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Abstract Tropical cyclones (TCs) over the western
North Pacific (WNP) are simulated for the 29 TC seasons
of July—October from 1982 to 2010 using the regional
Weather Research and Forecasting (WRF) model nested
within global WRF model simulations. Averaged over the
entire 29-year period, the nested global-regional WRF has
reasonably simulated the climatology of key TC features
such as the location/frequency of genesis and tracks. The
dynamical and thermal structures of the simulated TCs
are weaker than observations owing to the coarse spatial
resolution of the regional WRF (50 km x 50 km). TC fre-
quencies are somewhat underestimated over the East China
Sea but are substantially overestimated over the South
China Sea and the Philippine Sea with neighboring oceans
between 10°N and 15°N. Categorization of the simulated
TCs into six clusters based on the observed TC clusters
and the associated large-scale circulation show that the
nested simulation depicts the observed TC characteristics
well except for two clusters associated with TCs traveling
from the Philippine Sea to the East China Sea. Errors in
the simulated TC genesis and tracks are mostly related to
these two clusters. In the simulation, the monsoon conflu-
ent zone over the Philippine Sea is too strong, and the mid-
latitude jet stream expands farther south than that in the
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observations. Overall results from this study suggest that
the nested global-regional WRF can be useful for studying
the TC climatology over the WNP.
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1 Introduction

Tropical cyclones (TCs) are among the most destruc-
tive natural disasters and cause substantial losses in both
human lives and the economy. The western North Pacific
(WNP) region experiences the most vigorous TC activi-
ties with frequent landfalls along the East Asian coast (Kim
et al. 2005a, b; Park et al. 2014). It is critical to improve
the accuracy of TC forecasts as well as to understand the
processes involved in the lifespan of TCs over the WNP for
mitigating damages from TC-induced natural disasters. A
number of previous studies have examined the climatology
of TC activity over the target region and various climate
changes closely linked to TC activities (e.g. Gray 1977,
Chan 2000; Wang and Chan 2002; Ho et al. 2004, 2009;
Camargo and Sobel 2005; Kim et al. 2008).

The simulation of TCs by using numerical models has
been a great challenge. TC-like vortices have been previ-
ously simulated in atmospheric general circulation models
(AGCMs; Walsh et al. 2010). Nevertheless, AGCMs gener-
ally underestimate TC intensities and poorly simulate key
TC activities such as genesis locations and tracks mainly
due to their coarse spatial resolutions. With recent advance-
ments in numerical modeling techniques, there have been
significant achievements in TC-related studies that use
dynamical models. For example, Manganello et al. (2012)
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showed that a 10-km resolution AGCM can simulate TC
intensity and structure with reasonable accuracy. Despite
such success in simulating TCs, fine-resolution AGCMs are
too costly for most research groups with limited computa-
tional resources.

An alternative to fine-resolution AGCM simulations
may be the use of regional models nested within coarse-
resolution, large-scale analyses or AGCM data. Such one-
way nested regional modeling has been improved signifi-
cantly in recent years and is widely used in operational
weather predictions and regional climate research. Results
from regional climate models (RCMs) nested within
AGCMs are useful for studying regional-scale disturbances
under specific large-scale circulations, which represent TC
analysis well (e.g. Camargo et al. 2007a; Stowasser et al.
2007; Au-Yeung and Chan 2011; Jin et al. 2013). The gen-
esis and movements of TCs, as well as the key processes
associated with TC activities, strongly depend on regional
environments. The ability of a model to simulate TC gen-
esis and track generally vary for different basins. Manga-
nello et al. (2012) showed that TC simulations are better
in the North Atlantic than in the WNP and that the model
errors are smaller for the North Atlantic but larger for the
WNP when the resolution of AGCM is very fine (up to
10 km). Thus, RCMs may be optimized for a region by tun-
ing physics parameterizations to fit the large-scale environ-
ments specific to the region; this is not generally possible
for AGCMs.

