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ABSTRACT: This study investigates the impact of future climate warming on tropical cyclones (TC) and extratropical cy-
clones (ETC) using the database for Policy Decision-Making for Future Climate Change (d4PDF) large ensemble simula-
tions. Cyclone tracking was performed using the neighbor enclosed area tracking algorithm (NEAT), and TC and ETCs
were identified over the western North Pacific Ocean (WNP). For cyclone frequency, it was revealed that, although a slight
underestimation of the total number of TCs and ETCs in both the WNP and near Hokkaido, Japan, exists, the d4PDF re-
produced the spatial distribution of both TC and ETC tracks well when compared with observations/reanalysis. The 4-K
warming scenarios derived from six different sea surface temperature warming patterns showed robust decreases in TC fre-
quency in the tropical WNP and a slight reduction in ETCs near Japan. Next, precipitation characteristics for TCs or ETCs
in the vicinity of Hokkaido were examined using 5-km-mesh regional climate ensemble simulations. Four representative
cyclone locations near Hokkaido are identified using K-means clustering and revealed distinct precipitation characteristics
between clusters, with higher TC-associated precipitation than ETC-associated precipitation and the heaviest precipitation
in the southern portion of the prefecture. The 4-K warming scenarios revealed increased precipitation for all cyclone place-
ments for both TCs and ETCs. Last, average cyclone intensity, translation speed, and size were examined. It was shown
that TCs in future climates are more intense, propagate more slowly, and are smaller in terms of enclosed vorticity area as
they approach Hokkaido. For ETCs, mean intensity does not change much; they travel slightly faster, and become smaller.

KEYWORDS: Extratropical cyclones; Storm tracks; Tropical cyclones; Storm environments

1. Introduction

A major contributor to extreme precipitation is the direct
impacts of tropical cyclones (TC) and extratropical cyclones
(ETC). Hokkaido, Japan (Fig. 1a), is situated in a region
where TCs approach or, in rare cases, make landfall in the
prefecture. For example, in 2016, three typhoons (Canthu,
Mindulle, and Kompasu) made landfall in Hokkaido, and
one typhoon (Lionrock) passed near Hokkaido (Nayak and
Takemi 2020a), which resulted in one of the most cata-
strophic weather disasters in prefectural record. Many TCs
ultimately weaken and transition to ETCs before approach-
ing Hokkaido (Kitabatake 2011). In addition, although
ETCs originating in midlatitude regions are less frequent
and intense in warmer months than in colder months, ;5 ETCs
propagate over or near Hokkaido every summer season, often
intensifying as they move northward and eastward (Lee et al.
2020). Regardless of how ETCs develop, strong ETCs can be
accompanied by heavy precipitation and strong winds that
can also have major socioeconomic consequences. Given the

high-impact events accompanying cyclonic weather systems,
there is interest in determining how extreme precipitation may
change in association with TCs and ETCs. This is important
near Hokkaido, where TCs and ETCs produce over 80% of
the total or extreme precipitation (e.g., precipitation exceeding
the 99th percentile) throughout the year (Pfahl and Wernli
2012).

It is expected that extreme precipitation frequency and in-
tensity will increase in future climates in Japan (Kimoto et al.
2005; Emori and Brown 2005; Utsumi et al. 2011; Iizumi et al.
2012; Yamada et al. 2014; Hatsuzuka and Sato 2019). For TC-
associated extremes, there is a consensus among the scientific
community that global warming will amplify TC-associated
extreme precipitation events (Knutson et al. 2020). Pseudo–
global warming experiments for TCs (typhoons) approaching
Hokkaido showed increased precipitation in future climates
(Kanada et al. 2017a; Nayak and Takemi 2020b), and similar
conclusions are reached from various modeling studies of TCs
throughout Japan (e.g., Watanabe et al. 2019). Many studies
project a decrease in TC frequency in the western North
Pacific Ocean (WNP) but an increase in strong TCs (Oouchi
et al. 2006; Murakami et al. 2012; Tsuboki et al. 2015; Yamada
et al. 2017; Yoshida et al. 2017). This may result in higher in-
tensity rain events from individual TCs near Hokkaido, even
if such events occur less often.

Unlike TCs that have been shown to exhibit strong thermody-
namical and dynamical changes, changes in ETC-associated ex-
treme precipitation are believed to be associated with changes
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mainly in the atmospheric moisture content. Previous model-
ing studies largely agree that warming temperatures will in-
crease atmospheric moisture capacities, which will increase
ETC-associated precipitation (Finnis et al. 2007). This signal
is especially evident for the most intense ETCs (Hawcroft
et al. 2018; Kodama et al. 2019), which generally produce the
most intense precipitation events in the current climate
(Hawcroft et al. 2012; Pfahl and Sprenger 2016). However,
how ETCs will respond to changes in the background climate
remains uncertain (Ulbrich et al. 2009; McDonald 2011;
Catto et al. 2019). ETC intensity is highly dependent on low-
level baroclinicity from the equator-to-pole temperature gradi-
ent, which is projected to weaken due to polar amplification.
However, the projected strengthening of upper-level baroclinic-
ity and increased latent heating due to increased atmospheric
moisture can strengthen ETCs, possibly counteracting the effects
of decreasing low-level baroclinicity. Many studies have indi-
cated little change in future ETC intensity and therefore con-
clude that changes in precipitation are attributed primarily to
increased moisture (Watterson 2006; Bengtsson et al. 2009; Mi-
chaelis et al. 2017; Yettella and Kay 2017; Sinclair et al. 2020;
Priestley and Catto 2022).

