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significant impacts on natural disasters, agriculture, water 
resources, human health, and so on. Along with the recent 
warming of the mean temperature, changes in extreme 
events are already being detected using event attribution 
methods (Stott 2016), not only in temperature but also in 
precipitation extremes (e.g. Imada et al. 2020).

To accurately evaluate the changes in the frequency and 
strength of extreme events, long-term climate model simu-
lations over several decades are required at a sufficiently 
high resolution to represent the events realistically. In addi-
tion, because the characteristics of extreme events highly 
depend on regions and seasons in which the events occur, 
the global models need to be able to simulate the regional 
climate with sufficient performance. For instance, the early 
summer East Asian monsoon is characterized by a narrow 
rain band that migrates northward with the seasonal pro-
gression, often causing extreme precipitation events leading 
to floods, landslides, and other disasters. To reliably project 
the changes in the frequency and strength of these events, 
it is essential to capture the latitude and migration of this 

1  Introduction

Changes caused by global warming include not only 
changes in mean climatic conditions, but also changes in 
the frequency and intensity of extreme events such as heavy 
precipitation and heat waves (IPCC 2021). The latter have 
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rain band on sub-monthly time scales. However, accurately 
capturing these features in coupled models remains chal-
lenging. The coupled models consist of many components 
including the atmosphere, ocean, land surface, aerosols, 
chemical transport, and the carbon cycle. Due to the insuf-
ficient configurations of the complex interactions between 
these components, simulated sea surface temperature (SST) 
errors are still large enough to distort the simulation of the 
location and intensity of severe storms, and to degrade the 
quality of the representation of extreme precipitation sta-
tistics (Wehner et al. 2021). Dynamical downscaling with 
regional climate models cannot adequately correct such 
errors in storm locations.

Based on this background, we have been using global 
atmospheric models with prescribed sea-surface tempera-
ture (SST) for future projections of extreme events. The 
response to future global warming is examined by com-
paring the simulations with prescribed observed SSTs 
(AMIP-type simulations) to those with future SST changes 
in coupled model simulations of the Coupled Models 
intercomparison Projects (CMIPs) added to the observed 
SSTs. Using observed SSTs as lower boundary conditions 
in present-day simulations can avoid the large biases in 
the coupled models, thereby enabling us to obtain reliable 
regional climate information (Kitoh et al. 2016). Atmo-
spheric simulations using the above-mentioned SSTs with 
horizontal resolutions of 60 km–20 km, which is higher 
than most CMIP6 coupled models (Eyring et al. 2016), have 
allowed us to examine the changes in precipitation extremes 
associated with tropical cyclones and Asian summer mon-
soon rainfall (e.g. Murakami et al. 2012; Endo et al. 2012). 
The simulation results have also been used for dynamical 
downscaling around Japan by regional climate models with 
resolutions of 20 km, 5 km, and 2 km, to investigate small-
scale orographic effects governed by mesoscale dynamics 
and physics (Kawase et al. 2021). Large ensemble simu-
lations have also been performed using a combination of 
global 60 km and regional 20 km models, which have been 
published as the Database for Policy Decision-making for 
Future climate change (d4PDF: Mizuta et al. 2017; Fujita 
et al. 2019; Nosaka et al. 2020; Ishii and Mori 2020). Using 
d4PDF, changes in the occurrence probability of rare events, 
event attribution, and uncertainty of changes due to internal 
variability in the climate system were examined for intense 
tropical cyclones (Yoshida et al. 2017), heavy precipitation 
(Imada et al. 2020), and extreme snowfall events (Kawase 
et al. 2016). A similar framework of climate simulation has 
been used in the High Resolution Model Intercomparison 
Project (HighResMIP; Haarsma et al. 2016) atmospheric 
model experiment to discuss the model uncertainties from 
a variety of perspectives (e.g. Roberts et al. 2020; Mizuta 
et al. 2022).

However, the method of rigidly prescribing SSTs in the 
atmospheric experiments does not include atmosphere-
ocean interactions, such as the ocean stirring effect of tropi-
cal cyclones passing over. In this regard, while Murakami 
et al. (2012) reported that the spatial distribution of intense 
tropical cyclones in the AMIP-type simulations is biased 
poleward compared to observations, Ogata et al. (2015) 
showed that forcing by the observed SST on a time scale 
of about a week in a coupled model can improve the spa-
tial distribution of intense tropical cyclones, without com-
promising the other characteristics of the tropical cyclones. 
Considering that coupled models outperform atmosphere-
only models in representing both the climatology and inter-
annual variability of the East Asian summer monsoon (Song 
and Zhou 2014), models that include atmosphere-ocean 
interactions are more suitable for climate projection in East 
Asia.