The present study examines the simulated TC activity
for the WNP region by using a combination of global and
regional Weather Research and Forecasting (WRF) models.
WREF has been widely used in short-term TC forecasting
(e.g. Davis et al. 2008; Fierro et al. 2009; Gentry and Lack-
mann 2010; Cha et al. 2011; Potty et al. 2012) or regional
climate studies (e.g. Waliser et al. 2011; Mearns et al. 2012;
Kim et al. 2013), but its use on TC climatology has been
limited to a small number of studies (Jin et al. 2013, JH13
hereafter). The global-regional WRF experiment is an
extension of previous WRF model studies. The global WRF
model which is used as boundary conditions for regional
domain can simulate reasonably climatological features of
large-scale environment, such as zonal wind, temperature,
precipitation distribution (Shin et al. 2010). Recent stud-
ies on tropical channel model (Skok et al. 2010; Ray et al.
2011; Tulich et al. 2011) which is similar to global WRF in
that they do not require eastern and western lateral bound-
ary condition also show similar simulation results for large-
scale environments compared to the global-regional WRF.
Therefore, the examination of ability to simulate TC clima-
tology using global and regional WRF model is useful in
regional climate research for East Asian and WNP regions.

Previous studies on simulating TC activities using
GCMs and RCMs generally focused on the mean
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characteristics of all simulated TCs, typically as a part of
model/parameterization evaluations. The mean properties
of the simulated TCs, however, are insufficient for measur-
ing the performance of a model, because key TC proper-
ties such as the frequency and location of genesis, tracks,
intensities, and lifespans vary widely among TCs. TCs can
be categorized into specific types according to their proper-
ties (Camargo et al. 2007b, c; Nakamura et al. 2009; Kim
et al. 2011). Such TC types can represent individual TCs
more effectively so that more specific information can be
obtained when TC activity is investigated according to the
TC types in simulations. This study uses the fuzzy c-means
clustering method (Kim et al. 2011) to categorize the simu-
lated TCs by their track patterns. The climatology of TC
activities and WRF limitations in simulating important TC
characteristics are investigated by comparing the simu-
lated TC clusters with observations. The rest of this paper
is organized as follows. Section 2 describes the data and
fuzzy clustering used in this study; Sect. 3 provides the TC
structures, total TC activities, and the characteristics of TC
clusters simulated by using WRF; and the summary and
discussions are presented in Sect. 4.

2 Data and methodology
2.1 Data

The TC best-track data recorded from the Regional
Specialized Meteorological Centers (RSMC) Tokyo—
Typhoon Center cover the period from 1951 to the present
for the WNP region and are used for assessment of TC
activity simulation during the TC seasons (July through
October) of 1982-2010. The three grades of TCs—trop-
ical depressions, tropical storms, and typhoons—with
durations greater than 48 h were considered for the pre-
sent analyses. The National Centers for Environmental
Prediction (NCEP) reanalysis-2 data (Kanamitsu et al.
2002) are used for initial boundary condition of global
WREF and diagnostic analysis for the period 1982-2010.
The variables used for diagnostic analyses of the large-
scale environment (in Sect. 3.3) include zonal and merid-
ional winds at the 200- and 850-hPa levels, geopotential
heights at 500 hPa, and relative humidity at 600 hPa.
These atmospheric variables are widely used for evalu-
ating TC simulations and are closely related with TC
activities (Camargo et al. 2007a; Stowasser et al. 2007,
Au-Yeung and Chan 2011). Optimal Interpolation Sea
Surface Temperature (OISST) data from the National
Oceanic Atmospheric Administration (NOAA) (Reynolds
et al. 2002; http://www.esrl.noaa.gov/psd/data/gridded/
data.noaa.oisst.v2.html) are used to provide the lower
boundary condition to the simulation.
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2.2 Model simulation and TC detection