To date, only a few studies have investigated future climate
responses to TC and ETC-associated precipitation extremes
in unison over Japan. Using satellite-based precipitation data,
Utsumi et al. (2017) showed that the contribution of extreme
daily precipitation between TCs and ETCs is similar (;40%
each) for Japan. So, while TCs contribute to a larger fraction
of extreme precipitation per storm, ETC passage occurs much
more frequently. Hence, examining changes in both cyclonic
weather systems together is worthwhile. In this study, we in-
vestigated widespread extreme precipitation events and their
future changes in Hokkaido using a large ensemble of simula-
tions from the database for Policy Decision-Making for Future
Climate Change (d4PDF; Mizuta et al. 2017). We examine sev-
eral characteristics of TCs and ETCs that influence heavy pre-
cipitation in Hokkaido, including moisture transport, cyclone

intensity, translation speed, and size. Moisture transport was
examined to understand how changes in the moisture and
wind speeds within TCs and ETCs contribute to extreme pre-
cipitation. Changes in storm intensity have probably received
the most attention in identifying warming scenario responses,
as intense cyclones have been well documented as sources of
widespread weather disasters, which may be exacerbated by a
warming climate. Changes to TC translation speeds have re-
ceived considerable interest in recent years (Kossin 2018;
Chan 2019; Moon et al. 2019; Zhang et al. 2020), as the damag-
ing impacts of slow-moving TCs have naturally led to an in-
crease in studies examining their future changes (Gutmann
et al. 2018; Yamaguchi and Maeda 2020; Yamaguchi et al.
2020). Last, cyclone size is critical in understanding total dam-
age potential (Powell and Reinhold 2007), and projected
changes in TC size in warming scenarios provide valuable in-
formation. While these papers focus on TC characteristics, it
can be argued that ETCs may have similar responses to a
warming climate, and a greater number of future ETCs could
have similar impacts to weaker TCs in the current climate.

2. Data and methods

a. Experimental design

We used historical and future climate simulations from the
d4PDF large ensemble dataset. The d4PDF consists of the
60-km-mesh global simulation ensemble from the Meteorolog-
ical Research Institute atmospheric general circulation model
3.2 (MRI-ACGCM; Mizuta et al. 2012) and the dynamically
downscaled regional simulation covering Japan and eastern
portions of the Asian continent using the 20-km-mesh Nonhy-
drostatic Regional Climate Model (NHRCM20; Sasaki et al.
2011), with each simulation containing 60 years (1951–2010)
of historical (HIST) and a 4-K warming scenario (14-K) simu-
lation. One hundred MRI-AGCM ensemble members for the
HIST climate were created using different initial conditions
and small sea surface temperature (SST) perturbations arising

FIG. 1. (a) Model domains and orography (m). The blue line indicates the NHRCM20 domain, and the red line in-
dicates the boundaries of the NHRCM05 domain. Shading represents elevation (m). (b) The SoJ (black outline) and
PO (red outline) regions used to extract TC and ETCs.
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from analysis errors in observed monthly SSTs and sea ice
concentration from the Centennial Observation-Based Esti-
mates of SST, version 2 (COBE-SST2; Hirahara et al. 2014).
Initial conditions were extracted from different time steps
from a previous MRI-AGCM3.2 simulation. The 14-K rep-
resents a climate that is 4-K warmer relative to preindustrial
levels, corresponding to a climate around the year 2090 un-
der phase 5 of the Coupled Model Intercomparison Project
(CMIP5) representative concentration pathway 8.5 sce-
nario. Ninety ensemble members were created by adding
SST warming patterns (DSST) from six CMIP5 simulations
to detrended monthly SSTs from COBE-SST2. The six
CMIP5 models used are the Community Climate System
Model, version 4 (CCSM4); the Geophysical Fluid Dynam-
ics Laboratory Climate Model, version 3 (GFDL-CM3); the
Hadley Centre Global Environmental Model, version 2,
atmosphere–ocean (HadGEM2-AO); the Model for Inter-
disciplinary Research on Climate, version 5 (MIROC5); the
Max Planck Institute Earth System Model, medium resolu-
tion (MPI-ESM-MR); and the Meteorological Research In-
stitute Coupled Atmosphere–Ocean General Circulation
Model, version 3 (MRI-CGCM3). These models are deter-
mined through cluster analysis (Mizuta et al. 2014) as an
adequate representation of most of the uncertainty present
in the SST change distributions for all CMIP5 models. The
NHRCM20 product, which is not directly used for this study,
offers 50 ensembles for HIST and 90 ensembles for 14-K. For
further details and previous research examples utilizing d4PDF,
we refer the reader to Mizuta et al. (2017) and a comprehensive
review paper by Ishii and Mori (2020).

Further dynamical downscaling from NHRCM20 to 5-km
horizontal grid spacing (NHRCM05) covering northern Japan
(Fig. 1a) is also used for this study. Because of the large com-
putational demand, downscaling was performed for the entire
year (starting in August) only if they featured the top several
hundred annual maximum 72-h cumulative rainfall events in
the Tokachi River basin (south-central Hokkaido) from the
3000-yr HIST and 5400-yr 14-K NHRCM20 ensemble. Fur-
ther details can be found in Hoshino et al. (2020) and Yamada
et al. (2021). For our study, precipitation data from 769-yr
HIST and 735-yr14-K are examined.

b. Observations and reanalysis

To evaluate the model reproducibility of TC track density
and appropriately adjust our tracking algorithm parameters to
reproduce observational TC frequency, we used the Regional
Specialized Meteorological Center Tokyo-Typhoon Center
Best Track Data (hereinafter BestTrack). Tracks from 1979 to
2010 were used, and tracks with tropical storm intensity or
greater (.17 m s21) were used as guidance for tracking pa-
rameter adjustment. Because there are no observed ETC data-
sets, the Japanese 55-year Reanalysis (JRA-55; Kobayashi
et al. 2015; Harada et al. 2016) and the European Centre for
Medium-Range Weather Forecasts fifth-generation atmo-
spheric reanalysis (ERA5; Hersbach et al. 2020) were used to
extract ETCs. The 55-km JRA-55 and 31-km ERA5 datasets

from 1979 to 2010 were regridded to the same 60-km horizon-
tal grid as the MRI-AGCM.

