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ABSTRACT: This study evaluated tropical cyclone (TC) activity simulated by two regional climate models (RCMs)
incorporated in the Coordinated Regional Climate Downscaling Experiment (CORDEX) framework with two different
horizontal resolutions. Evaluation experiments with two RCMs (RegCM4 and MMS5) forced by reanalysis data were
conducted over the CORDEX-East Asia domain for phases I and II. The main difference between phases I and II is
horizontal resolution (50 and 25 km). The 20-yr (1989-2008) mean performances of the experiments were investigated in
terms of TC genesis, track, intensity, and TC-induced precipitation. In general, the simulated TC activities over the western
North Pacific (WNP) varied depending on the model type and horizontal resolution. For both models, higher horizontal
resolution improved the simulation of TC tracks near the coastal regions of East Asia, whereas the coarser horizontal
resolution led to underestimated TC genesis compared with the best track data because of greater convective precipitation
and enhanced atmospheric stabilization. In addition, the increased horizontal resolution prominently improved the simulation
of TCs landfalling in East Asia and associated precipitation around coastal regions. This finding implies that high-resolution
RCMs can improve the simulation of TC activities over the WNP (i.e., added value by increasing model resolution); thus, they
have an advantage in climate change assessment studies.
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1. Introduction

Tropical cyclones (TCs) are among the most destructive
natural disasters in the world and are accompanied by strong
wind gusts, heavy precipitation, and storm surge. Around 90
TCs occur worldwide in the various basins every year, of which
about 25 to 30 occur in the western North Pacific (WNP).
Strong TCs develop more frequently in the WNP than in other
basins (Mendelsohn et al. 2012; Peduzzi et al. 2012; Woodruff
et al. 2013). Moreover, stronger TCs have struck the East
Asian countries in the recent decade (Park et al. 2014).
Therefore, accurate prediction of TC activity is a crucial issue
because of the extensive casualties and property damage
caused by TCs in East Asia (Park et al. 2015; Zhang et al. 2009).

Global climate models (GCMs) can reproduce TC-like
structures comparable with observations to some extent
(Bengtsson et al. 1982; Camargo 2013; Manabe et al. 1970;
Vitart et al. 1997). Nevertheless, it is difficult for GCMs to
realistically simulate the intensity and size of a TC because of
the coarser horizontal resolution. To resolve these drawbacks,
high-resolution GCMs have been used in many previous
studies (Bacmeister et al. 2018; Gualdi et al. 2008; H.-S. Kim
et al. 2014; Manganello et al. 2012; Oouchi et al. 2006; Wehner
et al. 2014). However, a compromise between the model res-
olution, simulation period, and physical complexity is inevitable
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because of the limitations of computational resources (Murakami
et al. 2013; Strachan et al. 2013). To complement the short-
comings of GCMs, dynamical downscaling of GCMs with
higher-resolution regional climate models (RCMs) has been
widely used to study TC climatology and future projections,
because this method can reproduce more detailed structures or
intensities of TCs in a region of interest (Barcikowska et al.
2017; Camargo et al. 2007; Cha et al. 2011; Emanuel et al. 2008;
Knutson et al. 2007; Lee et al. 2013; Redmond et al. 2015;
Zhang and Wang 2017).

However, using a single RCM may cause inherent uncer-
tainties and systematic errors (Emanuel 2013). To reduce the
disadvantages of using a single RCM, multi-RCMs have been
used for the dynamical downscaling of GCMs (Christensen
et al. 2007, Frei et al. 2006; G. Kim et al. 2014). For instance, the
Coordinated Regional Climate Downscaling Experiment
(CORDEX) organized by the World Climate Research
Programme (WCRP) has been conducted to produce a quality-
controlled dataset of climate change information generated
by a multi-GCM/RCM matrix (Giorgi et al. 2009). CORDEX
has standard settings for 14 continent-scale domains of inter-
est to facilitate intermodel comparison (Zou et al. 2016).
CORDEX-East Asia is the East Asian branch of the CORDEX
initiative. The CORDEX-East Asia domain includes most East
Asian countries, India, and the western Pacific Ocean, which is
appropriate to simulate TCs over the WNP. Phase 1 (EAS44)
covering the East Asian domain with a 50-km horizontal
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resolution was already completed, and phase IT (EAS22) has
recently been conducted at 25-km horizontal resolution. In
South Korea, five RCMs have been incorporated in the
CORDEX-East Asia project in each phase [the HadGEM3-
RA, Mesoscale Model version 5 (MMS5), Regional Climate
Model version 4.0 (RegCM4), Weather Research and Forecasting
version 3.7 (WRF), and Global/Regional Integrated Model sys-
tem (GRIMs) for phase I, which was replaced with the Consortium
for Small-scale Modeling (COSMO)-Climate Limited-Area
Modeling (CCLM) for phase II].