The model simulation is identical to the control experi-
ment we reported in a previous study (JH13). The global
and regional WRF model version 3.3 (Skamarock et al.
2008) was run for June 21-October 31 for the 29-year
period of 1982-2010. There is a 10-day spin up period,
June 21-June 30, and the simulation is analyzed from July
to October in which about 70 % of the observed TCs over
the WNP basin are generated. To simulate the TC activ-
ity over the WNP (0°-60°N and 100°E-180°), the global
WREF simulation with a 150-km horizontal resolution was
downscaled by using a one-way nested regional WRF
model at a 50-km horizontal resolution, which is the same
configuration depicted as Fig. 2 in JH13. Both the global
and regional models were configured with 27 vertical lay-
ers with a domain-top pressure of 50 hPa. The NCEP rea-
nalysis-2 data were used to obtain the initial condition, and
the OISST data were prescribed at time step of 1 day. The
physical parameterization schemes used are the same as
those used in Cha et al. (2011): Kain-Fritsch convective
parameterization scheme (Kain and Fritsch 1990), WRF
single-moment 3-class microphysics (WSM3) scheme
(Hong et al. 2004), NCAR Community Atmosphere Model
(CAM 3.0) radiation scheme (Collins et al. 2004), Yon-
sei University (YSU) planetary boundary layer scheme
(Hong et al. 2006), and Noah land surface model (Chen and
Dudhia 2001).

The detection and tracking methods for TCs in the simu-
lation were the same as those used in JH13 and included
the following parameters: (1) the center of the TC is a local
minimum of sea level pressure; (2) the maximum surface
wind speed exceeds 17 m s~!; (3) the local maximum of
850-hPa relative vorticity exceeds 4.9 x 1072 571 (4) the
sum of the temperature deviations at 300, 500, and 700 hPa
exceeds 1.7 K, which suggests a warm-core threshold; and
(5) the maximum wind speed at 850 hPa is higher than that
at 300 hPa. All of these criteria were satisfied for a period
of longer than 2 days. These criteria are similar to those of
Camargo et al. (2007a) and Oouchi et al. (2006), but the
thresholds are adjusted so that the number of detected TCs
in the simulation is closest to that in the observation.

2.3 TC pattern clustering

Key TC characteristics such as the genesis frequency and
intensity, as well as similar large-scale environments,
vary according to track patterns (Harr and Elsberry 1991;
Hodanish and Gray 1993; Elsner and Liu 2003; Cama-
rgo et al. 2007b, ¢; Kim et al. 2011). Thus, clustering TCs
according to their track patterns is reasonable for com-
parison with observations to measure model performance.
This study used fuzzy clustering to classify the observed

and simulated TCs according to track patterns. Kim et al.
(2011) showed that fuzzy clustering can categorize TC
track patterns of vague cluster boundaries. The same algo-
rithm as that reported by Bezdek (1981) and Kim et al.
(2011) was used in this study.

In fuzzy clustering, the membership coefficients indi-
cating how close the location of the data member is to
the cluster center vary from O to 1. The cluster centers
are defined as the mean of all TC tracks weighted by the
membership coefficient. A higher membership coefficient
implies a stronger belongingness of the TC track with the
cluster. The optimum number of clusters is determined by
using the following four scalar validity indices applied in
Kim et al. (2011): partition coefficient (Bezdek 1981), par-
tition index (Bensaid et al. 1996), separation index (Xie
and Beni 1991), and Dunn index (1973). For direct com-
parisons of the simulated clusters against observations, the
cluster centers obtained from the observed TCs were used
as the cluster centers in classification of the simulated TCs.
That is, a simulated TC track was assigned to the observed
TC cluster of which the simulated TC track showed the
largest membership coefficient (i.e., largest similarity). In
addition, the classification of simulated TCs using cluster
centers obtained from the simulated TCs was also con-
ducted. The latter method applied to simulated TCs showed
similar results from the former method (not shown), but
only the results from the former method is analyzed for
the purpose of comparison using the same standards (i.e.,
observed TC cluster).

3 Results
3.1 Structure and intensity of TC in WRF

Prior to investigating the climatology of TC activities over
the WNP, we examined how the model simulates the struc-
ture and intensity of TCs. Figure 1 shows the mean features
of the five most intense TCs among the total 549 simulated
TCs. The fields presented in Fig. 1 include (a) the horizon-
tal distribution of tangential winds at 850 hPa, (b, c) the
vertical distributions of azimuthally-averaged tangential
and radial winds, and (d) the vertical temperature anomaly
(deviation from the mean temperature over a 10° radius).
The composite of the five most intense TCs was obtained
by following a method analogous to that used in Bengts-
son et al. (2007) and Manganello et al. (2012). The 850-hPa
tangential winds suggest strong cyclonic circulation (posi-
tive sign indicates cyclonic flow) and significant asymme-
try in the west—east direction (Fig. 1a). The tangential wind
speed reaches a maximum value of 60 m s~ to the east of
TC center, whereas it is weaker to the west of the TC center.
These results are well known TC observations (Frank 1977,
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Fig. 1 Horizontal and vertical structure of a tangential wind at 850-
hPa level, azimuthally averaged, b tangential wind and ¢ radial wind,
and d temperature anomaly for the composite of the five most intense