To validate NHRCM05 precipitation, the Radar/Rain Gauge-
Analyzed Precipitation (RA) dataset between 2006 and 2019
was used. The current version (since 2006) of the RA is based
on 46C-band radars administered by both the JapanMeteorologi-
cal Agency (JMA) and the Ministry of Land and Infrastructure,
Transport and Tourism, which are combined with more than
10000 rain gauge stations to produce an areal precipitation data-
set covering the Japanese archipelago (Ishizaki and Matsuyama
2018). Data were provided as hourly accumulations on a 1-km
horizontal grid. We regridded the RA to the same 5-km grid as
the NHRCM05 for comparison using a first-order conservative
mapping procedure (Jones 1999) commonly used for precipitation
regridding, which accounts for the fractional contribution of the
1-km input grid to the 5-kmoutput grid.

c. Cyclone tracking method

Cyclones are identified and tracked from 850-hPa relative
vorticity using the neighbor enclosed area tracking (NEAT)
algorithm (Inatsu 2009; Satake et al. 2013). Unlike conven-
tional neighbor point tracking methods (NPT), where local
maximum vorticity or sea level pressure (SLP) that exceeds
some threshold is identified as a cyclone center point, NEAT
searches for an enclosed area of vorticity that meets a thresh-
old criterion and defines this entire area as a cyclone. Addi-
tionally, while NPT searches for a local vorticity maximum at
each time step and tracks the cyclone if it is within a certain
distance from the previous time step, NEAT tracking is based
on the area of cyclone overlap in subsequent time steps. The
tracks are identified using the centroid location of the en-
closed area of vorticity and begin (genesis) and end (lysis) if
there is no overlap between cyclones before or after a time
step. As cyclones are identified based on an enclosed area, the
NEAT algorithm produces supplementary cyclone character-
istics such as cyclone size, merging and splitting cyclones, in
addition to tracks, genesis, lysis, and translation speed that
can be provided by the NPT method without the need for any
postprocessing.

Using 6-hourly data from the JRA-55, ERA5, 50-member
HIST, and 90-member 14-K, cyclones are first extracted using
the following conditions, adopted from Inatsu (2009):

1) 850-hPa relative vorticity exceeds 8.0 3 1025 s21 [a nine-
point smoother is applied before tracking; we omit any
vorticity values from grid points greater than 1500-m ele-
vation from the JRA-55/ERA5 (850-hPa winds from
MRI-AGCM3.2 are not extrapolated below the surface)];

2) enclosed cyclone area exceeds 20 000 km2 and overlap area
between consecutive time steps that exceeds 10000 km2;
and

3) lifetime duration of a cyclone is at least 36 h from cyclone
genesis to lysis.

Once cyclones are extracted, we distinguish TCs and ETCs by
the presence of a warm core. Many of the methods from Satake
et al. (2013) were implemented, but with some additional
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conditions and modifications to better reproduce characteristics
from BestTrack:

1) temperature anomaly at 500 hPa is greater than 0.8 K and
is located within 28 from the cyclone center (anomaly is
defined as 500-hPa temperature deviations from the mean
temperature over a 78 3 78 grid box surrounding the cy-
clone center);

2) inside the enclosed cyclone area, the maximum wind
speed at 850 hPa is greater than the maximum wind speed
at 300 hPa;

3) TC genesis is located south of 358N and does not occur
over land; and

4) the cyclone meets the above criteria for 36 h or longer (a
single time step failure is allowed).

All storms not meeting TC criteria and persisting for 36 h or
longer were identified as ETCs. These include cyclones that
transition from TCs to ETCs, which are common for cyclones
approaching Hokkaido. For such cases, the timeframes when
cyclones are identified as ETCs are required to last at least 18 h
after transition, and the first time step following the transition
was removed to omit cyclones that resemble TCs rather than
ETCs.

We recognize that the relative vorticity of 8.0 3 1025 s21

is a higher threshold for ETCs than the commonly used
1.0 3 1025 s21. However, since intense ETCs generally pro-
duce heavier precipitation and will likely see stronger re-
sponses to a warming climate, we opted to keep a singular
threshold to identify both TCs and ETCs. In addition, the
30001-yr large ensemble dataset allows for robust evaluation
of future changes in ETCs without incorporating weaker cyclo-
nes that may have otherwise been needed for single ensemble
modeling studies.

d. Identification of cyclones producing widespread
extreme precipitation in Hokkaido

To examine cyclones that produce widespread extreme pre-
cipitation events (WEP), we first extracted all 6-hourly time
steps when NHRCM05 HIST precipitation exceeds a 1-yr re-
turn period (computed at each grid point) for at least 10% of
the total land grid points over Hokkaido. This 10% threshold
was chosen based on the ability to examine a robust enough
sample size while still investigating extreme events, similar to
methods used by Kawazoe and Gutowski (2018) and Tamaki
et al. (2018). It also allows us to focus primarily on resolved
synoptic patterns producing precipitation rather than smaller-
scale convective storms. Next, we extracted all cyclones that
enter a 108 3 108 grid box from the center of Hokkaido (ap-
proximately 43.58N, 142.58E) for all time steps exhibiting
WEP. Last, we decomposed cyclones causing WEP into four
clusters using K-means clustering, similar to previous studies
(Miyasaka et al. 2020; Hatsuzuka and Sato 2022). We exam-
ined the precipitation distribution in Hokkaido for all cyclo-
nes that exhibit similar patterns, how they change in 14-K,
and possible environmental mechanisms that result in these
changes. We also examined the effects of 850-hPa moisture
flux (MF850) and its convergence (MFC850) to determine

their role in the precipitation distribution, if they differ be-
tween TCs and ETCs, and how they change under warming
scenarios. Our focus is from July to November (JASON).

e. Cyclone characteristics

Additional factors may also determine how impactful TC-
and ETC-associated precipitation may become. Therefore, we
examined cyclone intensity, translation speed, and size (area),
of which the latter two are default outputs from NEAT. For
intensity, minimum SLP within the enclosed cyclone area was
used. The translation speed is the average scalar speed of the
cyclone centroid between time steps.

For this analysis, we separated TCs and ETCs based on
their location [the Sea of Japan (SoJ) and Pacific Ocean (PO)
domains; Fig. 1b] to examine if there are different cyclone
characteristics in different regions. As highlighted in Kitano
et al. (2017), TCs approaching Hokkaido between 1961 and
2016 are dominated by those propagating over the SoJ, but
those coming from the PO have weakened less rapidly, pri-
marily due to less land interaction. In addition, TC tracks are
heavily influenced by large-scale circulation patterns, with the
WNP subtropical high (WNPSH) and mid- to upper-level
flow being the dominant steering sources. The positioning of
the high varies throughout the year, leading to differences in
storm tracks for TCs approaching Japan. These environmen-
tal conditions may contribute to interbasin differences in re-
sponse to climate change.