To generate reliable future climate change information for
decision-making procedures, RCM performance should be
evaluated for the present climate before the RCM is used for
future projections (J. Kim et al. 2014; Oh et al. 2014; Park et al.
2016; Suh et al. 2012). Many studies have focused on precipi-
tation and temperature in the CORDEX-East Asia domain
(Choi and Ahn 2017; Huang et al. 2015; Oh et al. 2011, 2014;
Park et al. 2013; Tang et al. 2017; Wang et al. 2013; Zou et al.
2016). However, only a few studies have investigated TC ac-
tivities in the CORDEX-East Asia domain (Jin et al. 2016;
Shen et al. 2017, 2019). For example, Jin et al. (2016) evaluated
simulated TC activities over the WNP from the five RCMs in
CORDEX phase I, and Shen et al. (2019) conducted a test of
the sensitivity of simulated TCs to five convection schemes
using the WRF model forced by reanalysis data under the
CORDEX-East Asia phase II framework. However, no studies
have evaluated TC activity over the WNP simulated by the MMS5
and RegCM4 in the CORDEX phase II framework and com-
pared simulated TC activity between phases I and II.

One of the advantages of RCMs is added value such as im-
proved simulations of extreme events and mesoscale features,
which cannot be resolved by GCMs because of the relatively
coarse model resolution. Increasing model resolution can be a
crucial issue in regional climate modeling; therefore, the effects
of model resolution on TC simulation have been investigated
in the last few decades (Bhaskar Rao et al. 2009; Gualdi et al.
2008; Jin et al. 2014; Murakami and Sugi 2010; Walsh et al.
2013; Wehner et al. 2015; Zhou and Mu 2012). In previous
studies, higher horizontal resolution in models could more
reasonably reproduce the characteristic of TCs such as track
density, duration, and intensity (Fuentes-Franco et al. 2017,
Wehner et al. 2014). In addition, Strachan et al. (2013) high-
lighted that increased model resolution had a notable impact
on storm intensity, but less significant impact on TC frequency.
A number of previous studies have shown the importance of
added value by increasing model resolution in RCM simula-
tions (Bozkurt et al. 2019; Di Luca et al. 2012; Kanamitsu and
DeHaan 2011; Lucas-Picher et al. 2012). Similarly, in this
study, the added value of finer horizontal resolution is evalu-
ated for TC simulation over the WNP compared with coarser
horizontal resolution.

In this study, the performances of two RCMs (RegCM4 and
MMS5) incorporated in CORDEX-East Asia phase I as well as
phase II are evaluated, and the impact of the increased hori-
zontal resolution is also investigated in terms of overall TC
activity and the characteristics of TCs landfalls in coastal re-
gions of East Asia. The dataset, models, and analysis methods
are described in section 2. In section 3a, we discuss TC activity
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in terms of TC formation, tracks, frequency, duration, and in-
tensity. In section 3b, TC-induced precipitation is presented
based on the first landfalls of TCs. Finally, section 4 provides a
summary of the results and discussion.

2. Data and methods
a. Data

In this study, the best track dataset from the Regional
Specialized Meteorological Center (RSMC) Tokyo-Typhoon
Center (http://www.jma.go.jp/en/typh/) was used to evaluate
the performance of each model. It contains 6-hourly latitude,
longitude, minimum central pressure, and maximum wind
speed (10-min average maximum winds) data. TC genesis is
defined as the moment that a tropical depression changes into a
tropical storm (i.e., wind speed greater than 17ms™!). In ad-
dition, all categories of TCs except tropical depressions were
included to examine the changes in TC track density (i.e.,
tropical storms, severe tropical storms, and typhoons). The
observed precipitation data were obtained from the Asian
Precipitation—Highly Resolved Observational Data Integration
Toward Evaluation (APHRODITE) 0.25° daily dataset (Yatagai
et al. 2012), which was used to evaluate the performance of pre-
cipitation simulation induced by TCs.

b. Models

Considering model consistency between CORDEX phases I
and IT and the performance for TC simulation, we selected two
RCMs (RegCM4 and MMS5) for the dynamical downscaling of
the reanalysis data. The HadGEM3-RA model was excluded
because of its unreasonable underestimation of TC activity
over most of the WNP compared with the best track data (Jin
et al. 2016). The WRF was excepted because there were sig-
nificant differences in simulated TC activities between phases |
and II. These differences were mainly attributed to the re-
placement of the convection scheme, which had significant
impacts on the simulation of TC track and intensity (Ma and
Tan 2009; Mohandas and Ashrit 2014; Shen et al. 2019;
Shepherd and Walsh 2017). Also, GRIMs in phase I and
CCLM in phase II were also excluded because of the incon-
sistency of the models.