Kepert 2006a, b). These cyclonic flows appeared clearly
at all levels (Fig. 1b); the cyclonic flow was strongest at
850 hPa, and weakened with height within the troposphere.
In the radial direction with respect to the center of the TC,
the cyclonic flow was strongest at a distance of 2° and
weakened as the radial distance increased. Anti-cyclonic
flows were observed in the boundary regions of the upper
troposphere. The vertical cross-section of the azimuth-
ally averaged radial winds (Fig. 1c) indicated strong con-
vergence in the lower troposphere (1,000-850 hPa) and
divergence in the upper troposphere (400-100 hPa). The
peak radial winds in the lower and upper troposphere are
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TCs. The units for wind speed and temperature are m s~' and K,
respectively. Negative values are dashed

—16.6 (i.e., towards the TC center) and 15.2 m s~! (i.e.,
away from the TC center), respectively, and appear at a dis-
tance of 1.5° and 6°, respectively. Thus, the magnitude of
the divergence in the upper troposphere is weaker than that
of the convergence in the lower troposphere (magnitude of
the radial-wind gradient, approximated from the peak wind
speed and its location from the TC center, in the upper trop-
osphere is smaller than that in the lower troposphere). The
strong convergence near the surface and moderate diver-
gence aloft can cause strong surface moisture fluxes at the
surface and updrafts in the inner core. The warm core was
located between 300 and 200 hPa with a maximum of 9 K
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Fig. 2 Distribution of a maximum surface wind speed and b mini-
mum sea level pressure for the simulation (black bar) and observation
(white bar) during July—October of 1982-2010

(Fig. 1d), which is comparable to observation. These fea-
tures were present, at least qualitatively, in all detected TCs
of lesser strength.

Simulated TC intensity was examined to confirm
whether the model can produce reliable TC strength despite
the coarse horizontal resolution. The maximum surface
wind speed and minimum central sea level pressure (SLP)
during the lifetime of a TC can generally represent TC
intensities (Wang and Wu 2004). Thus, the occurrence fre-
quency of these two variables for the entire analysis period
was assumed to indicate TC intensity. Figure 2 shows the
frequency distribution of the maximum surface wind speed
and the minimum central SLP in both simulations and

observations. The distribution of the observed maximum
surface wind speed is characterized by a large variance
with a bimodal shape with peaks at 22.5 and 42.5 m s~!
(Fig. 2a); the simulated distribution was significantly
narrower (i.e., smaller variance) with a single peak at
37.5 m s~!. The mean values of the maximum surface wind
speed in the simulations (36.0 m s~!) and the observations
(34.7 m s') were similar despite variations in their fre-
quency distributions.

The variations in the frequency distribution of the mini-
mum central SLP between observation and simulation were
similar to those for the maximum wind speed (Fig. 2b). The
observed distribution peaked at 980 hPa with large vari-
ance; however, the simulated distribution peaked at 965 hPa
with much smaller variance (i.e., stronger intensity and nar-
rower distribution). Similarly as the peak wind speed, the
simulated mean central SLP minimum (959.1 hPa) agrees
well with the observed value (961.6 hPa), although the fre-
quencies for both weak (=980 hPa) and strong (<920 hPa)
TCs are underestimated. Thus, the present model run with
a 50-km horizontal resolution was limited in generating
strong TCs with maximum surface winds of 47.5 m s~
or a minimum central SLP of 920 hPa. Horizontal resolu-
tions finer than 10 km may be needed to simulate extremely
strong TCs comparable to observations (Davis et al. 2008;
Fierro et al. 2009; Manganello et al. 2012). The relatively
smaller frequency of weak TCs in the simulation also
implies that simulated TCs are easily intensified upon gen-
eration. The over-intensification of a TC in the simulation
may have been due to the large-scale environments that are
favorable to TC intensification, which will be discussed in
Sect. 3.3. The absence of ocean feedback in the model may
have also contributed to the excessive strengthening of TCs
because SST cooling by wind-induced upwelling that can
suppress TC intensity was absent in the simulation (Bender
et al. 1993; Bender and Ginis 2000).