3. Results

a. Cyclone distribution and projected changes

TC track density for JASON from BestTrack and MRI-
AGCM are shown in Figs. 2a and 2b. The overall spatial dis-
tribution and annual track density are consistent between the
two datasets. Several distinguishable characteristics include a
higher number of tracks near the Philippines and a lower
number of tracks from around the Ryukyu Islands (approxi-
mately 268N–1278E) and northward toward mainland Japan
in the MRI-AGCM. This may indicate that more TCs transi-
tion to ETCs earlier using our TC extraction method. This
can be seen in TC tracks from the JRA-55 (Fig. S1a in the on-
line supplemental material), as it also produces fewer TCs far-
ther north than BestTrack. The ERA5 shows more TCs to
the north (Fig. S1b) but is largely overestimated near the
Philippines, indicating that while higher resolution yields more
TCs, spatial biases persist. Adjusting the vorticity/area/overlap
threshold in NEAT increased TC density mainly near the Phil-
ippines but without significant increases farther north. Table 1
shows the total number of TCs in the WNP and within the
black and red regions in Fig. 1b. While models indicate a slight
underestimation of TCs relative to BestTrack, adjusting the
TC frequency for the MRI-AGCM/JRA-55/ERA5 to Best-
Track again led to a disproportional increase in the tropical
WNP but only slight increases in those approaching Hokkaido.
Previous studies have shown that the onset of even weak to
moderate shear may not weaken TCs immediately, with ap-
proximately a 36-h lag between shear onset and weakening

J OURNAL OF AP P L I ED METEOROLOGY AND CL IMATOLOGY VOLUME 62344

Brought to you by HOKKAIDO DAIGAKU | Unauthenticated | Downloaded 05/22/23 06:06 AM UTC



(Frank and Ritchie 2001). Others have shown that small
amounts of shear may be beneficial for TC development
(Paterson et al. 2005). Our results may indicate that TCs
transition to ETCs prematurely (farther south) when the
vertical wind shear criteria for TCs is simply when the maxi-
mum wind speed at 850-hPa is greater than the maximum
wind speed at 300 hPa.

There are also uncertainties in the BestTrack data, depend-
ing on how different agencies estimate TC intensity from

satellite data (Kossin and Velden 2004; Kamahori et al. 2006;
Barcikowska et al. 2017). In comparing our results with those
of Barcikowska et al. (2017), who examined three BestTrack
datasets (JMA, China Meteorology Administration, and the
Joint Typhoon Warning Center), it is seen that there are
similar TC track densities from the JMA but that the latter
two exhibit lower track densities near the Ryukyu Islands
and are closer in spatial distribution to the results shown in
Fig. 2b and in Figs. S1a and S1b in the online supplemental
material.

For 14-K, a robust decrease of nearly 50% was seen in
track density (Fig. 2c), with an ;42% decrease in the number
of WNP TCs (Table 1). This decrease is seen in many studies
and is identical to the 42% decrease shown by Yoshida et al.
(2017), who also used the d4PDF. We note an;61% decrease
for MIROC5 DSST (Table 1), while Yoshida et al. (2017) in-
dicated a 74% decrease, both significantly higher than other
DSST patterns. The lack of heavy precipitation near the Phil-
ippines in the MIROC5 was reported by Watanabe et al.
(2010), signifying the possibility that tropical disturbances
that may later develop into TCs are less frequent than in the
other DSST patterns.

The annual track density of ETCs from the JRA-55 and
MRI-AGCM is shown in Figs. 2d and 2e. The overall spatial
distribution of track densities is similar between the two data-
sets, with ETCs most prominent north of 308N. Both datasets
indicate ETCs over land areas such as eastern China and
Mongolia, over the SoJ, and near the Kuroshio–Oyashio

FIG. 2. JASON mean track density from 1979 to 2010 for (a) BestTrack TC, (d) JRA-55 ETC, (b) 50-member MRI-AGCM HIST
ensemble TC and (e) 50-member MRI-AGCM HIST ensemble ETC. The number at the top right of the panels represents the annual
track density. Also shown are future changes in (c) TC and (f) ETC density between the HIST and 14-K, with percent change of density
at the top right of the panels. Tracks are binned at 28 grid intervals.

TABLE 1. Annual number of JASON TCs and ETCs from
1979 to 2010 in the WNP (Fig. 2) domain, and those within the
black-outlined and red-outlined regions in Fig. 1b for BestTrack,
JRA55, ERA5, MRI-AGCM HIST, and 14-K, and for each
DSST pattern applied for the d4PDF.

WNP Hokkaido

TC ETC TC ETC

BestTrack 19.5 } 2.7 }

JRA-55 18.6 54.2 2.8 22.7
ERA5 20.9 56.3 2.9 24.8
HIST 17.8 51.7 2.4 23.6
14-K ensemble 10.3 46.1 1.9 19.0
CCSM4 10.7 46.3 1.6 19.5
GFDL-CM3 10.6 46.7 1.9 19.0
HadGEM2-AO 11.4 47.2 2.2 19.7
MIROC5 7.0 42.7 1.7 17.2
MPI-ESM-MR 10.5 46.4 2.0 18.8
MRI-CGCM3 11.6 47.4 2.0 19.6
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Extension (KOE; Fig. 1a) over water, all of which are well-
known in East Asia (Adachi and Kimura 2007; Lee et al.
2020). There was a slight overestimation or underestimation
in annual ETCs relative to JRA-55 or ERA5 (Fig. S1c in the
online supplemental material), respectively, and fewer ETCs
are identified in eastern China. Similar to TCs, the ERA5 pro-
duces more ETCs than the JRA-55, likely due to finer hori-
zontal grid spacing. For 14-K, there was an ;11% decrease
in track density and the number of tracks (Table 1), most of
which are north of 358N (Fig. 2f). These decreases may be at-
tributed to weakened baroclinicity because of a decrease in
the future north-to-south temperature gradient (Ito et al.
2016). While the methods may differ, our results are similar to
future ETC responses in previous studies (Yettella and Kay
2017; Catto et al. 2019; Sinclair et al. 2020).

b. Precipitation characteristics

We next examined the ability of the NHRCM05 to repro-
duce general precipitation patterns in comparison with RA.
Figure 3 shows the total accumulated precipitation over Hok-
kaido and the frequency of WEP per month. WEPs are ex-
tracted using NHRCM05 HIST thresholds for both climate
simulations. The greatest accumulated precipitation and
WEP frequency were seen in JASON for RA, HIST, and
14-K, supporting our decision to focus on these months for
analysis. HIST exhibits a slight delay in the precipitation
peak and an overestimation of winter total precipitation.
The delay in HIST precipitation is approximately one to
two weeks (not shown). The overestimation in winter total
precipitation is likely due to the RA’s reliance on surface
observations to adjust radar-estimated precipitation. Sparse
surface weather stations at higher elevations and the low
catch rate of solid particles likely contributed to the under-
estimation (Yamamoto et al. 2011). The 14-K exhibits more
accumulated precipitation throughout the year, with the

greatest differences seen in July–September, likely attribut-
able to the increase in WEP frequency.

