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1  Introduction

Since industrialization, the global mean temperature has 
increased by 1.0 °C due to the concentration of greenhouse 
gases, including carbon dioxide (IPCC 2021). The rising 
global temperature has the potential to induce significant 
changes in the frequency, intensity, and spatial distribution 
of extreme climate events (Allen et al., 2006; Coumou and 
Rahmstorf 2012; Otto et al. 2016; Stott et al. 2016). Conse-
quently, numerous unprecedented extreme events have been 
witnessed across the world in recent years, including tropi-
cal cyclones (TCs). Coastal nations in the western North 
Pacific (WNP) are particularly susceptible to the impacts 
of TCs, as this area is the most frequent location for TC 
landfalls. The destructive potential of TCs is significant, 
and their associated risks and impacts are becoming increas-
ingly severe (Park et al. 2015; Wang et al. 2016; Li et al. 
2017; Choi et al. 2019; Kim et al. 2020). To mitigate casual-
ties and economic damage, estimating future changes in TC 
characteristics is essential.

The global climate models (GCMs) are useful tools 
for analyzing TC characteristics and future projections. 
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Abstract
In this study, we investigated the future changes in tropical cyclone (TC) activities using regional climate models (RCMs) 
forced by multi-global climate models (GCMs). The simulation experiments were conducted at a 25-km horizontal resolu-
tion over the Coordinated Regional Climate Downscaling Experiment (CORDEX)-East Asia (EA) domain. The ensemble 
mean method was applied to reduce the uncertainty of each single RCM. During the historical period (1981–2005), the 
ensemble mean of RCMs captured TC frequency comparable to observation data but simulated their intensity weakly. 
When comparing the near future (2026–2050) and far future (2076–2100) periods under the high emission scenario to 
the historical period, the RCMs exhibited a consistent feature: the core region of TC genesis migrated northward. As the 
genesis region shifted, the TC activities also moved northward to the mid-latitude. In addition, the extreme intensity of 
landfalling TCs had increased above 25 °N compared to the historical period. These results are related to environmental 
fields; increasing relative vorticity and specific humidity of 850 hPa and weakening of vertical wind shear over the mid-
latitude due to higher sea surface temperature compared to the historical period.
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Previous studies have investigated the impact of global 
warming on TC activity using GCMs with various hori-
zontal resolutions (Murakami and Wang 2010; Manganello 
et al. 2012; Strachan et al. 2013; Bacmeister et al. 2018; 
Bell et al. 2019; Chang et al. 2020; Roberts et al. 2020a; 
Hong et al. 2021). However, low-resolution GCMs could 
not simulate the structure of a TC well, and high-resolution 
GCMs required many computing resources. For more accu-
rate simulations, regional climate models (RCMs) are used 
to research the characteristics of TCs as dynamical down-
scaling techniques (Knutson et al. 2008; Bender et al. 2010; 
Huang and Chan 2014; Tran et al. 2022). Also, several stud-
ies have used multi-model ensembles because a single RCM 
may have systematic errors (Torres-Alavez et al. 2021; Wu 
et al. 2022).

GCMs from the Coupled Model Intercomparison Project 
5 and 6 (CMIP5 and CMIP6) (Taylor et al. 2012; Eyring et 
al. 2016), organized by the World Climate Research Pro-
gramme (WCRP), are applied in the 5th and 6th Assessment 
Reports (AR5 and AR6) of the Intergovernmental Panel on 
Climate Change (IPCC), respectively. The future scenarios 
used in AR5 are Representative Concentration Pathway 
(RCP) scenarios, while AR6 uses Shared Socioeconomic 
Pathway (SSP) scenarios based on future socioeconomic 
changes and levels of mitigation and adaptation efforts. The 
Coordinated Regional Climate Downscaling Experiment 
(CORDEX), also initiated by the WCRP, is an international 
initiative facilitating the comparison and assessment of 
RCMs, generating a new set of climate change projections 
globally (Giorgi et al. 2009; Giorgi and Gutowski, 2015).

Numerous studies have been conducted within COR-
DEX-East Asia (EA), the regional branch of the CORDEX 
framework, aimed at predicting future changes in tempera-
ture and precipitation (Suh et al. 2012; Oh et al. 2013; Lee 
and Hong 2014; Zou et al. 2014; Gao et al. 2018; Kim et al. 
2021a, b, 2023c; Giorgi et al. 2022; Seo et al. 2023; Tong 
et al. 2024). In addition, studies on TC activities over the 
WNP using the CORDEX-EA experiment are being actively 
conducted (Jin et al. 2016; Shen et al. 2017; Lee et al. 2019, 
2020; Xi et al. 2021; Wu et al. 2022). Jin et al. (2016) evalu-
ated TC activities over the WNP in five models [Hadley 
Centre Global Environmental Model version 3 regional 
climate model (HadGEM3-RA), Regional Climate Model 
(RegCM), Mesoscale Model version 5 (MM5), Weather 
Research and Forecasting model (WRF), and Global/
Regional Integrated Model system (GRIMs)] with 50-km 
resolution included in the CORDEX-EA project. Shen et 
al. (2017) investigated the sensitivity of TC activity to the 
spectral nudging method and radiation schemes over the 
WNP basin in the WRF model. Lee et al. (2019) indicated 
that future changes and TC activity over the WNP under 
the RCP8.5 scenario were projected using four models 

(RegCM, MM5, WRF, and GRIMs) also participating in the 
CORDEX-EA project. However, these studies conducted 
TC analysis using low-resolution and a single large-scale 
forcing dataset. Moreover, there is still a lack of studies on 
TCs over the WNP in RCMs for RCP and SSP scenarios. 
Therefore, we need to use the results of CORDEX with 
a 25-km resolution to provide more reliable information 
and the ensemble of multi-GCMs.In this study, we inves-
tigated TC changes under future scenarios using 13 RCM 
simulations over CORDEX-EA and attempted to minimize 
uncertainty. This approach can provide more valuable infor-
mation compared to previous studies.