The ERA-Interim dataset with a spatial resolution of 1.5° X
1.5° was used as the large-scale forcing of both RCMs (Dee
et al. 2011). Spectral nudging (Cha et al. 2016; von Storch et al.
2000) was applied to both RCMs to minimize the systematic
errors in the long-term simulations induced by deviation be-
tween large-scale forcing and model solutions. The nudging
was only applied for horizontal wind fields and the cutoff
wavelengths for the large-scale regimes were assumed to be
1000-1100 km. The model computational domains and con-
figuration of each RCM is described in Fig. 1 and Table 1. Most
of the dynamics and physics of EAS-44 (phase I) and EAS-22
(phase II) were similar, but there was a significant difference in
the horizontal resolution (EAS-44: 50 km; EAS-22: 25 km) and
vertical level in only RegCM4. However, vertical level had a
minor impact on TC simulation compared to the horizontal
resolution in RegCM4 (not shown). Hereafter, the RegCM4
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FIG. 1. CORDEX-East Asia domains of (a) EAS-44 and (b) EAS-22 with topography (m). Computational domains
are the whole rectangle boxes, and black dashed lines indicate analysis domains.

(MMS) of phase I at 50-km horizontal resolution is referred to
as RegCM4_EAS44 (MM5_EAS44), and the RegCM4 (MMY5)
of phase II at 25-km horizontal resolution is referred to as
RegCM4_EAS22 (MMS_EAS22). The analysis domain was
defined as 10°-55°N, 100°-155°E, which covers 85% of TC
activity over the WNP. It is one of the drawbacks of the
CORDEX-East Asia domain for TC simulation. In addition,
the simulation periods for EAS22 and EAS44 were conducted
continuously from January to December in 1979-2013 and
1989-2008, respectively. Therefore, the analysis period was set
as 20 years (1989-2008) of the June to November (JJASON)
period when most TCs over the WNP occur.

c. Methods

TCs simulated by the RCMs were identified by the following
detection and tracking method modified from Cha et al. (2011)
and Jin et al. (2016): 1) The potential storm is a local minimum
of sea level pressure. 2) The searching radius around the mini-
mum of sea level pressure is 250 km. 3) The maximum sustained

radius. 5) At 300, 500, and 700 hPa, the sum of the temper-
ature deviations exceeds 2K in searching radius. 6) The
maximum sustained wind speed at 850 hPa is larger than that
at 300 hPa in searching radius. 7) The lifetime of the TC is
longer than 2 days. 8) Tracks are traced from these identified
potential storms.

TC genesis and track densities were calculated to evaluate
the TC simulation performance, and were displayed by binning
the latitude and longitude positions into 2.5° X 2.5° grid boxes;
this process has previously been applied for the binning of TC
data (Ho et al. 2013; M. Lee et al. 2019). When a TC migrated
within the same grid point, the genesis and track density were
computed only once.

The power dissipation index (PDI) indicates the po-
tential destructiveness of a TC, and is integrated from
the cube of the maximum sustained wind speed over the
lifetime of the TC, defined by the following equation
(Emanuel 2005):

wind speed exceeds 17m s~ ! in searching radius. 4) The relative PDI = JT V3 dr
vorticity maximum at 850 hPa exceeds 5 X 10 s~ ! in searching o ™
TABLE 1. The configurations of RegCM4 and MM5.
RegCM4 MM5

EAS-22 EAS-44 EAS-22 EAS-44
Institute Kongju National Kongju National Ulsan National Institute of Seoul National

University University Science and Technology University
Dynamics framework Hydrostatic Nonhydrostatic

Map projection

Horizontal resolution and 25km (396 X 251)

dimensions
Vertical levels 23
Convection Emanuel (1991)
Microphysics Pal et al. (2000)
PBL Holtslag et al. (1990)
Reference Giorgi et al. (2012)
Initial and boundary

conditions

Analysis period

50km (241 X 195)

18

Lambert conformal

25km (405 X 260) 50km (232 X 196)

24 24
Kain (2004)

Reisner et al. (1998)

