figure 4 shows the simulated outgoing longwave radiation (OLR) in the OI and
HY runs for typhoon Haishen at 00 UTC 6 September 2020 (36 h forecast) compared
to the satellite image from the University of Wisconsin-Madison, Cooperative Institute
for Meteorological Satellite Studies (CIMSS; available at https://tropic.ssec.wisc.edu/
#SPECIAL, accessed on 28 April 2020). It seemed that the simulated typhoon eye was
distinctive and convections near typhoon center were considerably stronger in the OI run
than in the HY run and satellite image. In addition, it seemed that the simulated typhoon
eye in the OI run was considerably notable, and it was surrounded by stronger and more
symmetric eyewall than in the HY run and satellite image. In addition to the differences
near typhoon center, convections located southeast of the typhoon were more organized in
the OI run because of the higher SSTs at <30° N. Similarly, for Maysak, simulated typhoon
eye size and structure were the largest and strongest, respectively, in the OI run (not shown).
In both typhoon cases, there were no distinct OLR differences found over the ocean or land
far from the typhoons (not shown).

Additionally, the simulated 30 kt wind radius of typhoon (R30) at the same period in
the OI and HY runs were 640 and 600 km, respectively. When comparing the typhoon size
with RSMC BST data, the shortest radius of 30 kt winds of the typhoon was about 602 km
at that time. It seemed that in HY runs, typhoon intensity simulation and its weakening
trend could be improved, as well as typhoon size and structure, through more realistically
reflected typhoon-induced SST cooling.
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Figure 3. Simulated (a), (b) track; (c,d) minimum sea-level pressure (hPa; MSLP); and (e,f) maximum
wind speed at 10 m (m s~!; MWS) for typhoons Maysak (initialized at 00 UTC 29 August 2020;
five-day runs) and Haishen (initialized at 12 UTC 4 September 2020; three-day runs), respectively.
Black: the Regional Specialized Meteorological Center (RSMC) best track (BST) data; blue: OI run;
red: HY run.

(b) (c)

Latitude
Latitude

120°E  125°€E  130°E  135°E  1M0E 145°E 120 125 130°E  13S'E  140°E  14S°E

Longitude Longitude

Figure 4. (a) Satellite infrared (IR) image (available at https://tropic.ssec.wisc.edu/#SPECIAL
(accessed on 28 April 2020)) and simulated outgoing longwave radiation (W m~2, shading; OLR) in
the (b) HY and (c) OI runs for typhoon Haishen at 00 UTC 6 September 2020.
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To find out how different SST data greatly influenced the typhoon intensity forecasts
in the two runs, we compared the SST data for the initial 24 h forecast (from 12 UTC
4 September to 12 UTC 5 September 2020; Figure 5). In the case of HYCOM data, SST
changed every 3 h, hence the SST data shown in Figure 5a,c,e were different. Moreover,
typhoon-induced SST cooling occurred followed by the movement of the typhoon, and
it seemed that the cold SST anomalies, the so-called cold wake, gradually strengthened
over time. A few days later, the strengthened negative SST anomaly in the HYCOM data
weakened (12 UTC 6 September 2020; not shown). However, for the same period, SST
changed only once in the OISST data (Figure 5d). Unlike the HYCOM data, the OISST
data showed strong SST cooling in a small elliptical area east of the typhoon, far from its
trajectory; this was maintained since 00 UTC 5 September 2020 (Figure 5d). This cold wake
area in the OISST data disappeared 60 h later at 00 UTC 7 September 2020 (not shown).
Similarly, for Maysak, typhoon-induced SST cooling was not realistically reflected in the
OISST data (not shown).
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Figure 5. Horizontal distribution of SST (K, shading) in the (a,c,e) HYCOM and (b,d,f) OISST data
from 12 UTC 4 September to 12 UTC 5 September 2020 at 12 h intervals. Time series of averaged
() SST (K) and (h) upward moisture flux (g m~2 s~!; MFX) near typhoon Haishen from 00 UTC
5 September 2020 to 12 UTC 6 September 2020. Blue: OI run, red: HY run. Black marks represent
typhoon location at that time.