In this paper, we introduce an earth system model 
equipped with a high-resolution atmospheric model, in 
which observed temperatures and salinities are assimilated 
in the ocean component on a time scale of 10 days. This 
model is expected to be able to represent both the short-
term atmosphere-ocean interactions and the long-term cli-
mate closer to observations on global and regional scales. 
Simulations with the model were performed from the mid-
20th century to the present. By comparing the results with 
simulations without assimilation, we examine how well the 
short-term atmosphere-ocean interaction is represented. We 
also examine how well the long-term climate was repre-
sented by comparison with atmospheric model simulations. 
In addition, the simulations with a high-resolution atmo-
sphere are compared with d4PDF, previous high-resolution 
large-scale ensemble simulations, in terms of how the short-
term atmosphere-ocean interactions contribute to the rep-
resentation of intra-seasonal variability and extreme events 
associated with the Asian monsoon and tropical cyclones.

2  Data and methods

The Meteorological Research Institute Earth System Model 
version 2 (MRI-ESM2; Yukimoto et al. 2019; Kawai et al. 
2019) is used. This model is one of the models participat-
ing in CMIP6, which consists of four component models of 
atmosphere-land, ocean, aerosol, and atmospheric chemis-
try. The atmosphere-land component, MRI-AGCM3.5, has 
a horizontal resolution of TL159 (approximately 120 km) 
and 80 vertical levels (model top at 0.01 hPa). The ocean 
component, MRI.COMv4 (Tsujino et al. 2017), has a tripo-
lar grid with a nominal horizontal resolution of 1° in longi-
tude and 0.5° in latitude.
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In this paper, the ocean temperature, salinity, and sea 
ice concentration (SIC) observations are assimilated in the 
oceanic component during the climate simulations with 
MRI-ESM2. The observational data used for the tempera-
ture and salinity is a monthly objective analysis (Ishii et al. 
2017), provided at the top 28 WOA13 levels (Levitus et al. 
2015) ranging from the sea surface to 3000 m. The subsur-
face temperature analysis at the sea surface is equivalent to 
COBE-SST2 (Hirahara et al. 2014), and the SIC observa-
tions are taken from COBE-SST2. The assimilation method 
used here is Incremental Analysis Update (IAU; Bloom et 
al. 1996; Huang et al. 2002). A similar method was used 
in decadal climate projections using earth system models 
(Tatebe et al. 2012). The differences in temperature and 
salinity between the daily interpolated monthly analysis 
and model are computed every day, and their increments, 
the differences divided by the all integration time steps for 
10 days, are added to the corresponding model variables. 
The ocean observation time used here is 2 days ahead of the 
model time, instead of the retroactive model integration that 
is often employed by the IAU. The computed increments are 
attenuated with increasing water depth, and the increments 
are set to be zero below 500 m. The sea ice model working in 
MRI.COMv4 uses five sea-ice categories to represent com-
plex dynamic and thermodynamic processes of sea ice of 
different thicknesses. The SIC data assimilation is applied to 
the thinnest thickness category by IAU with the assimilation 
time scale of 5 days. In this manuscript, the climate simula-
tion using the above ocean data-assimilation is referred to 
as Temporally Sequential Experiments with Coupled model 
(TSE-C). Figure S1 shows the standard deviations of SST 
increments given to the model by the ocean data assimila-
tion, compared with those of daily SST changes in the cli-
mate simulation of ESM2_60km. The former is less than 
0.1 K/day in most areas, much smaller than the latter. This 
indicates that model SSTs evolves predominantly according 
to the model physics and dynamics.

In Sect. 3, we compare the fully coupled ESM2 experi-
ment (ESM2_120km) with the TSE-C experiment (TSE-
C_120km) at the atmospheric resolution of 120 km. In 
addition, an AMIP-type experiment with daily SSTs 
used in the HighResMIP highresSST-present experiment 