Hong et al. (2006)
Lee et al. (2004)
ERA-Interim

19892008 (20 yr), June to November (JJASON)
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FIG. 2. Climatological mean of TC genesis density in the (a) RSMC, (b),(d) RegCM4, and (f),(h) MMS5, and (c),(e),(g),(i) difference
between RSMC and each model during 20 years (1989-2008).

where V. and 7 indicate the maximum sustained wind speed
and the lifetime of the storm, respectively. The lifetime maxi-
mum intensity (LMI) was defined as the strongest maximum
sustained wind speed during the whole lifetime of the TC.
We also investigated the impact of horizontal resolution on
the simulation performance regarding the characteristics of the
first landfall of TCs and TC-induced precipitation. The char-
acteristics of the first landfall of TCs indicate the frequency,
intensities, and positions when TCs makes their first landfalls
during the entire life cycle. In defining TC-induced precipita-
tion, there was an inconsistency problem of temporal resolu-
tion between TC best track data (6-hourly) and APHRODITE
data (daily). Therefore, to minimize this inconsistency, TC-
induced precipitation was calculated differently based on the
TClandfall time. TC-induced precipitation was calculated as 1)
total precipitation for four days (48h before landfall to 48 h
after) if landfall occurred at 0000 UTC, 2) total precipitation
for four days (54 h before landfall to 42 h after it) if landfall
occurred at 0600 UTC, 3) total precipitation for three days
(36 h before landfall to 36h after it) if landfall occurred at
1200 UTC, or 4) total precipitation for four days (42 h before
landfall to 54 h after it) if landfall occurred at 1800 UTC. TC-
induced precipitation was calculated within a radius of 10° from
the TC center. However, some biases could occur, since there

are limitations with respect to inconsistency of temporal
resolution.

3. Results
a. Analysis of TC activity

TC activity was analyzed to examine the performance of
each model and the effect of horizontal resolution, focusing on
TC genesis, tracks, and intensity. Figure 2 shows the 20-yr
climatological mean of TC genesis density during the analysis
period. In the RSMC best track data, the maximum TC genesis
density was found near the Philippine Sea (PS; 10°-20°N, 125°-
135°E) and the South China Sea (SCS; 10°-20°N, 110°~120°E).
The RegCM4_EAS44 underestimated TC genesis over both
the PS and SCS compared with the best track data. Furthermore,
TC genesis over the SCS was scarcely captured, and that over the
PS was shifted eastward compared with the best track data. As
the horizontal resolution of the RegCM4 increased to 25 km (i.e.,
EAS22), TC genesis was prominently improved since higher
resolution is capable of resolving finer-scale TC precursors and
thus more favorable TC genesis environmental conditions.
However, it was still underestimated over the SCS and the eastern
part of the domain (10°-25°N, 145°-150°E). The MM5_EAS44
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FIG. 3. Climatological mean of TC track density in the (a) RSMC, (b),(d) RegCM4, and (f),(h) MMS5, and (c),(e),(g),(i) difference between
RSMC and each model during 20 years (1989-2008).

simulated more TC genesis than the RegCM4_EAS44, and rea-
sonably captured the core location of TC genesis over the PS
despite slight underestimation of TC genesis. Similar to the
RegCM4, the MMS considerably increased TC genesis as the
horizontal resolution became higher. However, TC genesis over
the PS was significantly overestimated in the MMS5_EAS22.
RCMs with good performance for TC tracks over the WNP,
particularly coastal regions, can be advantageous for the esti-
mation of TC damage in East Asia. Therefore, we analyzed the
climatological mean of TC track density in all experiments, as
shown in Fig. 3. The core location of the TC track density was
located in the sea northeast of the Philippines in the best track
data. In addition, TCs made landfall in a variety of East Asian
countries and regions, including the Korean Peninsula, Japan,
China, Taiwan, the Philippines, and Vietnam. In the RegCM4_
EAS44, TC track density near East Asian coastal regions was
significantly underestimated, and TC landfall in East Asia was
scarcely captured. As with the TC genesis density, the bias of
TC track density notably decreased as the horizontal resolu-
tion increased in the RegCM4_EAS22. Therefore, the
RegCM4 could improve the performance for TC track density
in most analysis areas when the horizontal resolution was in-
creased. The MMS5_EAS44 improved TC track density com-
pared with the RegCM4_EAS44, although the density over the

core region was still underestimated. In particular, the north-
ward migration of TC tracks was realistically simulated in the
MMS5_EAS44. However, it still underestimated the TC track
density over the coastal regions around the SCS. In the MMS5_
EAS22, the spatial distribution of track density was similar to
that of the best track data, but tended to be overestimated
between the PS and the eastern part of the domain (10°-30°N,
125°-155°E). The MMS5_EAS22 notably improved the TC
track density around coastal regions associated with TC land-
fall in the East Asian countries. Therefore, in both RCMs, the
higher horizontal resolution led to more accurate simulation of
TC track density near the coastal regions of East Asia, indi-
cating added value. This added value associated with the
higher model resolution resulted in increased TC genesis, as
shown in Fig. 2, as well as longer TC life cycles because of
enhanced TC intensities.