The 99th-percentile JASON precipitation was examined
for spatial reproducibility (Fig. 4). The HIST provides a
much smoother rendition than RA due to its robust sample
size, but the geographical patterns are similar. High precip-
itation amounts near southern Hokkaido, such as near the
Hidaka mountains and the southern side of higher eleva-
tions farther west, are present in both datasets. There is a
slight overestimation in the Oshima Peninsula and an

FIG. 3. Monthly mean frequency of WEP (solid lines) and monthly
accumulated precipitation (dotted lines; mm) for all grid points in
Hokkaido.

FIG. 4. Spatial distribution of 99th-percentile JASON precipita-
tion (mm) for (a) RA, (b) HIST NHRCM05, and (c) 14-K
NHRCM05. The blue contours represent orography at 500-m inter-
vals. For RA orography, the 2-minute gridded global relief data
(ETOPO2v2; NOAA/National Geophysical Data Center 2006)
were used and regridded to the same 5-km grid as the NHRCM05.
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underestimation in central Hokkaido, though both can be
attributed to fewer years in RA than HIST. For 14-K,
there are large precipitation increases, particularly in the
southern half of Hokkaido. On the southern flanks of the
mountains, moist flow from the south and orographic as-
cent contribute to enhanced precipitation there (Inatsu
et al. 2015). In addition to the increase in WEP, the dura-
tion of WEPs is projected to increase in 14-K (Table S1 in
the online supplemental material). While increased water
capacity resulting from a warming climate may contribute
to these results, it is likely that many of these widespread
events are cyclone induced, meaning that additional factors
such as TC/ETC intensity, translation speed, or size may
have also contributed (discussed in section 4). Regardless
of the mechanisms, longer, more frequent, and more in-
tense WEPs appear likely in a warmer climate.

Results from the K-means clustering on WEP are shown in
Figs. 5a–d, comprising 626 TC and 2144 ETC events. We make
no distinction between TC or ETC origin or trajectory/path trav-
eled for our study. Three of the four patterns are distinct from

each other. C1 depicts a deep cyclone southeast of Hokkaido; in
C2, the cyclone center is just northwest of Honshu, and in C3,
the cyclone center is over the northern Sea of Japan. C4 is simi-
lar to C2 but with a much weaker (;10 hPa) cyclone center. C1
and C3 contribute to a majority of ETCs between the four clus-
ters, while C2 contributes roughly a third of all TCs between the
four clusters. Increasing the number of clusters does not produce
additional distinguishable SLP patterns.

Individual cyclone tracks for each cluster (defined as all cy-
clone tracks that pass within 28 from each cluster’s SLP mini-
mum) are shown in Figs. 5e–l. For TCs, the majority of tracks
originate from the tropical WNP, as expected. C1 includes
many of the strongest TCs (lowest SLP minima) owing to less
rapid weakening from less land interaction. C2 and C3 TC
tracks are quite similar, with some tracks traversing the
Japanese islands before entering the SoJ and others entering
the region from near the Korean Peninsula. The weak inten-
sity of TCs in C4 (Fig. 5d) is likely due to the prolonged land
interaction. ETC tracks are quite different from those of TCs,
with more tracks farther west and north. While several tracks

FIG. 5. (a)–(d) Four cyclone patterns resulting in WEPs determined using K-means clustering. SLP is contoured (2-hPa interval), and
SLP anomalies (computed from a 60-yr daily climatology for each ensemble) are shaded. The red-outlined box indicates the domain used
to extract cyclones in similar weather patterns. The numbers at the top right of each panel represent TC and ETC frequency, respectively,
for each cluster. Also shown are the tracks for (e)–(h) TCs and (i)–(l) ETCs in each cluster. Individual tracks (6 hourly) are in gray, and
the latitudinal averages are in red (TC) and blue (ETC). Averages are plotted for each latitude with 20 or more tracks.
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are likely transitioned TCs, many originate over theAsian conti-
nent, and there is greater track density over the SoJ. C1 also ex-
hibits greater ETC track density over the KOE region southeast
of Hokkaido, meaning that these ETCs are likely to be more in-
tense due to stronger low-level baroclinicity (greater meridional
SST gradient) than in other clusters. C2 and C3 are similar, with
high track densities over the SoJ likely signifying intensifying
ETCs moving northeastward into a region of strong SST gradi-
ent, with C3 displaced farther north. Some of these ETCs
are likely remnants of TCs that transition before approaching
Hokkaido. C4 is similar to C2, suggesting that many of the ETCs
in C4 resided near the C2 location earlier.

c. Future changes in precipitation and moisture flux
characteristics

Next, we focused on the geographic distribution of precipi-
tation by separating TCs and ETCs for each cluster and inves-
tigating how they are projected to change in 14-K. We focus
on events with SLP minima ,990-hPa for all time steps in the
NHRCM05, which is equivalent to category 1 hurricane inten-
sity introduced by Klotzbach et al. (2020) and categorized as
“relatively deep cyclones” in Catto et al. (2019).

For C1, TCs produce a larger area of heavy precipitation
than ETCs, regardless of elevation (Figs. 6a–d). MF850 for both
TCs and ETCs exhibit south-southeasterly flow in the northeast
quadrant near the cyclone center, and the greatest MFC850 cor-
responds to the location of the heaviest precipitation in the east-
ern half of Hokkaido (Figs. 6e–h). TCs exhibit stronger MF850

and MFC850 than ETCs, contributing to more precipitation
for TCs. For 14-K, there is higher precipitation in TCs and
very little change in ETCs. There is an;43% increase in area-
averaged precipitation for TCs and greater increases at higher
elevations (;59%). ETCs exhibit only an ;6% increase in
area-averaged precipitation. This difference can be attributed
to the larger increases in MF850 and MFC850 for TCs, likely
due to a larger projected increase in TC intensity than ETC in-
tensity (discussed in section 4a).