This paper is organized as follows. Section 2 describes 
the information on RCMs, data, and tracking methods for 
TCs. Section 3 presents the evaluation of the climatological 
mean of TC activities for each RCM and the ensemble of 
RCMs in the historical simulation. Section 4 shows the pro-
jection of simulated TC activities and the associated envi-
ronmental fields for future periods. Finally, Sect. 5 provides 
a summary and conclusion.

2  Data and methods

2.1  Models

In this study, we used RCMs [HadGEM3-RA, COSMO-
CLM (CCLM), MM5, GRIMs, RegCM version 4.0 and 
4.6 (RegCM4.0 and 4.6), and WRF] with 25-km horizontal 
resolution in CORDEX-EA phase 2 models. The configu-
rations of the models are reported in Table 1. Four RCMs 
(HadGEM3-RA, CCLM, MM5, and RegCM4.0) are forced 
by HadGEM2-AO, which has a horizontal resolution of N96 
(about 1.875° × 1.25°) with 38 vertical levels (Baek et al. 
2013). Additionally, four RCMs (HadGEM3-RA, CCLM, 
MM5, and WRF) are forced by MPI-ESM-LR, which has 
T63 (1.875° × 1.865°) horizontal resolution and 47 verti-
cal levels (Giorgetta et al. 2013). Five RCMs (HadGEM3-
RA, CCLM, GRIMs, RegCM4.6, and WRF) are forced by 
UKESM with N96 (1.875° × 1.25°) and 85 vertical levels 
(Sellar et al. 2019). A spectral nudging technique is imple-
mented in RCMs except HadGEM3-RA to diminish system-
atic errors in long-term simulations (von Storch et al. 2000; 
Cha et al. 2016; Moon et al. 2018). The analysis domain is 
set over the WNP including the EA region (10 °N – 45 °N, 
100 °E – 155 °E) (Fig. 1).

Under the CORDEX-EA framework, the simulations 
cover the historical period of 1981–2005, 2026–2050 for 
the near future, and 2076–2100 for the far future under high 
emission scenarios: RCP8.5 for CMIP5-forced RCMs and 
SSP5-8.5 for CMIP6-forced RCMs. The RCP8.5 and SSP5-
8.5 experiments represent the highest emission scenarios 
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at 300, 500, and 700  hPa exceeds the temperature anom-
aly threshold within the 500 km radius; (5) the maximum 
wind speed at 850 hPa is larger than that at 300 hPa within 
the 500 km radius; (6) the duration is not shorter than 2 d; 
(7) tracks are traced from these identified potential storms. 
Thresholds for each model were determined through sen-
sitivity tests (see Table 2). The goal of this study is not to 
compare the performances of the models but to create an 
optimal ensemble of TC activity over the WNP with reduced 
uncertainty, therefore we apply different thresholds for each 
model to detect TCs.

To reduce the uncertainty associated with a single RCM, 
we applied the equal weighting ensemble averaging (EWA) 
method to 13 RCMs. The ensemble mean of these 13 mod-
els is hereafter referred to as ENS.

and are selected to estimate the potential response of TC 
activity to maximum warming.

2.2  Data

The best track data used in this study was obtained from 
the Regional Specialized Meteorological Centers (RSMC) 
Tokyo-Typhoon Center to evaluate simulated TC activities. 
This dataset includes TC location every 6 h, maximum wind 
speed, minimum sea level pressure of the TC center, etc. 
TCs categorized as tropical storms or stronger (wind speed 
greater than 17  m s⁻¹) were analyzed. We focused on the 
season from June to November (JJASON), when TCs fre-
quently form over the WNP region. ERA5 reanalysis data 
(Hersbach et al. 2020) was used to compare the simulation 
of atmospheric fields of models from 1981 to 2005 for the 
historical period.

2.3  Methods

The tracking and detection methods of TCs in this study are 
similar to those in previous studies (Cha et al. 2011; Jin et 
al. 2016; Lee et al. 2020; Kim et al. 2023b). The tracking 
methods were as follows: (1) the potential storm is a local 
minimum of sea level pressure within the 500 km radius; (2) 
the maximum surface wind exceeds the wind speed thresh-
old within the 500 km radius; (3) the maximum relative vor-
ticity at 850 hPa exceeds the vorticity threshold within the 
500 km radius; (4) the sum of the temperature deviations 

Table 2  The threshold for tracking TCs of each RCM
Wind speed
(m s− 1)

Vorticity
(10− 5 s− 1)

Temperature (K)