3.2 Climatology of the simulated TC activities

To assess the capability of WRF in simulating TC activities,
the climatology of those simulations was compared with
observations. Figure 3 shows the frequency of TC genesis
and track in observation (Fig. 3a, b), simulation (Fig. 3c,
d), and their differences (Fig. 3e, f) for the TC seasons of
1982-2010. The genesis (track) frequency is defined as
the average number of TCs per decade formed (traveled)
in a 5° x 5° grid box (e.g. Ho et al. 2004). The simula-
tion effectively reproduced the observed local maxima in
the genesis frequency in the South China Sea and Philip-
pine Sea (Fig. 3a vs. c¢). The simulation, however, overes-
timated TC genesis over the southern South China Sea and
southeastern Philippine Sea (§8°N-15°N and 145°E-160°E)
(Fig. 3e). At middle latitudes (north of 20°N), positive and
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negative anomalies appeared concurrently. The track fre-
quency pattern in the simulation was also similar to that in
the observation (Fig. 3b vs. d) with local maxima near the
western Philippine Sea (15°N-25°N and 120°E-140°E).
The model underestimated the track frequency near coastal
seas (west of 140°E), which resulted in a smaller number of
TC landfalls than in observations, while the opposite is true
for the open sea (east of 140°E) (Fig. 3f).

The large-scale circulation pattern examined in JHI13
can explain these regional biases in TC activity. The control
experiment in JH13, which is an identical model simula-
tion as that in this study, showed that the monsoon trough
was stronger in the simulation than that in the observa-
tion (Fig. 3e, f in JH13). This excessively strong monsoon
trough in the WRF simulation reported in previous stud-
ies (Suzuki-Parker 2011; Tulich et al. 2011) appears to be
related to the overestimation of TC genesis over the south-
ern South China Sea and southeastern Philippine Sea. In
addition, the western boundary of the simulated subtropical
high stretched too far to the east compared with the obser-
vation. As the steering flow primarily modulates TC tracks,
these errors were related to the underestimation (overesti-
mation) of track frequency over coastal sea (open sea) in
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the simulation. This interpretation, however, can provide
only a superficial understanding of simulated TC activi-
ties. For more detailed analyses of the model errors, fuzzy
clustering is employed to categorize the observed and sim-
ulated TCs in terms of track patterns. Comparison of the
simulated and observed TC clusters are useful for under-
standing the causes of the errors because TC clusters pos-
sess distinct characteristics and mechanisms for their gen-
esis (Kim et al. 2011).

Figure 4 shows the TC clusters derived from the obser-
vation and simulation. In this study, the observed 519
TCs are clustered into six clusters (left column of Fig. 4),
unlike in the previous study (Kim et al. 2011) that classi-
fied the observed 855 TCs into seven clusters by using the
same method. This different number of cluster is due to
the different analysis periods (June—October of 1965-2010
in Kim et al. 2011 vs. July—October of 1982-2010 in this
study). The analysis periods of the previous study cover
those of the present study, which implies the TC samples
in the present study are insufficient to be classified as seven
clusters. Consequently the optimum number of cluster in
this study is objectively determined as six according to the
four scalar validity indices (Sect. 2.3). It should be noted
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Fig. 4 Six TC clusters in the observation (left) and simulation (right) during July—October of 1982-2010. The thick black lines represent the
mean TC tracks, and the gray lines represent the complete TC tracks for each cluster. The marks represent the genesis locations of TCs
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Table 1 Statistics of characteristics of each TC cluster

Maximum wind speed (m s7h

Minimum central pressure (hPa)

Genesis frequency (per year)