Cluster C2 exhibits precipitation predominantly in southern
Hokkaido, with highest intensities east of the Hidaka Moun-
tain range and over Oshima Peninsula and higher-elevation
areas in southern Hokkaido. TCs exhibit greater precipitation
than ETCs, but less precipitation than C1 because the cyclone
center is farther from Hokkaido (Figs. 7a,b). Differences in
precipitation may again be attributed to MF850 and MFC850
(Figs. 7e–h), as large values extend farther northeast for TCs,
affecting larger portions of Hokkaido than for ETCs, for
which MF850 is weaker and high MFC850 is confined closer to
the center of ETCs. For14-K, there is a;25% increase in TC
precipitation, but with little difference based on elevation be-
cause much of the Oshima Peninsula (Fig. 1a) is at relatively
low elevations, where much of the precipitation changes are
projected. ETCs exhibit very little change in precipitation.
MF850 and MFC850 are greater for TCs, again contributing to
increased precipitation. ETCs also exhibit enhanced MF850
and MFC850 but are again concentrated near the ETC center,
limiting the impact on Hokkaido.

FIG. 6. Composite (top) precipitation and (bottom) MF850 (vectors; g kg21 m s21) and MFC850 (shading; 1025 g kg21 s21) for TC- or
ETC-associated (as labeled) precipitation for C1 for (a),(b),(e),(f) HIST and (c),(d),(g),(h) 14-K. The number at the top right in (a)–(d)
represents precipitation averaged over all grid points in Hokkaido, precipitation amounts for grids below 250 m and above 750 m
shown in parentheses. The bottom panels are 88 radial composites centered at TC and ETC SLP minima. MF850 vectors less than
80 g kg21 m s21 are omitted for clarity.
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Cluster C3 produces the lowest precipitation for both TCs
and ETCs between the four clusters and is concentrated at high
elevations (Figs. 8a–d). Unlike the other clusters, Hokkaido is
in the southeastern quadrant of the cyclones (Fig. 5c), removing
it from the cyclone-induced MFC850, which is greatest in the
northern half and near the center of cyclones. Therefore, this

cyclone placement produces westerly to southwesterly MF850
in southern Hokkaido. The patterns for 14-K are very similar.
There is a 32% increase in precipitation for TCs and a 30% in-
crease for ETCs, and only marginal differences based on eleva-
tion for TCs (39% at higher elevations and 32% at lower
elevations) and ETCs (22%–31%). This is perhaps because of

FIG. 7. As in Fig. 6, but for C2.

FIG. 8. As in Fig. 6, but for C3.
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the lack of change in MFC850, and the MF850 change is similar
between TCs and ETCs. There is also a slight increase in pre-
cipitation over northern Hokkaido for TCs and ETCs, where a
slight increase in MF850 andMFC850 east of the cyclone center
may have contributed to increased precipitation.

Last, C4 exhibits large areas in southern Hokkaido with high
precipitation amounts (Figs. 9a–d), regardless of cyclone type,
because much of Hokkaido is close to the strongest MF850 and
MFC850 (Figs. 9e–h). TCs again produce heavier precipitation
than ETCs because TCs exhibit stronger MF850 and MFC850
than ETCs and over a larger area. The difference in precipitation
amounts between TCs and ETCs was again attributed to the
difference in MF850 andMFC850, as TCs show stronger features
for both than ETCs, and for a larger area. MF850 and MFC850
for TCs are projected to increase significantly, resulting in a 52%
increase in TC-associated precipitation, with greater future
change at higher elevations than lower elevations (65%–50%).
ETCs exhibit a 24% increase (similar at high and low elevations)
owing to smaller increases in MF850 and MFC850, particularly
in the right-front quadrant of the cyclones.

4. Discussion

TCs and ETCs are projected to produce heavier precipita-
tion in Hokkaido in a warmer climate, with the largest pro-
jected increases owing to TCs. We now discuss how cyclone
intensity, speed, and size may change, all of which can influ-
ence the frequency, intensity, and duration of future WEPs.

a. Intensity

SLP minima for all cyclones approaching Hokkaido are
shown in Fig. 10. As expected, there are more TCs with lower

SLP than ETCs in both the JRA-55 and HIST datasets. TCs
(Figs. 10a,b) are stronger in the SoJ and PO in future climates,
particularly the strongest storms. ETC (Figs. 10c,d) intensities
are largely consistent between HIST and 14-K. For both
types of cyclones and domains, PO cyclones are deeper than
those in the SoJ because TCs often interact with land before
entering the SoJ, and ETCs are usually early in their life cycle
or experience less low-level baroclinic instability relative to
the PO (Adachi and Kimura 2007; Lee et al. 2020).

TCs develop in regions of warm SSTs and weak vertical wind
shear. As SSTs are projected to increase (Fig. S2 in the online
supplemental material) and vertical wind shear is projected to
decrease (Fig. 11) over much of the area around Japan from
July to November, future climate projections indicate environ-
mental conditions that favor TC development or extratropical
transition farther north than in the current climate, consistent
with previous studies (Yasuda et al. 2010; Murakami et al.
2012). There is also a greater fraction of WNP TCs approaching
Hokkaido in 14-K (;18%) than in HIST (;13%). The more
intense 14-K TCs, as well as stronger MF850 and MFC850
(Figs. 6–9), likely contributed significantly to the heavier
TC-induced precipitation in 14-K.

For all DSST patterns used for 14-K ensemble experi-
ments, the CCSM4 exhibits the smallest change in TC inten-
sity, while the GFDL-CM3 shows the greatest intensification
in both basins (Table S2 in the online supplemental material).
The CCSM4 SST patterns also show the least warming south
of;458N, while the GFDL-CM3 exhibits some of the most in-
tense warming, favoring TCs maintaining their intensity as
the move toward Hokkaido. The MIROC5 also showed an in-
tensification of TCs in the PO region, which coincides with
SST warming similar to the GFDL-CM3 and strong decreases

FIG. 9. As in Fig. 6, but for C4.
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in vertical shear (Fig. S3 in the online supplemental material)
during peak TC months. Interestingly, models such as the
CCSM4 exhibit decreased mean intensity in the PO domain,
despite warming SSTs and decreasing vertical shear, which is
also seen for SoJ TCs in the MIROC5, highlighting the uncer-
tainties of how future environmental changes may ultimately
impact the intensity of TCs.