CMIP5 HadGEM3-RA 14.0 5.0 1.0
CCLM 15.0 7.0 2.0
SNU-MM5 17.0 12.0 3.5
RegCM4.0 15.0 7.0 2.0
WRF 14.0 5.0 1.0

CMIP6 HadGEM3-RA 14.0 5.0 1.0
CCLM 15.0 7.0 2.0
GRIMs 17.0 12.0 3.5
RegCM4.6 14.0 5.0 1.0
WRF 14.0 5.0 1.0

Fig. 1  CORDEX-East Asia Phase 2 domain and topography (shading, 
m). The red boxed area indicates the analysis region used in this study. 
The black boxed areas represent the South China and Philippines 

(SCP), East China and Taiwan (ECT), Korea (KOR), and Japan (JPN) 
regions, listed in order from left to right
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of RCMs. Figure 2 depicts the genesis density of TCs for 
13 RCMs and RSMC best track data during the historical 
period. Three core regions of TC genesis were observed in 
the best track data: the South China Sea (SCS), the Philip-
pine Sea (PS), and the Mariana Trench area (MT) (Fig. 2a). 
The 13 RCMs exhibited different characteristics in simulat-
ing TCs. HG2_HG3RA did not capture the central region 
over the PS and overestimated over the SCS. HG2_CCLM 
reproduced the core region over the PS northerly but showed 
an overestimation over the SCS, showing the lowest spa-
tial correlation coefficient among the models. HG2_MM5 
overestimated genesis density over the core regions. In 
addition, the central region in the PS was shifted northeast-
ward. HG2_RegCM4.0 simulated a distribution similar to 
HG2_HG3RA. MPI_HG3RA reproduced four core regions 
and showed higher densities compared to RSMC data; 
however, it exhibited a high spatial correlation coefficient. 
In MPI_CCLM, the genesis region over the PS (SCS and 
ES) was simulated widely (reasonably), but the frequency 
was similar (overestimated). MPI_MM5 overestimated TC 
genesis between 10 °N − 20 °N. MPI_WRF underestimated 
genesis over the PS and overestimated it over the SCS and 

We calculated the genesis and track density for each 2.5° 
x 2.5° grid using RSMC best track data and outputs from 
the 13 RCMs. Additionally, synoptic variables from ERA5 
reanalysis data and the outputs from the 13 RCMs were 
converted to 0.25° x 0.25° grids. For evaluation with the 
model ensemble and ERA5, environmental variables were 
also converted to the grids of ERA5. When a TC moved 
within the same grid point, the genesis and track density 
were computed only once. We defined the genesis and track 
positions of observed TCs originating outside the analysis 
domain as the first and subsequent positions after entering 
the boundaries of the analysis domain.

3  Evaluation of TC simulation skill in the 
historical period

3.1  Evaluation for 13 RCMs

Before analyzing TCs in future periods, the spatial distri-
bution of TCs in the historical periods was compared with 
observation data to evaluate the TC simulation performance 

Fig. 2  Climatological mean of TC genesis density from (a) RSMC 
and historical run of (b) HadGEM3-RA, (c) CCLM, (d) MM5, (e) 
RegCM4.0 forced by HadGEM2-AO, and (f) HadGEM3-RA, (g) 
CCLM, (h) MM5, (i) WRF forced by MPI-ESM-LR, and (j) Had-

GEM3-RA, (k) CCLM, (l) GRIMs, (m) RegCM4.6, and (n) WRF 
forced by UK-ESM for 25 years (1981–2005). The values in each 
panel indicate the mean number of TCs (NTC) and spatial correlation 
coefficient
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number, and MPI-ESM-LR simulated the highest number. 
Additionally, CCLM and HG3RA, which incorporated all 
three forcings, showed a nearly identical simulation of NTC 
across the RCMs. Similarly, WRF, which incorporated two 
forcings, exhibited comparable results. These suggest a 
significant dependency on the GCM and RCM forcings in 
the simulation of NTC. The MWS average for each GCM 
tended to be significantly affected by specific RCMs (e.g., 
MM5 and GRIMs) to overestimate the TC counts. Overall, 
RCMs such as CCLM, HG3RA, WRF, and MM5 demon-
strated similar mean MWS, indicating a considerable RCM 
dependency in the simulation of TC intensity.

Figure 4 shows the track density of TCs in the 13 RCMs. 
In the observational data, the main activity region appeared 
near the Philippines (Fig.  4a). Similar to the TC genesis 
density, MPI_MM5 overestimated TC track density, while 
UKE_RegCM4.6 underestimated it. Other RCMs also 
exhibited track density distributions based on genesis den-
sity. In terms of the spatial correlation coefficient, unlike the 
genesis density, all models showed high correlation, with 
MPI_HG3RA and UKE_HG3RA exhibiting the highest val-
ues. Despite being forced by the same GCM and applying 
nudging techniques, each RCM yielded different results and 
systematic biases. This diversity in simulation results high-
lights the need for ensemble approaches.