Cl 36.6 (+0.7) 956.9 (—3.2) 2.5 (—1.0%)
2 38.3 (—4.9%) 952.0 (+11.7%) 4.6 (+1.8%)
C3 343 (+1.2) 960.3 (=6.5) 2.7(=0.3)
c4 33.4 (42.5) 964.3 (=8.9) 2.6 (+0.5)
C5 34.6 (+7.7%) 966.6 (—14.0%) 3.9 (+0.3)
c6 38.3 (=0.7) 956.5 (+3.1) 2.7 (=03)
All TCs 36.0 (+1.4%) 959.1 (—3.5%) 18.9 (+1.0)

In each entry, the mean value for the simulated TCs in each cluster and all TCs are shown. The difference between simulation and observation
(i.e., simulation minus observation) are represented in parenthesis. The asterisk (*) denotes the significant difference at the 99 % confidence

level based on a Student’s ¢ test

that clusters C1 and C3 in Kim et al. (2011) seem to be
merged into C1 in the present analysis because the genesis
location and track shape of those in the previous study are
the most similar among the other clusters.

The CI1 includes the TCs generated in the northwest-
ern Philippine Sea and re-curving at the East China Sea
to affect East Asian countries such as eastern China, Tai-
wan, Korea, and Japan (Fig. 4a, b). It is worth noting that
the track distribution was less fuzzy and re-curved more
toward Japan in the simulation than in the observation. TCs
generated in the southeastern Philippine Sea that re-curve
over the ocean to the south of Japan and striking Korea and
Japan were classified into C2 (Fig. 4c, d). The simulation
showed less number of TC landfalls in Japan because the
simulated track lengths are generally shorter than in obser-
vations. The TC detection criteria chosen to detect the real-
istic number of TCs may be too strict for detecting TCs in
decaying stage, which may cause less landfall or shorter
track lengths, which is a general limitation of TC detection
method. This problem may be improved when the different
criteria are used for TCs in different stages, which will be
considered in future works. TCs in C3 were generated in
the Philippine Sea and re-curved over the ocean to the east
of Japan (Fig. 4e, f). C4 is characterized by track patterns
similar to C3, but the genesis region and tracks were shifted
farther eastward (Fig. 4g, h). The simulated TC-track dis-
tributions in these clusters are similar to that in the obser-
vation. TCs of straight-line tracks toward southeastern Asia
(e.g. southern China, the Philippines, Vietnam, and Taiwan)
were classified as C5 and C6 (Fig. 4i-1). These two clus-
ters were separated on the basis of genesis locations and
track lengths. The mean track reaches the coast of south-
ern China in the observation, it reaches Taiwan in the sim-
ulation due to shorter tracks in C6. Overall, the simulated
individual and mean tracks of the TC cluster agreed well
with observations. Thus, it is meaningful to compare the
observed and simulated characteristics, such as intensity
and genesis frequency, of each TC cluster.
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Table 1 presents the statistics of characteristics of the
simulated and observed TC clusters. The maximum inten-
sity, including the maximum surface wind speed and mini-
mum central SLP, of the six TC clusters in the simulation
agrees well with observations (at the 99 % confidence
level) except for C2 and C5. C2 is the cluster of the strong-
est TCs in both observation (43.2 m s~! and 940.3 hPa) and
simulation (38.3 m s~ and 952.0 hPa), but the simulation
substantially underestimated the intensity of C2 compared
with observations. Similarly, C5 in observation shows
the weakest intensity (26.9 m s~! and 980.6 hPa), but the
simulation overestimates its intensity (34.6 m s~ and
966.6 hPa). This explains the results discussed in Sect. 3.1;
the frequency of extremely strong or weak TCs is underes-
timated (Fig. 2) because the intensities of C2 and C5 are not
reasonable. The simulation also generated a similar number
of TCs as in the observation for each cluster (at the 99 %
confidence level) except for C1 and C2. The differences in
the genesis frequency between simulation and observation
were —1.0 and 41.8 for C1 and C2, respectively. Combin-
ing these two clusters, the errors in the TC genesis for C1
and C2 (+0.8 = —1.0 + 1.8) corresponded to 80 % of the
total genesis error (41.0).