Very high resolution (1-4 km) is required to directly resolve
TC core dynamics, which is directly associated with simulated
TC intensity (Chen et al. 2007; Davis et al. 2010). This implies
that the TC activities simulated by RCMs are significantly
affected by the convection scheme, because 50- and 25-km
horizontal resolutions are not high enough for the direct simula-
tion of strong convective activity in the TC core region. Therefore,
we analyzed convective precipitation directly simulated by
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FIG. 4. Climatological mean of convective precipitation (mm day ') in (a),(b) RegCM4 and (d),(¢) MMS3, and
(c),(f) differences between EAS22 and EAS44 during 20 years (1989-2008).

convection schemes to determine the reason for the different
TC simulations between the EAS44 and EAS22 experiments.
Figure 4 shows the 20-yr mean convective precipitation and its
difference between the 25- and 50-km horizontal resolutions.

All experiments consistently showed that most convective
precipitation occurred around the equator and decreased with
increased latitude. However, the RegCM4 had less convective
precipitation and narrower core areas compared with the
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FIG. 5. Boxplot of the area-summed non-TC convective precip-
itation within 10°-20°N, 125°~145°E in each model during 20 years
(1989-2008).

MMS. Both models tended to simulate more convective pre-
cipitation near the core regions of TC genesis (i.e., PS and SCS)
at the lower horizontal resolution. Similar results, with a dec-
rement of convective precipitation with increased horizontal
resolution, were shown in previous studies (Boyle and Klein
2010; Duffy et al. 2003; Li et al. 2011). This trend may occur
because with increased horizontal resolution, the role of cu-
mulus parameterization stabilizing the atmosphere decreases
and relevant convective precipitation is reduced as the role of
cloud microphysics increases. Less convective precipitation
around the core regions of TC genesis in the higher-resolution

(a) NTC [yr']
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experiments indicates the reduced role of the convection
scheme (Figs. 4c,f). In addition, we analyzed convective pre-
cipitation caused by non-TCs (Fig. 5). The non-TC convective
precipitation was calculated when there was no TC center in
the analysis area. The analysis area was defined as 10°-20°N,
125°-145°E, where TCs mainly occurred. The most crucial
point is that non-TC convective precipitation was more in
EAS44 than EAS22 for both models. Therefore, RCMs with
the higher resolution simulated more TC genesis than those
with the lower resolution because increased horizontal reso-
lution led to the reduction of atmospheric stabilization by
convection schemes (Ma and Tan 2009). In contrast, the RCMs
with 50-km resolution tended to exaggerate the stabilization by
convection schemes around the core regions of TC genesis,
which resulted in the genesis of fewer TCs.

We also analyzed the quantitative characteristics of TCs
related to frequency, life cycle, and intensity in all experiments
(Fig. 6). The number of tropical cyclones (NTC) indicates the
annual mean frequency of TC genesis. Although the RegCM4_
EAS44, as well as the RegCM4_EAS22, simulated lower NTCs
compared with the best track data, the NTC results were im-
proved when the horizontal resolution was increased. The
MMS5 with 25 (50)-km horizontal resolution simulated more
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FIG. 6. The 20-yr mean (a) NTC, (b) duration, (c) mean MWS, (d) PDI, and (e¢) mean LMI in the RSMC best track
data and models.
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FIG. 7. Distribution of (a) maximum wind speed (ms ') and
(b) minimum sea level pressure (hPa) in the RSMC best track data
and models during 20 years (1989-2008).