3.2  Ensemble mean results

The genesis and track density of TCs in the 13 RCMs were 
analyzed using the ensemble method (Fig. 5). The results 
indicated that the ENS was mainly simulated over the SCS, 
PS, and MT (Fig. 5b) and exhibited more TC genesis over 
the SCS and MT, and less in the east of the Philippines com-
pared to the observation data (Fig. 5c). The ENS reproduced 
TC activity centered over the SCS and around 125 °E – 145 
°E (Fig. 5e). In addition, ENS underestimated TC activities 
towards the Korean Peninsula and Japan, but overestimated 
TC activities in the SCS and MT (Fig. 5f), consistent with 
findings from previous studies (Lee et al. 2019). There was 
little difference in NTC compared to RSMC (Table 3, Differ-
ence: +2.5). However, mean intensity (MWS and minimum 
sea level pressure (MSLP) was noticeably underestimated, 
and the duration was shorter in the ENS. The shorter dura-
tion can be associated with the underestimated activities of 
TCs migrating to mid-latitude. Nevertheless, the distribu-
tions of TC genesis and tracks in the ENS (with spatial cor-
relations of 0.92 and 0.95, respectively) show reasonable 
agreement with RSMC compared to the individual RCMs 
included in the ENS (with correlations ranging from 0.77 to 
0.91 and 0.87 to 0.95).

To evaluate the intensity of TCs in the ENS compared 
to observational data, we analyzed the distribution of TCs 

MT simulating the largest number of TCs among the mod-
els. UKE_HG3RA showed a high density of TCs in the SCS 
but could not capture the core region of TCs in the east-
ern Philippines. UKE_CCLM exhibited a higher genesis 
density of TCs over the eastern Philippines. UKE_GRIMs 
exhibited an overestimation of genesis density due to the 
use of WSM1, a Micro Physics Scheme (MPS) known for 
simulating more TCs (Kim et al. 2017). UKE_RegCM4.6 
simulated a lower frequency of TC genesis, reproducing the 
smallest number of TCs among the models. According to 
Lagare et al. (2022), the low frequency of TCs in RegCM 
is attributed to the use of the Holtslag Planetary Boundary 
Layer (PBL) parameterization scheme, which tends to simu-
late fewer TCs. UKE_WRF moderately simulated TC core 
regions, showing high density in the SCS and MT with a 
number of TCs most similar to observations and the highest 
correlation coefficient alongside MPI_HG3RA. Although 
using the same GCM, differences in TC simulation across 
RCMs were evident.

Figure 3 compares the mean number of TCs (NTC) with 
the mean maximum wind speed (MWS) for 25 years. For 
NTCs, there were differences between RCMs with differ-
ent forcings. Among the three GCMs, the UK-ESM simu-
lated the fewest TCs, HadGEM2-AO showed a moderate 

Fig. 3  Relationship between the mean NTC (yr− 1) and mean maximum 
wind speed (MWS, m s− 1 yr− 1). The colors represent the GCMs, and 
the symbols denote the RCMs
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The cause of TC simulation in ENS was identified 
through the analysis of the environmental fields associated 
with TCs. Figure 7 shows the mean field from ERA5 (left 
panels) and the historical run of ENS, and the differences 
between the ENS simulations and ERA5 (right panels). At 
850  hPa, positive (negative) relative vorticity was shown 
below (above) 20 °N, with a pattern of decreasing specific 
humidity from low to mid-latitude in ERA5 reanalysis data 
(Fig. 7a and d). There was an anticyclonic circulation over 
the WNP, with southwesterly winds distributed over the 
Korean Peninsula and South of Japan. Additionally, in the 
observation, TCs were primarily generated around the mon-
soon trough area. Sea surface temperature (SST) showed a 
decreasing pattern from low to mid-latitude, with little verti-
cal wind shear (VWS) as the barotropic atmosphere at low-
latitude and a strong distribution at mid-latitude where it is 
baroclinic, particularly around 30 °N − 40 °N (Fig. 7g and j). 
After formation, TCs move along the western boundary of 
the western North Pacific Subtropical High (WNPSH) (Kim 
et al. 2012). WNPSH is typically defined by the 5880-gpm 
line (He et al. 2015; Yoon et al. 2018; Mun et al. 2024), and 
in the observations, TC movement occurred along this line 
(Figs.  5d and 7g). The ENS simulated high positive rela-
tive vorticity below 20 °N and positive vorticity biases at 

by category (Fig. 6). The results indicated that some RCMs 
tended to overestimate the maximum TC intensity. On aver-
age, the number of simulated TCs was comparable across 
RCMs. However, TCs in the tropical storm (TS) category 
were simulated more frequently than observed, with an 
average of 9.1 in the ENS compared to 2.2 in observations. 
For the severe tropical storm (STS) category, the simulated 
and observed values were 6.8 and 3.7, respectively. Con-
versely, the typhoon (TY) category revealed that the ENS 
simulated significantly fewer TCs than observed, as most 
models struggled to accurately represent strong TCs (ENS: 
3.8, RSMC: 11.8). The maximum intensity in the ENS 
was higher than that observed, primarily due to the MPI_
MM5 model’s tendency to simulate stronger TCs on aver-
age. Thus, RCMs generally overestimated the frequency 
of weaker TCs while underestimating the frequency of 
stronger TCs. Although TC frequency was simulated with 
reasonable accuracy, the challenge of simulating strong TY-
category TCs at a 25-km resolution is evident. This limita-
tion is attributed to the inability of coarse resolution models 
to realistically capture TC dynamics (Cha et al. 2011; Jin 
et al. 2016; Roberts et al. 2020b; Li et al. 2021; Kim et al. 
2023a).