The reason why the OISST data showed an inaccurate cold wake that deviated from
the actual typhoon trajectory might be due to the relatively low horizontal resolution,
production of daily mean SST data, and usage of only one satellite data (i.e., AVHRR) for
SST estimation. In particular, it is known that the SST estimation from infrared satellite
instruments such as AVHRR can only be exactly obtained in clear-sky conditions since
cloud-contaminated data are often difficult to identify by infrared radiation [31,33]. There-
fore, the inaccurate location or strength of typhoon-induced SST cooling in the OISST
data seemed strongly related to the production of daily mean SST data using a somewhat
imperfect SST estimation technique.

Figure 5g,h show the time series of averaged SST and upward moisture flux (MFX)
within a radius of 300 km from the simulated typhoon Haishen center in both runs when
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differences in simulated typhoon intensity between the two runs were significant (from 12 h
to 48 h forecast; from 00 UTC 5 September 2020 to 12 UTC 6 September 2020). As shown in
Figure 5a—f, the simulated typhoon in the OI run moved far from the region with significant
cold SST anomalies after the 12 h forecast, moving northward to the mid-latitudes through
zones of declining SST. Due to this, SSTs were relatively warmer near the typhoon in the
OI run than in the HY run; up to 48 h forecast, the largest difference in SST between the
two runs was 2.9 K (at 18 h forecast). The surface sensible heat flux (SHF) and latent
heat flux (LHF), which were heat extracted from the ocean and heat extracted from the
ocean when seawater evaporates, respectively, were also larger in the OI run (not shown).
Bongirwar et al. (2011) [34] obtained similar results that simulated typhoon intensities were
significantly affected by the total heat flux. In addition, SST also affects the MFX near the
typhoon. The simulated MFX values showed a similar trend (in Figure 5h) to that shown
in Figure 5g. In the OI run, the warmer SST around the typhoon produced a larger MFX:
the typhoon’s wind field increased the MFX vertically, generating stronger convection, and
thus developing a far stronger typhoon than in the HY run.

In addition, as shown in Figure 2f, the significant meridional gradient in the difference
in SST between the HYCOM and OISST datasets for the entire simulation was due to the
relatively strong typhoon-induced SST cooling for the subtropical region reflected in the
HYCOM data. Thus, the wide range of subtropical region cold SST anomalies produced a
substantially lower meridional SST gradient in the HYCOM data. Therefore, the HY run
showed less variation in average SST near the typhoon than the OI run (Figure 5g).

Figure 6 shows the maximum value of the MWS from the Korea Meteorological
Administration (KMA) Automated Synoptic Observing System (ASOS) observation data
for the 12 h periods centered on the times when typhoons Maysak and Haishen were
closest to the Korean Peninsula (18 UTC 2 September 2020 and 12 UTC 6 September 2020,
respectively). Since both typhoons passed through the southern part of the country and
over the sea to the east of the peninsula, a very strong MWS was observed mainly along
the south and east coast during the time directly affected by the typhoons. We evaluated
the forecast performances of the two runs compared to all ASOS stations and the area
where the wind from the typhoon was particularly strong. We used percent bias (PBIAS) to
compare the overall results of the two runs. PBIAS measures the average tendency of the
simulated values to be larger or smaller than the observed values. It can be calculated as
follows (Equation (1)):

YN, (F—0;)

N

i=1 Oi

PBIAS = 100 @
where F; is the simulated value and O; is the observed value. The overall result showed
that the OI run had a tendency to overestimate the MWS until landfall compared to the HY
run and observation data. Although the HY runs also tended to overestimate the MWS
to some extent compared to the observations, they improved by about 3% compared to
the forecast performances of the OI run for both typhoon cases. In addition, both runs
overestimated the MWS substantially for typhoon Haishen, which has a much stronger
LMI compared to typhoon Maysak.