(less) TC genesis compared with the best track data. Simulated
TC duration was quite similar to the simulated NTC, but mean
maximum wind speed (MWS) was underestimated in all ex-
periments because 50- and 25-km horizontal resolutions were
insufficient to reproduce intense TCs. The MMS5_EAS22 had
the smallest error, and the higher horizontal resolution led to
the better performance of mean MWS. The PDI is a compre-
hensive index that is influenced by the frequency, duration, and
intensity of TCs. The MM5_EAS22 simulated higher NTCs
and longer durations compared with the best track data, but the
PDI was slightly underestimated because of weakened mean
MWS. The PDI values of the other models (RegCM4_EAS22,
RegCM4_EAS44, and MMS5_EAS44) were notably small com-
pared with that of the best track data because all the factors (fre-
quency, duration, and intensity) were underestimated. LMI also
showed better performance with the higher-resolution models. In
summary, the modeling of the frequency and duration of TCs could
be improved by the RegCM4 with higher resolution, whereas those
tended to be overestimated (underestimated) by the MMS5 with
higher (lower) resolution. However, both models more realistically
simulated MWS, PDI, and LMI in relation to TC intensity with
increased horizontal resolution.

Probability density functions (PDFs) of the MWS and
minimum sea level pressure for all experiments are presented
in Fig. 7. In the best track data, the PDFs of MWS and mini-
mum sea level pressure were evenly distributed between weak
TCs and intense TCs. However, the PDFs of both models were
skewed toward weak TCs, especially in the RegCM4_EAS44,
which could not simulate strong TCs above 32ms ™. Despite
the slight improvement of TC intensity simulation, it was still
difficult for the RegCM4_EAS22 to simulate powerful TC in-
tensities above 37ms~'. The MM5 more reasonably repro-
duced the PDF of MWS for strong TCs compared with the
RegCM4. In particular, the MM5_EAS22 was the only ex-
periment to simulate strong TCs with intensities exceeding
42ms~!. The PDF of minimum sea level pressure was not
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considerably different from that of MWS. In both RegCM4
experiments, more than 80% of PDF distributions were con-
centrated above 980 hPa. In contrast, the MMS5 produced a
PDF distribution of sea level pressure comparable with that of
the best track data.

b. Impact on landfalling TCs

It is significantly important for coastal East Asian countries
to accurately predict TC characteristics such as track, intensity,
and precipitation when TCs make landfall, as these charac-
teristics are directly related to property damage and casualties.
The characteristics of landfalling TCs and associated precipi-
tation were evaluated to identify the impacts of the different
horizontal resolutions. Figure 8 and Table 2 show the first-
landfall points and the number of landfall TCs in the best track
data and four experiments. For clarification, we only analyzed
the first landfalls of TCs; that is, the first time the center of each
landfalling TC was located over an East Asian land region.
During the 20-yr period in the best track data 240 TCs made
landfall in the East Asian countries. Only a small percentage of
the landfalling TCs migrated northward to the midlatitudes
(i.e., the Korean Peninsula and Japan) in the RegCM4_EAS44
compared with observation and other models. This was asso-
ciated with the underestimation of TC intensity (Fig. 7), which
could lead to easier decay of TCs around the midlatitudes. The
RegCM4_EAS44 excessively underestimated the number of
landfalling TCs because TC genesis was also underestimated
and shifted eastward far from the land (Fig. 2b). In the
RegCM4_EAS22, the number of landfalling TCs significantly
increased by a factor of about 3. However, the model still un-
derestimated the number of TCs landfalling in the midlatitudes
such as in the Korean Peninsula and Japan. Compared with the
RegCM4, the MMS realistically simulated many more TC
landfalls. In particular, the MM5_EAS22 showed the best
performance in terms of landfalling TCs, with results comparable
with the best track data. Consequently, both of the RCMs could
improve the simulation of landfalling TCs in East Asian coun-
tries with increased horizontal resolution.

To prepare for intense TCs, it is essential to accurately
forecast how many TCs will make landfall and how strong they
will be. Therefore, we analyzed the characteristics (i.e., fre-
quency and intensity) of TCs at first landfall in East Asia in the
best track data and models (Fig. 9). The MM5_EAS22 showed
the best performance in terms of the number of landfalling
TGCs; it properly reproduced 235 landfalling TCs in the 20-yr
period. The RegCM4_EAS22 and MMS5_EAS44 under-
estimated the number of landfalling TCs by about 60% com-
pared with the best track data. The RegCM4_EAS44 hardly
reproduced landfalling TCs because of underestimated TC
genesis and the eastward shifted core location of TC genesis
(Fig. 2b). In both models, the numbers of landfalling TCs were
prominently improved with the finer horizontal resolution. The
TC intensities (i.e., minimum sea level pressure and MWS)
simulated by the RegCM4 were still quite weak, but were
slightly improved when the horizontal resolution was in-
creased. The MMS5 reproduced the minimum sea level
pressures of landfalling TCs more realistically compared with
the RegCM4, and the difference between the two MMS5
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FI1G. 8. First-landfall points of TCs in the RSMC best track data and models during 20 years (1989-2008).

experiments was quite small. However, MWS became more
similar to the best track data when the horizontal resolution
was increased. In summary, it was apparent that the frequency
and intensity of TCs landfalling in East Asia were better sim-
ulated by the MMS5 than the RegCM4, and that increased
model resolution led to improved simulation of these
characteristics.