Fig. 4  As in Fig. 2, but for TC track density. The value in each panel indicates the spatial correlation coefficient
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westerly bias at low-latitude, and wind fields exhibited a 
weakening of the anticyclonic circulation over the SCS and 
WNP (Fig. 7f). These stronger bias of monsoon trough and 
weaker bias of circulation may induce a positive relative 
vorticity bias, promoting increased TC genesis over the SCS 
and MT. Moreover, a northeasterly bias over the East China 
Sea (ECS) could diminish TC activity towards the Korean 
Peninsula and Japan (Fig. 5e). ENS showed negative SST 
biases over the PS and MT, which are major TC activity 
regions, with positive biases over the coastal areas of Korea, 
Japan, and China (Fig. 7i). Due to the negative SST bias in 
ENS, TCs may not get as much energy as observed, result-
ing in underestimated intensity (Table 3). Additionally, the 
overestimation of TC genesis and activity in the MT region 

850 hPa between 10 °N and 30 °N, in particular SCS com-
pared to the reanalysis data (Fig. 7b and c). This distribution 
contributed to the development of TCs at these locations, 
with an overestimated frequency of TCs where the lower-
level vorticity increased compared to ERA5 (Fig. 5c). Fig-
ure  7d shows the specific humidity and wind of 850  hPa 
in the ENS of the historical period. It depicted the high-
est water vapor below 25 °N during the historical period, 
with a decrease toward mid-latitude. The wind field exhib-
ited cyclonic circulation over the SCS and PS, with south-
easterly winds prevailing over the MT. Specific humidity 
showed little difference between the ENS and ERA5 over 
the ocean, with drier features over the Korean Peninsula and 
China. The monsoon trough was strengthened by a strong 

Table 3  Statistics for the mean NTC, mean intensity, and duration of TC during the historical, near, and far future period (1981–2005, 2026–2050, 
and 2076–2100). Changes between the model results that are statistically significant at the 95% confidence level using a two-sided Student’s t test 
are shown in boldface

RSMC
1981–2005

Historical
1981–2005

Difference
(Hist. - RSMC)

High emission scenario Change (Future - Hist.)
2026–2050 2076–2100 2026–2050 2076–2100

NTC
(yr− 1)

17.8 20.3 + 2.5 19.7 17.0 − 0.6
(− 3.0%)

− 3.3
(− 16.3%)

MWS
(m s− 1yr− 1)

37.8 25.9 − 11.9 25.9 26.6 0
(0%)

+ 0.7
(+ 2.7%)

Minimum Sea-level pressure (hPa yr− 1) 956.6 984.0 + 27.4 984.1 983.2 + 0.1
(0%)

− 0.8
(− 0.1%)

Duration
(hr NTC− 1yr− 1)

133.4 118.2 − 15.2 118.7 113.9 + 0.5
(+ 0.4%)

− 4.3
(− 3.6%)

Fig. 5  The climatological mean of TC genesis density and track den-
sity from (a, d) RSMC and (b, e) historical run of ENS, respectively. 
Differences between ENS and RSMC (c) TC genesis density and (f) 

track density for 25 years (1981–2005). Backslashes denote the consis-
tency between RCMs indicating 10 RCMs have the same signal
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near future. The far future exhibited a similar pattern to the 
near future but with a larger absolute value (Fig. 8b). 75% 
among 13 RCMs simulated a significantly decreasing TC 
genesis in low-latitude. In the near future, the high-emission 
scenarios experiment predicted a decrease in TC activity 
from the SCS to PS compared to the historical experiment. 
In contrast, TC activity increased over the south of Japan 
and the Korean Peninsula (Fig. 8c). The far future period 
showed a significant decrease in TC activity below about 30 
°N and an increase in activity over the east of Japan above 
30 °N (Fig. 8d). These results were consistent with previous 
studies (Bacmeister et al. 2018; Bell et al. 2019; Roberts et 
al. 2020a; Chang et al. 2020; Fu et al. 2023). Comparing 
the NTC between the historical and the future experiment, 
there was a decrease in NTC in both the near and far future, 
approximately − 3.0% and − 16.3% respectively, with the 
decrease being more notable in the far future (Table  3). 
MWS remained unchanged in the near future and increased 
in the far future. MSLP increased slightly in the near future 
and decreased in the far future. The duration did not change 
in the near future (+ 0.4%), while it slightly decreased in 
the far future (-3.6%). The increase in duration in the near 
future was 0.5 h per TC, which is almost unchanged. This 
was due to increased TC activity from the south of Japan 
to the Korean Peninsula, which could have maintained the 
total duration even as the TC genesis and activity decreased 
below 20 °N (Fig. 8b and e). In the far future, the duration 
decreased by 4.3 h per TC, as the occurrence and activity of 
TCs decreased significantly from 10 °N to 20 °N (Fig. 8c 
and f). In summary, the NTC will decrease in both the near 
and far future under high emission scenarios, but TC activ-
ity is expected to be more concentrated in the mid-latitude 
in the near future. Conversely, in the far future, NTC is 
expected to decrease, and their duration is projected to be 
shorter; however, TCs are anticipated to exhibit increased 
intensity.