Table 3 shows the forecast performances of the MWS in both runs for the top 10% of
ASQOS stations, which recorded the highest MWS values during each typhoon’s landfall
period. Similar to its overall forecast performance, the OI runs tended to overestimate the
MWS for the top 10% of ASOS stations, by 1.10 and 3.50 m s~! for typhoons Maysak and
Haishen, respectively. In the HY runs, the simulated MWS was slightly underestimated
by —0.14 m s~! for Maysak and somewhat overestimated by 2.52 m s~! for Haishen, but,
overall, forecast performances of the MWS were better than that of the OI run. Moreover, for
both typhoons, the root mean square error (RMSE) of the HY run is lower than that of the
OI run, suggesting that the overall prediction accuracy of the HY run was relatively high.



Atmosphere 2023, 14,72

9o0f 11

(@)

Latitude

42°N

40°N —

36°N —

32°N -

(b) 42°N —
40°N 10
9
8
.,.'.. \.\ % 38°N | ° 1,:o ... )
v - L -
Sl g : P e :
© ° (1) 4 $e0
% 30 ® 00 - 3N % e ‘e e a
? < o b 8°¢¢L%e o, ® )
. Pl ‘e © V0% ¢ 3
..' Qe o 5% e N
34N 1
.._,- ... 0
. . A . 32N ‘
124°E 126°E 128°E 130°E 132°E 124°E 126°E 128°E 130°E 132°E
Longitude Longitude

Figure 6. Spatial distributions of observed maximum wind speed at 10 m (MWS) for typhoon
(a) Maysak from 12 UTC 2 September 2020 to 00 UTC 3 September 2020 and (b) Haishen from 06
UTC 6 September 2020 to 18 UTC 6 September 2020.

Table 3. Comparison of simulated maximum wind speed at 10 m (MWS) during the typhoon landfall
period for the top 10% of the observation in the OI and HY runs.

o1 HY

Bias 1.10 —0.14

Maysak RMSE 426 3.18
Haidh Bias 3.50 252
aishen RMSE 439 3.55

4. Summary and Conclusions

This study investigated the impact of the SST update on typhoon forecasts. Compared
with the in situ SST data for typhoons Maysak and Haishen landfall periods, the daily
average OISST data did not accurately reflect typhoon-induced changes in SST, whereas
the HYCOM data in 3 h intervals realistically estimated typhoon-induced SST cooling.
Furthermore, the typhoon intensity forecast performances in the HY runs were similar to
that obtained in the BST data. On the other hand, simulated typhoon intensities tended to
be over-intensified in the OI runs due to the unrealistic warm SSTs around the typhoon’s
pathway. In addition, the overall forecast performances of simulated MWS during each
typhoons’ landfall period were improved in the HY runs compared to the OI runs. There-
fore, this study showed that in order to improve the typhoon intensity and overall typhoon
forecast performances during the typhoon landfall period, it is important to provide the
SST data frequently for a more realistic representation of SST variation by typhoons.

The limitation of this study mostly lies in prescribing SST without directly forecasting
it. For this reason, the atmospheric—ocean interaction was not realistically reflected in
the simulation results. In addition, if the typhoon track was unrealistically simulated,
the realistic typhoon-induced SST changes were also not reflected in the typhoon track.
Thus, it was difficult to conduct a study on various typhoon cases. As a result, this study
only dealt with typhoons Maysak and Haishen, which showed at least a similar typhoon
track compared to the BST data. Therefore, to increase the reliability of the results of this
study, it is essential to study various typhoon cases, and it is necessary to investigate the
impact of sophisticated SST data on the mid-term (more than 5 days) typhoon forecast.
Recently, [35] suggested the new approach to provide the effect of the atmospheric-ocean
coupled model for typhoon forecasting using the atmosphere-only model. This could help
to overcome the limitations of imperfect SST around typhoons in the atmosphere-only
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model without prescribing SST data. An atmospheric—ocean coupled model for selected
typhoon cases in this study can also overcome the limitations caused by SST prescription.
Furthermore, meaningful results will be derived by exploring the impact of TC-induced
SST cooling on subsequent typhoons. In addition, we used OISST data, even if the SST
estimation of OISST was only exactly obtained in clear-sky conditions. Nevertheless, since
many studies have used daily mean OISST data, not only for typhoon forecasting but also
for the analysis of typhoon-induced SST cooling [36-39], this study could provide some
perspectives (e.g., the importance of higher temporal-resolution of SST data for typhoon
forecast) for improvements in typhoon forecast performance.
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