TC-induced precipitation causes substantial casualties and
damage in East Asian countries. According to Park et al.
(2015), rainfall is a more important factor in TC damage than
wind over South Korea. For example, heavy precipitation
induced by Typhoons Rusa in 2002, Morakot in 2009, and
Jebi in 2018 resulted in significant damage in South Korea,
Taiwan, and Japan, respectively (Chien and Kuo 2011; Lee
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TABLE 2. The number of landfall TCs in the RSMC and models during 20 years (1989-2008) in each region.

Korea Japan China Taiwan Southeast Asia Philippines
RSMC 12 48 86 33 13 51
RegCM4 EAS-44 1 7 14 6 4 19
RegCM4 EAS-22 5 26 45 30 13 25
MMS EAS-44 9 35 43 21 10 26
MMS EAS-22 12 53 70 24 16 59

and Choi 2010; Mori et al. 2019). Bakkensen et al. (2018) also
highlighted the importance of rainfall when considering fu-
ture TC damage. Therefore, reliable simulation of TC-
induced precipitation is essential for numerical modeling.
To evaluate model performance for TC-induced precipita-
tion, we analyzed the total amounts of precipitation induced
by the landfalling TCs in the best track data and models for a
20-yr period (Fig. 10). In the best track data, the coastal re-
gions in Japan, China, Taiwan, the Philippines, Vietnam, and
the Korean Peninsula were notably affected by TC-induced
precipitation. In particular, the precipitation per unit area
was highest in Taiwan and the Philippines. The RegCM4_
EAS44 could not properly simulate TC-induced precipitation
overall because it underestimated the frequencies of TC
genesis and landfall (Figs. 2b and 8b). In the RegCM4_
EAS22, with the higher model resolution, TC-induced pre-
cipitation was relatively improved in the coastal regions, but
it was still somewhat underestimated compared with obser-
vations. In particular, the RegCM4 models could not repro-
duce TC-induced precipitation over midlatitude areas such as
Japan and the Korean Peninsula, as TC activity over these
regions was significantly underestimated (Figs. 3b,c). In
contrast, the MMS5_EAS44 had results similar to observations

to some extent, but TC-induced precipitation over the sub-
tropics was overestimated in the case of the MM5_EAS22. As
shown in Fig. 11, we calculated the total amounts of TC-
induced precipitation over several East Asian countries and
regions located in the coastal regions of the WNP (the Korean
Peninsula, Japan, China, Taiwan, the Philippines, and Southeast
Asia). The Southeast Asian countries included Vietnam,
Cambodia, Laos, and Thailand, which were situated in the
southwestern part of the analysis domain. The MMS tended to
simulate more TC-induced precipitation than the RegCM4
over most regions. In particular, the RegCM4_EAS44 signifi-
cantly underestimated TC-induced precipitation over all re-
gions compared with observations. In addition, both models
with higher resolution consistently simulated more TC-induced
precipitation than those with lower resolution, indicating im-
proved simulation of TC-induced precipitation. This improve-
ment can be attributed to the fact that increasing model
resolution led to more reasonable characteristics (i.e., frequency
and intensity) of TC landfalls in East Asia, as shown in Figs. 8
and 9. In particular, the increased TC-induced precipitation in
the experiments with higher resolution may be more affected by
the increased frequency of TC landfalls rather than enhanced
intensity, because the sensitivity of frequency to horizontal

o (c) landfall MWS [m s™']

(a) landfall NTC
240
200
160
120

Il

80
40

RSMC EAS22 EAS44 EAS22 EAS44
RegCM RegCM MM5 MM5

, (©) landfall SLP [hPa]

995 |

ol

RSMC EAS22 EAS44 EAS22 EAS44
RegCM RegCM MMS MM5

990
985
980
975

970

27
24
21
18
15
RSMC EAS22 EAS44 EAS22 EAS44
RegCM RegCM MM5 MMS

FIG. 9. (a) The number of landfall TCs, (b) mean sea level pressure, and (c) mean MWS at first landfall in the RSMC
best track data and models during 20 years (1989-2008).
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resolution was prominently larger than that of TC intensity (see 4. Summary and conclusions
Fig. 9). Therefore, these results indicate that the finer horizontal

resolution can lead to added value improving the simulation of
TCs landfalling in East Asia in terms of the characteristics of the