Additionally, we analyzed the intensities of TCs by cat-
egory (Fig. 9). As detailed in Table 3, both the near and far 
future periods projected fewer total TCs on average com-
pared to the historical period, with a more pronounced 
reduction in the far future. Specifically, the mean NTC were 
9.1, 8.3, and 6.8 for the TS category, and 6.8, 6.6, and 5.7 for 
the STS category in the historical, near future, and far future 
periods, respectively, with the smallest maximum values in 
the far future. Conversely, for the TY category, mean NTC 
were 3.8, 4.2, and 4.2, indicating a slight increase in future 
periods compared to the historical period. In particular, the 
maximum values were 27, 30, and 36, with the largest value 
in the far future. These results suggest a potential for more 
intense TCs in the far future compared to both the historical 
and near future periods.

compared to the observation may be linked to the intensified 
cyclonic circulation due to the weakening of the WNPSH. 
VWS showed a more dominant distribution across the 
domain compared to ERA5, except for the area around 20 
°N, 100 °E − 120 °E (Fig. 7l). This positive bias of VWS in 
most TC activity regions may explain the underestimation 
of TC intensity, similar to SST. The differences compared 
to ERA5 may result from systematic biases associated with 
the characteristics or physical parameterization schemes of 
each RCM, or from the driving GCM. In this study, most 
models, except for HG3RA, employed spectral nudging, 
and SSTs were directly provided by the GCMs. This sug-
gests that the biases are primarily attributable to the GCMs, 
as supported by several previous studies (Gao et al. 2012; 
Park et al. 2016; Lee et al. 2019).

4  Future changes in the TC activities

In this section, we analyze the changes in TC activity by 
comparing the results between historical period and future 
periods and investigate the causes of the changes. Firstly, we 
examined the future changes in TC genesis and track den-
sity (Fig. 8). Figure 8a indicates the difference in simulated 
TC genesis density between the ENS of near future and his-
torical periods. The difference showed that the TC genesis 
tended to decrease below 20 °N and increase significantly 
over the northwestern part of the SCS and the ECS in the 

Fig. 6  The box plot in the historical period (1981–2005) of the num-
ber of all TCs, tropical storm (TS), severe tropical storm (STS), and 
typhoon (TY) averaged by year. Black boxes indicate the RSMC best 
track data, while green boxes represent all 13 RCMs, not the ensemble 
mean. The center line denotes the median, box limits denote the lower 
and upper quartiles, and whiskers denote the minimum and maximum. 
(17 ≤ TS < 25, 25 ≤ STS < 33, TY ≥ 33 m s− 1)
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Fig. 7  (a-c) Relative vorticity at 850  hPa (10⁻⁵ s⁻¹); (d-f) specific 
humidity (shading, kg kg⁻¹), wind (vectors, m s⁻¹) at 850 hPa, and the 
monsoon trough (blue dashed line); (g-i) sea surface temperature (K) 
and geopotential height at 500 hPa with 5840 and 5880 gpm (black 
dashed line); and (j-l) vertical wind shear (m s⁻¹) from June to Novem-

ber. Panels show the climatological mean for (left) ERA5, (middle) 
the historical run of ENS, and (right) the difference between ENS and 
ERA5 for 25 years (1981–2005). Backslashes and red dots denote the 
consistency between RCMs indicating 10 RCMs have the same signal
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To analyze landfalling TCs, we examined the information 
on first-landfall points (Fig. 10). In the historical period, 7.4 
TCs per year made landfall in the EA region. In the near 
future, 6.9 TCs per year, and in the far future, 5.6 TCs per 
year made landfall, respectively. The ratio of landfalling 
TCs (the number of landfalling TCs over the number of gen-
esis TCs) decreased in both future periods compared to the 
historical period (near future: -1.2%, far future: -3.1%). The 
reduced number of landfalls projected for future periods is 
due to the decreased TC genesis compared to the historical 
period (see Table 3). However, the wind speed at landfall 
increased in the future, with the far future showing a greater 
increase than the near future (near future: +0.8%, far future: 
+2.5%). This means that fewer but stronger TCs are more 
likely to make landfall. In addition, when analyzing the num-
ber of landfalling TCs by region, the Korea (KOR), Japan 
(JPN), and East China and Taiwan (ECT) regions showed 
an increase in landfall frequency in the near future due to 
enhanced TC activity around 20 °N. However, in the far 
future, TC activity decreased overall, leading to a reduction 
in landfalling TCs. The South China and Philippine (SCP) 

Fig. 9  As in Fig. 5, but for ENS run. Black boxes indicate historical 
run, orange boxes indicate a high emission scenario of the near future 
(2026–2050), and red boxes indicate a high emission scenario of the 
far future (2076–2100)

 

Fig. 8  (a-b) TC genesis density and (c-d) TC track density for the dif-
ferences between high emission scenarios for the near future (2026–
2050) and far future (2076–2100) and historical run (1981–2005). 
Slashes indicate significance at the 90% confidence level based on the 

Student’s t-test. Backslashes denote the consistency between RCMs 
indicating that 10 RCMs have the same signal. Hatched lines indicate 
both
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contrast, above 25 °N, a notable difference between the near 
future and far future scenarios compared to historical values 
was observed, with near future wind speeds at + 1.4 m s⁻¹ 
(+ 5.1%) and far future wind speeds at + 2.8 m s⁻¹ (+ 10.1%). 
25 °N serves as a dividing line between TCs that moved 
westward to the SCS and those that recurved northward. 
The analysis of TCs making landfall above 25 °N suggests 
that there is a higher likelihood of stronger TCs making 
landfall in central China, northern China, Korea, and Japan, 
in the far future compared to the historical period.