These errors in simulating the spatial variations of TC
activities indicate that the sum of C1 and C2 explains the
major contribution. Here, C1 (C2) substantially underes-
timated (overestimated) the genesis and track frequency
over the East China Sea (eastern Philippine Sea; Fig. 5a—d).
The underestimated track frequency over the landfall zone
of C2 (Fig. 5d) was due to the shorter tracks of C2 in the
simulation. These errors in C1 and C2 are directly related
to large variations in their genesis frequency (Table 1). In
addition, these errors in C1 and C2 are similar to the under-
estimation (overestimation) over the East China Sea (south-
eastern Philippine Sea) in the total error (Fig. 3e, f). Thus,
most of the regional discrepancy in TC activity appears to
result from these two clusters. Interestingly, the overesti-
mation of TC activity over the South China Sea (Fig. 3e, f)
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Fig. 5 Differences in TC genesis (leff) and track (right) frequencies between simulation and observation as numbers per decade in a 5° x 5°
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is related to the bias in C5 (Fig. Se, f) that shows only small
difference in the genesis frequency (+0.3 per year or 49
for 29 years; Table 1). For C5, TC activities were overes-
timated over the South China Sea and underestimated over
the western Philippine Sea, implying that the simulated
genesis location of CS5 is more toward the South China Sea
compared with the observation. Model errors in genesis
frequency (Table 1) and TC activity for the clusters other
than C1 and C5 were insignificant (not shown).

3.3 Model errors in large-scale environments and the
corresponding TCs

To investigate the causes for the errors in regional TC
activities, large-scale environments that affect TC activi-
ties including zonal winds in the lower troposphere, wind
strength in the upper troposphere, the location of the
5880-geopotential meter (gpm) height, vertical wind shear,
and mid-level relative humidity were analyzed (Fig. 6). The
simulated 850-hPa zonal wind pattern agreed well with the
observation, but the westerlies over the tropical region were

too strong (Fig. 6a, b). These results imply the strengthen-
ing of the monsoon trough (Fig. 3e, f in JH13) and over-
estimation of wind convergence over the southeastern
Philippine Sea. Most of the TCs can be generated in the
southeastern Philippine Sea because the zonal wind con-
vergence causes wave energy accumulation and enhances
TC formation (Briegel and Frank 1997; Done et al. 2011).
Thus, the overestimated TC genesis for C2 is definitely
related to the overestimation of the strength of the mon-
soonal circulation. In addition, the western boundary of the
subtropical North Pacific high, represented by the 5880-
gpm line, was displaced to the east by more than 500 km
compared with the observation (Fig. 6a, b) owing to the
overestimated monsoon circulation. This weakening sub-
tropical high also provided favorable large-scale environ-
ments for generating TCs with C2 track patterns.

Similarly, the 200-hPa wind speed pattern was reason-
ably simulated, except that the strength of mid-latitude jet
stream was overestimated in the simulation (Fig. 6c, d).
TCs can re-curve early in the mid-latitudes owing to the
southward expansion of the subtropical jet which affects
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Table 2 The locations of re-curvature point of the mean tracks of C1,
C2, and C3 in the observation and the simulation

Observation Simulation

Latitude (°N) Longitude (°E) Latitude (°N) Longitude (°E)

Cl 30.89 126.87 25.66 127.87
C2 2546 138.67 24.73 141.26
C3  28.05 139.05 26.74 140.43