The lack of ETC intensity change is consistent with previous
studies (Hawcroft et al. 2018; Catto et al. 2019), and precipita-
tion changes are more likely to be driven by increased mois-
ture than by changing dynamics, which is seen in the MF850
and MFC850 analyses. ETC intensity based on DSST patterns
showed some variability, particularly in the SoJ region, but is
consistent with the overall14-K ensemble change.

b. Translation speed

Figures 12a and 12b show the translation speed of TCs. In
HIST, PO TCs traveled slightly faster than those in the SoJ.
Translation speeds are heavily influenced by upper-level flow,
and the PO exhibits a slightly stronger 500-hPa flow than
the SoJ (Fig. 13), resulting in faster-moving PO-based TCs.
The overall distribution and interarea differences between
JRA-55 and HIST are consistent, albeit with slightly faster
translation speed for the reanalysis. However, the sample size
for the JRA-55 may not be sufficient for comparison, particu-
larly in the SoJ, where only 46 time steps are examined. This
may partly explain why TCs exhibit faster movement in the
SoJ than in the PO for the JRA-55 as compared with the
HIST ensemble. There is a decrease in translational speed for

FIG. 10. Minimum SLP (hPa) of all (a),(b) TCs and (c),(d) ETCs in the proximity of Hokkaido, separated by ocean
basins. The numbers at the top right of each panel indicate the average SLP from JRA-55, HIST, and 14-K,
respectively.
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all ocean-based storms in 14-K climate, as TCs slow by ;6%
and;8% for the SoJ and PO basins, respectively. Both the SoJ
and PO domains exhibit slower 500-hPa flow in 14-K, with a
greater decrease over the PO domain. However, there is quite a
bit of variability in translation speed between the DSST patterns
(Table S4 in the online supplemental material), which can be
directly attributed to variability in 500-hPa winds. During
peak TC months, the MIROC5 shows the greatest decrease
in 500-hPa winds near Japan (Fig. 14), yielding the slowest
translation speeds of all DSST patterns. The HadGEM2-AO
also exhibits a marked slowdown in TCs, which can also be
linked to relatively large decreases in 500-hPa winds. Con-
versely, the GFDL-CM3 and MRI-CGCM3 depict a slight ac-
celeration in translation speed despite a decrease in 500-hPa
winds. Thus, the slower TCs in the 14-K ensemble are not
only owing to changes in the 500-hPa winds, consistent with
Yamaguchi and Maeda (2020), who also utilized the d4PDF
dataset but for a much larger analysis domain.

Another large-scale feature that influences TC speeds is the
WNPSH (Wang et al. 2020). To examine potential changes to
the extent and intensity of theWNPSH, we used the eddy geopo-
tential height (He; Zhou et al. 2009; He et al. 2015), which is the
departure of 500-hPa geopotential height (gpm) relative to the
zonal mean between 08 and 408N (Fig. 14). Using the 0-gpm He
as WNPSH extent and 10-gpm He to approximate its strength,
all DSST patterns exhibit minimal change or an eastward reposi-
tioning of the WNPSH. The eastward retreat or weakening of
the WNPSH has been reported in previous studies (Murakami
et al. 2011; Ose et al. 2020; Takabatake and Inatsu 2022), though
there are uncertainties in these projected changes (He and Zhou
2015). The CCSM and GFDL-CM3 show minimal change in the
WNPSH, while the HadGEM2-AO and the MIROC5 exhibit a
strong eastward retreat. The DSST patterns exhibiting minimal
changes in the WNPSH also tend to show little change in transla-
tion speeds of TCs, while those with a robust weakening of the
WNPSH show the greatest deceleration.

ETC translation speeds, which are rarely examined relative
to TC translation speeds, are shown in Figs. 12c and 12d. For
ETCs, there appears to be a slight acceleration in all basins,

which runs contrary to the decreased midlevel flow. However,
while TCs are most prominent between July and September in
the WNP due to their dependence on warm SSTs, there is less
seasonality for ETCs (Table S3 in the online supplemental
material). ETCs can develop year-round through multiple pro-
cesses such as lee cyclogenesis over the Asian continent, sharp
SST gradients near the KOE, or through TC to ETC transi-
tions. Upon closer examination, ETCs south of 43.58N slow by
;6% over the SoJ and PO basins, and north of there they ex-
hibit a speed increase by 20% in the SoJ and 7% in PO.1 In
October–November, as 500-hPa winds are projected to in-
crease north of Hokkaido in 14-K, ETCs are projected to ac-
celerate, though farther south, where 500-hPa winds are
projected to decrease, translation speed also decreases. The
acceleration in northern latitudes in October–November may
coincide with a potential northward displacement of the sub-
tropical jet due to a warming climate (Hirahara et al. 2012). Dif-
ferent DSST patterns are very similar, with the HadGEM2-AO
being the lone model with slightly decreasing translation
speeds throughout both PO and SoJ domains. This model ex-
hibits a slowdown in 500-hPa winds across the entire analysis
domain (Fig. 1b) in October–November (Fig. S4 in the online
supplemental material), slowing ETC speeds. Other patterns
indicate either little change (CCSM4) or a dipole pattern of in-
creasing and decreasing 500-hPa flow similar to the 14-K en-
semble results, leading to little change in translation speeds.

c. Size

For TCs (Figs. 15a,b), both SoJ and PO basins exhibit a
decrease in size (10% and 4%, respectively) in 14-K, with
similar decreases seen between DSST patterns (Table S5 in
the online supplemental material). The potential shrinkage of
TCs in the WNP was also reported using high-resolution
AGCMs driven by CMIP5 SSTs (Knutson et al. 2015) and for
TCs approaching Hokkaido in 4-km grid spaced pseudo–global

FIG. 11. Climatological 300–850-hPa vertical wind shear (m s21) for (a) July–August, (b) September, and (c) October–November. Contours
represent HIST climate, and shading represents14-K change (14-K2 HIST).

1 The number of ETCs compared is nearly identical between
the HIST (16.9 yr21 northern ETCs vs 17.4 yr21 southern ETCs)
and14 K (13.9 vs 13.6 yr21) ensembles.
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warming experiments utilizing d4PDF (Kanada et al. 2020).
Using four 5-km grid spaced nonhydrostatic models, Ka-
nada et al. (2017b) suggested through pseudo–global warm-
ing experiments that a warmer climate leads to increased
water vapor in the lower troposphere, resulting in a con-
tracted radius of maximum winds due to stronger eyewall
convection. Although they only simulated one typhoon
(Typhoon Vera), it was suggested that other intense TCs
would likely respond similarly to a warming climate. How-
ever, contrasting responses of TC size to global warming
are also reported in several studies (Kim et al. 2014; Sun
et al. 2017; Yamada et al. 2017). Both Sun et al. (2017) and
Yamada et al. (2017) attribute the increase in projected TC
size to increased instability and stronger convection in the
outer regions of the storm, which may be more important in
dictating TC size than inner core dynamics (Chan and Chan
2015). However, Wu et al. (2015) suggest that a horizontal

grid spacing of less than 10 km may be required to investi-
gate the mechanisms governing TC sizes. Further research
is therefore needed to provide better reasoning for our
results.