An analysis of the environmental field associated with 
TC was conducted to examine the causes of the changes in 
TC activities in the future (Fig. 11). Compared to the histori-
cal period, the near future period simulated positive relative 
vorticity anomalies in 20 °N − 30 °N (Fig. 11a). Similarly, 
the difference between the far future and the historical 

region, located in the 10  °N  –20 °N, simulated a gradual 
decrease in TC activity over time, resulting in a reduction in 
landfalling TCs as well (Fig. 8a and b, and Fig. 10a). Wind 
speed showed little variation in the KOR region across all 
three periods, while in JPN, the mean wind speed of land-
falling TCs slightly increased in the near future. In contrast, 
in ECT and SCP, the wind speed increased progressively 
in the far future (Fig. 10b). We further examined the per-
centiles for wind speed at landfall (Fig.  10c). Differences 
in wind speeds between the near future and far future sce-
narios began to emerge from the 70th percentile. Therefore, 
wind speeds exceeding the 70th percentile were analyzed 
according to latitude (Fig.  10d). Below 25 °N, the wind 
speeds for historical, near future, and far future scenarios 
were relatively similar, with near future values at + 0.6 m 
s⁻¹ (+ 2.1%) and far future values at + 1.0 m s⁻¹ (+ 3.4%). In 

Fig. 10  (a) Mean NTC (yr− 1) and (b) MWS (m s− 1 yr− 1) at landfall 
in East Asia regions during the historical, near, and far future period 
(1981–2005, 2026–2050, and 2076–2100). Locations of East Asia 
regions are provided in Fig. 1. (c) Percentiles of wind speed at landfall. 
(d) Wind speeds at landfall exceeding the 70th percentile, presented by 
latitude. The bar graph indicates the NTC at landfall for all 13 RCMs 

at each latitude, with latitude values averaged every 2°. The orange 
bars and lines represent the near future period (2026–2050), while the 
red bars and lines denote the far future period (2076–2100). Orange 
(Red) text indicates the differences between the near (far) future and 
the historical period. The whisker in (a) and (b) indicate one standard 
deviation of the 13 RCMs
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Fig. 11  (a-b) Relative vorticity at 
850 hPa (10⁻⁵ s⁻¹); (c-d) specific 
humidity (shading, kg kg⁻¹), wind 
(vectors, m s⁻¹) at 850 hPa, and the 
monsoon trough (blue dashed line); 
(e-f) sea surface temperature (K) and 
geopotential height at 500 hPa with 
5840 and 5880 gpm (black dashed 
lines); and (g-h) vertical wind shear 
(m s⁻¹) from June to November. Panels 
depict the differences between the 
high-emission scenario for the (left) 
near future (2026–2050) and (right) 
far future (2076–2100) relative to 
the historical period (1981–2005). 
Slashes indicate significance at the 
90% confidence level based on the 
Student’s t-test. The vectors are shown 
only in regions that are statistically 
significant. Backslashes represent 
consistency across RCMs, where 10 
RCMs exhibit the same signal. Red 
dots indicate locations where such 
signals are evident in the vectors. 
Hatched lines represent regions meet-
ing both criteria
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in the far future, stronger TCs were anticipated, potentially 
causing greater damage upon landfall in East Asia.

5  Summary and conclusion

In this study, we investigated future projections of TCs 
under the high emission scenarios using CORDEX-EA 
phase 2 RCMs (HadGEM3-RA, CCLM, MM5, GRIMs, 
RegCM4.0 and 4.6, and WRF) forced by combinations of 
three GCMs through the ensemble method. We assessed 
the TC simulations from 13 RCMs during the historical 
period and observed notable variations among them. The 13 
RCMs effectively captured the core region of TC genesis as 
observed in the RSMC best track data.

The ENS of these 13 RCMs simulated a higher frequency 
of TCs in the SCS and a lower frequency in the PS com-
pared to the RSMC best track data, resulting in reduced 
TC activity towards the Korean Peninsula and Japan. The 
mean NTC was similar to observation, but they exhibited 
lower intensity and shorter duration compared to the his-
torical period. The RCMs tended to simulate core regions 
larger than observations, but under-simulating strong TCs 
(TY category) on average. This underestimation may be 
attributed to the coarse resolution of RCMs. The weakening 
anticyclonic circulation in the SCS and WNP contributed to 
a positive relative vorticity bias, increasing TC occurrences. 
Conversely, the cyclonic circulation bias in WNP led to 
reduced TC activity in the ECS. In addition, negative SST 
and positive VWS biases created an unfavorable environ-
ment for TC maintenance. Despite these systematic biases, 
the spatial distributions of TC genesis and track densities 
were realistically reproduced in historical simulations.

TC activity under high emission scenarios was ana-
lyzed for both the near and far future. Results indicated an 
increase in TC activity south of Japan and the Korean Pen-
insula (10 °N − 20 °N) in the near future, while the mean 
NTC decreased, and intensity did not change dramatically. 
In the far future, TC activity significantly decreased below 
30 °N but increased over MT, with fewer NTC but stronger 
TCs. Both future periods showed a reduced frequency of the 
TS and STS categories TCs, whereas the TY category TCs 
were simulated more frequently on average, with the maxi-
mum value in the far future exceeding that of the near future 
period. The mean number of landfalling TCs was lower 
than in the historical period, although the MWS at land-
fall increased, especially in the far future. TCs with wind 
speeds exceeding the 70th percentile notably increased for 
the far future scenario above 25 °N, indicating potential 
significant impacts on the EA region. The changes in TC 
activity were linked to environmental factors: in the near 
future, the decrease (increase) in TC occurrence and activity 