the point of TC re-curvature, causing the overestimation of
C2. Conversely, these large-scale environments appeared
to reduce the track frequency over the East Asian coastal
region. The mean tracks of C1, C2, and C3 in the simula-
tion showed earlier re-curvature than that in the observa-
tion (Table 2). C1 re-curved to the south, and C2 and C3
re-curved to the southeast compared with the observation.
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Figure 6e, f illustrate the observed and simulated, respec-
tively, vertical wind shear defined as the difference between
the 850 and 200 hPa levels. Again, the simulation reason-
ably captured the general pattern of vertical wind shear but
overestimated its magnitude over two regions: a subtropical
region centered at 5°N and between 100°E and 140°E and a
mid-latitude region extending from central China to north-
eastern Japan. Over the subtropical region, the simulated
vertical wind shear is much stronger than the correspond-
ing observations. This discrepancy may be induced by the
strong westerly at the lower troposphere with enhanced
monsoonal circulation in the simulation (Fig. 6b). There-
fore, TC activity over that region can be controlled by the
adverse effects of vertical wind shear (i.e., baroclinity),
such as the ventilation and tilting-stabilization (DeMaria
1996), and the favorable effects of the monsoonal circula-
tion. The positive effect of monsoonal circulation appears
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to be dominant over the South China Sea, whereas the neg-
ative effect of vertical wind shear is dominant over the area
east of the Philippine Sea, where TC activities are overes-
timated and underestimated in the simulation, respectively
(Fig. Se, f). The vertical wind shear in the simulation was
slightly stronger than that in the observation to the east of
140°E; however, its magnitude was generally lower than
12 m s~!, which is not a critical value as a constraint of
TC genesis. Thus, the overestimation of TC genesis due
to an enhanced monsoonal trough can be confined to the
southeastern Philippine Sea region (east of 140°E), result-
ing overestimation of the C2. At the mid-latitude region,
the vertical wind shear over the East China Sea and south
of the Korean Peninsula in the simulation was significantly
stronger than that in the observation (Fig. 6f). This strong
vertical wind shear zone related to the overestimated upper
tropospheric winds (Fig. 6d) can reduce TC track pattern
passing through that region, which can lead to decreased
TC activity of the CI.

Lastly, the pattern of mid-level relative humidity was
simulated reasonably (Fig. 6g, h), but the simulation exces-
sively overestimated relative humidity over the tropical
region (Fig. 6h). The local maximum of relative humidity
appeared around 10°N and between 130°E and 160°E near
the region where most of the C2s are generated. In addi-
tion, this high humidity condition continued vertically to
the upper layer with enhanced upward motion at that region
(not shown). Thus, the environment of high humidity and
rising motions can cause the overestimation of C2 in the
simulation. Conversely, the relative humidity at mid-lati-
tude in the simulation was not similar to that in the obser-
vation. The simulated vertical motion was also weaker than
that in the observation, particularly to the west of 130°E,
which may be attributed to the southward expansion of the
mid-latitude jet steam in the simulation (Fig. 6d). All of
these large-scale environments indicate that the simulation
tended to overestimate (underestimate) TC activities of the
C2 (C1) type.

4 Conclusion

This study have examined the capability of the nested
global-regional WRF model in studying TC activities over
the WNP. The regional WRF model (50 km x 50 km hori-
zontal resolution) nested within global WRF model simula-
tions (150 km x 150 km) forced by initial and boundary
conditions from the NCEP reanalysis-2 and OISST data
has been run for the 29 TC seasons of 1982-2010. This
study demonstrated that the model can produce realistic
TCs with dynamical and thermal structures similar to those
of observed TCs. The simulated TCs were clustered into
six groups (C1 through C6) according to their track shapes

by using the fuzzy clustering to analyze the model’s ability
in detail. Evaluation of the simulated TC clusters against
the clusters obtained from the observation suggests that
the model generally produced reliable TC features except
in few TC clusters. For TC intensity, the most noticeable
model errors were noted in the simulation of extremely
strong (C2) and weak (C5) TCs, mainly because of the
coarse model resolution and the absence of ocean feed-
back in the simulation. We consider that these limitations
can be resolved by using finer resolution and by coupling
with an ocean model. General features of TC genesis and
track were also simulated reasonably except for C1 and C2.
These model errors are related to the large-scale environ-
ments that are extremely favorable for C2 but unfavorable
for C1; these include enhanced monsoon trough, weak-
ened subtropical high, southward expanded mid-latitude
jet stream, high humidity over the tropical region, and
strong vertical wind shear over mid-latitudes and tropical
regions. The present results suggest the manner in which
the model should be improved to accurately simulate TC
activity. If the inherent errors of the large-scale environ-
ments examined in this study can be corrected, the model’s
performance would be improved significantly. However,
it should be noted that these errors in C1 and C2 do not
indicate that the model completely failed in the simulation.
Rather, they suggest that the present stage of the model is
imperfect. The overall model evaluation suggests that the
global-regional WRF can be a useful tool for studying TC
activities over the WNP, despite these shortcomings. Fur-
ther studies on seasonal forecast of TC activities over the
WNP can be conducted by using this model.
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