The smaller ETCs in the SoJ (Fig. 15c) are likely due to
the combined factors of a weaker SST gradient relative to
the PO (Fig. 15d) and because many initially continental
ETCs are in their early development stage over the SoJ.
The latter reason was identified by Simmonds (2000), who
found that Northern Hemisphere ETCs continued to ex-
pand up to around five days after cyclogenesis. For PO
ETCs (Fig. 15d), both HIST and 14-K indicate larger sizes
than TCs, partly due to many Asian-continent and KOE
genesis cyclones propagating into regions with high SST
gradients and strong low-level baroclinicity (Yoshida and
Asuma 2004). Lee et al. (2020) showed that the maximum
Eady growth rate, an indicator of baroclinic instability, is

FIG. 12. As in Fig. 10, but for translational speed (km h21) for cyclones with SLP minima of,990 hPa.
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greatest east of Japan, where the meridional SST gradient
is highest in the WNP. A weaker projected SST gradient due
to more poleward warming may have contributed to a slower
ETC growth in14-K, thus resulting in smaller ETCs in future cli-
mates. This is somewhat implied in the DSST patterns (Table S5
in the online supplemental material). For example, the GFDL-
CM3 and HadGEM2-AO project the greatest warming of SSTs
surrounding Hokkaido and northward toward the Okhotsk Sea,

corresponding to smaller ETCs in the PO than the other patterns.
Conversely, the MPI-ESM-MR and MRI-CGCM3 exhibit a
lower increase in SSTs, which may have contributed to less size
shrinkage. We note, however, that while MIROC5 also exhibits
SST warming similar to the HadGEM2-AO, the ETC size is
more comparable to MPI-ESM-MR and MRI-CGCM3. Further
studies are therefore needed to understand the mechanisms con-
tributing to future changes in ETC size.

FIG. 13. Climatological 500-hPa flow (m s21) for (a) July–August, (b) September, and (c) October–November. Contours represent HIST,
shading represents14-K change (14-K2HIST), and vectors represent 500-hPa winds for HIST.

FIG. 14. Climatological change (14-K2HIST) in 500-hPa flow (shaded;m s21) for July–September. Lines indicate the extent (dotted; 0-gpmHe)
and strength (solid; 10-gpmHe) of theWNPSH.Black lines representHIST, and red lines represent14-K.
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5. Summary

This study examines the effects of a warming climate on
WEPs in Hokkaido using the d4PDF large ensemble dataset.
More specifically, we focus on the direct impacts of TC and
ETC-associated precipitation, which have been examined ex-
tensively in previous studies, but often not simultaneously
and at regional levels. We aim to provide a more comprehen-
sive perspective into how and why precipitation may change
in response to the 4-K warming climate and how such changes
may differ for TCs and ETCs. In addition to examining
WEPs, we also examined projected changes in cyclone inten-
sity, translation speed, and size, all of which can affect how
impactful a particular event may become.

Using the NEAT tracking algorithm on the MRI-AGCM
large ensemble, robust decreases were seen in TC frequency
in 14-K for the WNP (;42%) and particularly for TCs over

southeast Asia. Only slight decreases were seen in ETCs
(;11%), mainly north of 358N over Japan. Despite the de-
cline in TCs and ETCs, precipitation characteristics such as
WEP duration and intensity exhibit an increase in14-K simu-
lations. This was partly attributed to projected increases in
MF850 and MFC850. Both TCs and ETCs show marked in-
creases in MF850 for cyclones with similar positioning, while
TCs exhibit greater MF850 and MFC850, contributing to
greater increases in precipitation for TCs than ETCs. While
TCs yield more extreme precipitation events than ETCs in fu-
ture climate scenarios, ETCs are much more prevalent and
occur year-round, highlighting the importance of examining
both types of cyclonic systems to understand how precipita-
tion may change in future climates.

Intense TCs approaching Hokkaido are more frequent in
14-K, while ETCs exhibit minimal changes in intensity, con-
sistent with previous studies. The TC intensity change was

FIG. 15. As in Fig. 10, but for the size of cyclones (103 km2) with SLP minima of,990-hPa.
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attributed to both warmer projected SSTs and decreased ver-
tical wind shear in 14-K, resulting in TCs maintaining their
strength at higher latitudes. Mean TC translation speeds de-
creased in 14-K by roughly 7% in the SoJ and PO basins,
which is related to weakened 500-hPa flow, though variability
exists in the magnitude of the slowdown, or lack thereof,
based on d4PDF DSST patterns. ETCs, on the other hand, ex-
hibit a minimal change in speed (;2% in both basins), partly
due to ETCs exhibiting a slowdown south of Hokkaido and
acceleration north of Hokkaido, coinciding with areas of de-
creasing and increasing 500-hPa flow in 14-K. Last, cyclone
size for both TCs (;10% in SoJ and ;4% in PO) and ETCs
(;6% and;10%) will likely become smaller.

At 60-km horizontal grid spacing, there are limitations to
what can truly be resolved, especially for TCs. In addition, the
lack of atmosphere–ocean coupling omits cold wakes under
TCs, leading to an overestimation of TCs in the MRI-AGCM
(Hasegawa and Emori 2007; Ogata et al. 2016). However,
continued improvements to even relatively coarse models
have substantially increased model reliability to reproduce TCs
and ETCs in recent years (e.g., Catto et al. 2010; Murakami
et al. 2012), and AGCMs alleviate the massive computational
demand required for coupled models, allowing for more en-
semble simulations and greater sample size to examine low-
frequency events more thoroughly, a significant advantage of
the d4PDF. As we were able to evaluate 7001 yr of TC and
ETC-associated WEP, further confidence can be gained from
our results, which will hopefully provide some additional insight
into how the climate of Hokkaido will change as it continues
warming.
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