(HadISST2; Kennedy et al. 2017) was also conducted 
(AMIP_120km). The ESM2_120km experiment is the 
first ensemble member of the historical experiment of 
MRI-ESM2 published at CMIP6. In TSE-C_120km and 
AMIP_120km, the resolutions and model parameters of 
the ESM2 components are the same as in ESM2_120km, 
except for the ocean assimilation process. In Sect. 4, the 
atmospheric model resolution is increased from 120 km 
(TL159) to 60 km (TL319), for the fully coupled experiment 
(ESM2_60km) and the TSE-C experiment (TSE-C_60km). 
Since the climate representation of the atmospheric model 
is resolution dependent, the changes were made to refine 
the representation of climatology, seasonal progression, etc. 
in the 60km model, as described in Appendix A. In Sect. 5, 
we compare the performance of the climate representation 
in 12 members of the TSE-C_60km ensemble experiment 
with 12 members of the d4PDF global 60 km experiment. 
The d4PDF uses the previous version of MRI-AGCM 
(MRI-AGCM3.2; Mizuta et al. 2012), with the same TL319 
horizontal resolution, and is an AMIP-type experiment with 
monthly SST and sea ice concentration of COBE-SST2. In 
both experiments, the ensemble consists of climate simula-
tions starting from different initial conditions and provid-
ing different perturbations of SST and SIC among members 
(Mizuta et al. 2017). The above-mentioned experiments are 
summarized in Table 1, and difference in model configura-
tions for the TSE-C_60km and the d4PDF experiments are 
listed in Table 2.

The simulated climate is verified with observational 
datasets and reanalysis datasets. We mainly used JRA-3Q 
reanalysis (Kosaka et al. 2024), and Global Precipitation 
Climatology Project (GPCP) monthly (Adler et al. 2003) 
and pentad (Xie et al. 2011) data with a 2.5° grid spacing, 
and daily data with a 1° grid spacing (Huffman et al. 2001). 
In addition, Climate Prediction Center Merged Analysis 
of Precipitation (CMAP; Xie and Arkin 1997), Integrated 
Multi-satellite Retrievals for the Global Precipitation Mea-
surement (IMERG; Huffman et al. 2020), ERA5 reanaly-
sis (Hersbach et al. 2023), and COBE-SST2 are also used. 
For tropical cyclones, “best-track” data for the period 
1981–2020 were obtained from the International Best Track 

Experiment name Model AGCM 
horizontal 
resolution

Experiment 
type

Number of 
ensemble 
members

Oceanic forcing

ESM2_120km MRI-ESM2 120 km historical 1 none
ESM2_60km MRI-ESM2 60 km historical 1 none
TSE-C_120km MRI-ESM2 120 km historical 1 data assimilation
TSE-C_60km MRI-ESM2 60 km historical 12 data assimilation
AMIP_120km MRI-ESM2 120 km amip 1 prescribed daily 

SST
d4PDF MRI-AGCM3.2 60 km amip 12 prescribed 

monthly SST

Table 1  List of the experiments 
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the AMIP_120km experiment (Fig. 1e), precipitation has 
the highest correlation with the SST 3 about days before, 
and the simultaneous correlation is positive. In contrast, 
the ESM2_120km (Fig. 1c) and the TSE-C_120km (Fig. 
1d) experiments generally simulate the observed temporal 
changes, although the regression coefficients are slightly 
smaller in the TSE-C_120km experiment, likely because the 
SST is slowly assimilated to the temporal mean.

The lag regressions of the radiative and heat fluxes at the 
surface are also shown to investigate the factors that cause 
the SST decrease around the time of precipitation maxima. 
The reanalysis indicates a substantial contribution from a 
decrease in downward net shortwave radiation, followed 
by an increase in latent heat flux to the atmosphere (Fig. 
1b). These phenomena are simulated in both ESM2_120km 
and TSE-C_120km (Fig. 1c, d), although the relationship is 
slightly weaker in the TSE-C_120km. In the AMIP_120km 
experiment (Fig. 1e), the flux changes associated with SST 
increase are reproduced, but the flux is not fed back to the 
SST.

The spatial distributions of the lags at which the correla-
tion coefficient between precipitation and SST is maximized 
are shown in Fig. 2. Those for the observations indicate that 
precipitation have phase lags around 5–10 days behind 
SST in large part of tropical and subtropical precipitable 
regions (Fig. 2a), while the lags are mostly within two days 
for the AMIP_120km experiment (Fig. 2d). Both the TSE-
C_120km and ESM2_120km experiments simulate the same 
level of lag relationship as observed (Fig. 2b, c), except for a 
slight underestimation over the mid-latitudes of the western 
North Pacific region. Note that SST has a lag behind precip-
itation over the extratropics of the Southern Hemisphere in 
the observation (Fig. 2a). However, the lag is much smaller 
when using other daily SST datasets (not shown), suggest-
ing this may be a characteristic highly dependent on obser-
vational data. Such observational uncertainties could be 

Archive for Climate Stewardship (IBTrACS v04r00; Knapp 
et al. 2010).

3  Verification of atmosphere-ocean 
interaction

First, we compare the ESM2_120km, TSE-C_120km, and 
AMIP_120km experiments performed at the same atmo-
sphere resolution, mainly focusing on observed and simu-
lated precipitation.