TCs and associated precipitation.
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In this study, two RCMs (RegCM4 and MM5) were evalu-
ated to investigate the impact of different horizontal resolu-

tions based on the CORDEX framework. Both models were
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FIG. 11. TC-induced accumulated precipitation of the APHRODITE and models during 20 years (1989-2008) in
the subregions: (a) Korean Peninsula (34°-42°N, 124°~130°E), (b) Japan (30°—46°N, 124°-130°E; excluding overlap
with the Korean Peninsula), (c) China (excluding the Korean Peninsula, Japan, Taiwan, the Philippines, and
Southeast Asia), (d) Taiwan(22°-25.5°N, 119.5°-122.5°E), (e) Southeast Asia (10°~17°N, 100°~110°E and 17°-25°N,
100°~108°E), and (f) the Philippines (10°-19°N, 119°~126°E). Precipitation was only calculated over land.

conducted at horizontal resolutions of 25km (EAS22) and
50km (EAS44), and were driven by ERA-Interim. The con-
figuration of each model was almost the same except for the
horizontal resolution. In the 20-yr (1989-2008) climatological
mean, finer horizontal resolution increased TC genesis and
track densities. Therefore, both models showed improved
simulation of TC tracks that could cause damage to the coastal
countries in East Asia when the horizontal resolution was in-
creased from 50 to 25 km. Reduced convective precipitation
could be one reason why TC genesis was increased at 25-km
horizontal resolution. More convective precipitation at 50-km
horizontal resolution could enhance atmospheric stabilization,
which would be an unfavorable condition for TC development.
The RegCM4 model with finer horizontal resolution could
improve simulation of most characteristics of TCs, although
this improvement was not significant. However, the MMS5 with
higher resolution prominently improved simulation of mean
MWS, PDI, and mean LMI in relation to TC intensity, despite
overestimation of frequency and duration.

The characteristics of landfalling TCs and TC-induced pre-
cipitation were evaluated to examine the influence of hori-
zontal resolution. The number of TCs landfalling in East Asian
countries was simulated more reasonably in the MMS5 than in
the RegCM4. Both models had better performance at the
higher horizontal resolution because the simulated character-
istics of the TCs were improved in the East Asian coastal areas.
In the RegCM4_EAS44, TC-induced precipitation was ex-
tremely underestimated in most East Asian coastal regions, but
it was improved with the increased horizontal resolution. TC-
induced precipitation was somewhat underestimated (over-
estimated) at 50 (25)-km horizontal resolution in the MMS.
The frequency and intensity of TCs landfalling in East Asian
countries were more reasonably reproduced in the MMS5 than
in the RegCM4, and finer horizontal resolution led to better
performance. In conclusion, simulation of all characteristics of
TCs showed improved performance at the higher resolution
(25km) in the RegCM4. The MMS5 with 25-km horizontal
resolution realistically simulated TC tracks around East Asian
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coastal regions, intensity, and the number of landfalling TCs,
although the number of TCs generated, TC duration, and TC-
induced precipitation were somewhat overestimated.

Through the evaluation experiments, this study showed that
the simulation of TCs over the WNP varied depending on the
model type and the horizontal resolution, although there were
limitations in that only two RCMs and a single large-scale
forcing dataset were used. Therefore, the results of this eval-
uation can be used to produce more reliable information on
future changes in TCs. For example, it is possible to generate a
performance-based ensemble averaging TCs over the WNP, as
indicated by Suh et al. (2012) and Jin et al. (2016). In addition,
it was clarified that increasing horizontal resolution in the
CORDEX 1I framework led to added value in improving the sim-
ulation of general TC activity over the WNP, as well as the charac-
teristics of landfalling TCs in coastal regions. These results imply
that dynamical downscaling with high-resolution RCMs has an
advantage for assessment studies of the impact of climate change
on future change in TCs over the WNP.

Although Lee et al. (2019a) already analyzed future changes in
TCs over the WNP using the results of the CORDEX-East Asia
phase I, that study was not sufficient to resolve TC intensities and
tracks around the East Asian coastal regions. Therefore, to pro-
vide more reliable information on future changes in TC activity
over the WNP, we plan to investigate such future changes using
the results of CORDEX-East Asia phase II with 25-km horizontal
resolution based on two climate change scenarios under repre-
sentative concentration pathways (RCPs) 2.6 and 8.5.
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