periods simulated positive relative vorticity above 20 °N, 
with a stronger and more widespread in the MT (Fig. 11b). 
This distribution could lead to increased TCs near the ECS 
in the near future and over the MT in the far future (Fig. 8a 
and b). The difference between the two future periods and 
the historical period indicated an increase in the amount of 
water vapor across the domain in the near future, with a 
larger increase in the far future period (Fig. 11c and d). The 
low-level wind showed an enhanced westerly below 20 °N 
in the future period, but this was not statistically significant. 
The enhancement was more pronounced in the far future 
period, where cyclonic circulation emerged, contributing 
to increased positive relative vorticity and monsoon trough 
over MT (see Fig. 11b). The difference between future sce-
narios and historical experiments indicated an SST increase 
in both the near and far future periods, particularly towards 
the mid-latitude rather than the low-latitude (Fig. 11e and 
f). Moreover, the magnitude of SST increase was greater in 
the far future. This pronounced warming in the far future 
could allow the air masses to contain more water vapor, 
contributing to more vigorous TC intensity despite a shorter 
duration in the near future (Table 3). Furthermore, this SST 
increase leads to a decrease in the meridional temperature 
gradient, which affects upper-level jet distribution at mid-
latitude according to the thermal wind relationship. Con-
sequently, the differences between the future and historical 
periods showed a weaker VWS at mid-latitude, which was 
more noticeable in the far future (Fig.  11g and h). More-
over, TC activity might increase from the south of Japan in 
the near future to the Korean Peninsula because WNPSH 
has been shifted northwestward compared to the historical 
period. In the far future, the WNPSH has expanded north-
westward compared to the near future period, which could 
suggest a decrease in TC activity below 30 °N. Additionally, 
to comprehend the causes of the decrease in TC occurrences 
at low-latitude, we analyzed the meridional mean wind field 
(10 °N − 20 °N) using forcing data (not shown). The loca-
tion of upward motion had shifted eastward in the future 
periods due to changes in the zonal circulation. This resulted 
in a larger difference in upper and lower wind direction and 
speed, intensifying VWS compared to the historical period. 
This strengthened VWS suppressed the development of 
low-latitude TCs.

In short, stronger low-level westerly anomalies between 
10 °N − 20 °N were expected to increase VWS, reducing TC 
frequency and activity in future periods. Conversely, these 
lower-level wind field changes induced positive relative 
vorticity at mid-latitude, potentially enhancing TC develop-
ment. Increased mid-latitude SST weakened the mid-latitude 
jet and VWS, possibly increasing mid-latitude TC activity 
in the near future. Although TC frequency might decline 
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Regional Specialized Meteorological Center (RSMC) Tokyo - Typhoon 
Center website (​h​t​t​p​​s​:​/​​/​w​w​w​​.​j​​m​a​.​​g​o​.​j​​p​/​j​​m​a​/​​j​m​a​​-​e​n​​g​/​j​m​​a​-​​c​e​n​​t​e​r​/​​r​s​m​​c​-​
h​​p​-​p​​u​b​-​​e​g​/​t​​r​a​​c​k​a​r​c​h​i​v​e​s​.​h​t​m​l). ERA5 data can be downloaded from 
the ECMWF website (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​c​m​w​​f​.​i​n​​t​/​e​​n​/​f​​o​r​e​​c​a​s​​t​s​/​d​​a​t​​a​s​e​​t​s​/​r​​e​
a​n​​a​l​y​​s​i​s​-​d​a​t​a​s​e​t​s​/​e​r​a​5). Data used in this study can be provided upon 
request to the corresponding author.
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at low-latitude (mid-latitude) was attributed to stronger 
(weaker) VWS. The far future exhibited a similar pat-
tern, while the relative vorticity and monsoon trough were 
strengthened, and WNPSH extended over the MT in the far 
future. Although both future periods had favorable condi-
tions such as moistened air and warmer SSTs, these were 
more pronounced in the far future, contributing to higher 
intensity despite shorter durations.

In contrast to previous studies that investigated the future 
changes in TC activity in the EA region using a single 
GCM, RCM, or scenario, this study examined the future 
changes in TC activity simulated under the RCP8.5 and 
SSP5-8.5 scenarios, employing 13 RCMs with a 25-km 
horizontal resolution, forced by three GCMs. By employing 
a multi GCM-RCM chain, we aim to reduce uncertainty in 
TC projection for CORDEX-EA domain. Additionally, we 
emphasized that under future high-emission scenarios, the 
intensity of TCs making landfall in densely populated EA 
countries may increase, indicating a need for preparedness. 
This result could serve as a valuable reference for policy-
makers in addressing future climate change impacts and 
developing response strategies across various sectors.

However, increasing horizontal resolution is essential 
for a more realistic simulation of TC activities. The current 
25-km horizontal resolution remains insufficient for accu-
rately simulating the structure of TC core. Therefore, using 
RCMs with higher resolutions to simulate climate change 
may enable more precise representations of TC structure, 
intensity, and landfall. This, in turn, could facilitate a more 
detailed analysis of the surface wind profile, TC size, and 
the wind-pressure relationship, which could be effectively 
performed and presented with finer temporal intervals. 
Additionally, we used only high emission scenarios; future 
research will investigate TC activity under both low and 
high-emission scenarios. The differences between the RCP 
and SSP scenarios will also be analyzed.
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