3.1  SST/precipitation correlations

One of the phenomena that arise from the short-term atmo-
sphere-ocean interaction is the time lag between SST vari-
ability and precipitation variability. Higher SSTs locally 
cause instability in the lower atmosphere. This in turn 
enhances convective activity, leading to an increase in cloud 
cover and reduction in downward shortwave radiation. At 
the same time, the enhanced convective activity increases 
the upward latent heat flux at the ocean surface due to 
increased wind speeds, resulting in a gradual decrease in 
SST. As a result, a phase difference of about five to ten days 
appears between SST and precipitation variability (Wool-
nough et al. 2000; Arakawa and Kitoh 2004).

Figure 1 presents the lag regression coefficients of daily 
SST and surface heat flux components with respect to 
precipitation over the western North Pacific region (130–
150°E, 10–20°N). Observations and the reanalysis show 
that precipitation has the highest correlation with the SST 
about 10 days before, and the lowest correlation with the 
SST about 5 days after (Fig. 1a, b). This indicates that SST 
reaches a maximum about 10 days before the precipitation 
maximum and a minimum about 5 days after. The simulta-
neous correlation of SST and precipitation is negative. In 

Table 2  Difference in model configurations for the TSE-C_60km and the d4PDF experiments
Experiment name TSE-C_60km d4PDF
Atmosphere-land MRI-AGCM3.5

 (Yukimoto et al. 2019)
MRI-AGCM3.2
 (Mizuta et al. 2012)

  Horizontal resolution 60 km 60 km
  Vertical levels 80 (top at 0.01 hPa) 64 (top at 0.01 hPa)
  Radiation JMA (2007) modified JMA (2007)
  Cumulus convection Yoshimura et al. (2015) modified Yoshimura et al. (2015)
  Cloud  Kawai et al. (2019)  Tiedtke (1993)
  Planetary boundary layer  Nakanishi (2001), Nakanishi and Niino (2004) level 2  Mellor and Yamada (1974, 1982) level 2
  Gravity wave drag  Iwasaki et al. (1989), Hines (1997)  Iwasaki et al. (1989)
  Land surface HAL (Yukimoto et al. 2011)  Hirai et al. (2007)
Ocean MRI.COMv4 (Tsujino et al. 2017), with assimilating monthly objec-

tive analysis
prescribed monthly-mean sea-surface 
temperature

Aerosol MASINGAR mk-2r4c (Tanaka et al. 2003; Tanaka and Ogi 2017) prescribed monthly-mean aerosol density
Atmospheric chemistry MRI-CCM2.1 (Deushi and Shibata 2011) prescribed monthly-mean ozone density
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Fig. 2  Lag (in days) when the correlation coefficient between precipi-
tation and SST is highest, for (a) the observation (GPCP and Had-
ISST2), (b) ESM2_120km, (c) TSE-C_120km, and (d) AMIP_120km. 
Negative values indicate SST leads precipitation, and positive values 
indicate precipitation leads SST. Correlation coefficients are evaluated 

based on the quantities averaged over each 10° latitude and longitude 
grid for the 100-day high-pass component of deviations from daily 
climatology. Only areas with coefficients of 99% significance are pre-
sented, and otherwise they are colored gray. The analysis period is the 
same as in Fig. 1

 

Fig. 1  Lag regression coefficients of SST (right blue axis [K]) and sea 
surface fluxes (net shortwave, net longwave, latent heat, sensible heat 
and the sum; right red axis [W/m2]; downward positive) with respect 
to precipitation in the western North Pacific (130–150°E, 10–20°N), 
for (a) observation (GPCP and HadISST2), (b) JRA-3Q reanalysis, 
(c) ESM2_120km, (d) TSE-C_120km and (e) AMIP_120km. Dashed 

lines are lag autoregression coefficients of precipitation (left axis [mm/
day]). Each lag regression coefficient is normalized by standard devia-
tion of precipitation variability. Each physical quantity is evaluated 
based on the regional average of the 100-day high-pass component of 
the deviation from the daily climatological value. The analysis period 
is 1997–2014 for the observation and 1981–2010 for the others
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3d, h). The superiority of fully coupled models in reproduc-
ing the negative correlations is also apparent in the CMIP6 
multi-model simulations (Fig. S2). The limited ability of 
AMIP-type experiments in capturing the negative SST–
precipitation relationship has been widely documented in 
studies of seasonal prediction (e.g. Wang et al. 2005; Kumar 
et al. 2013). The observed negative correlations are inter-
preted in terms of local atmosphere-ocean interactions, such 
as SST–cloud–radiation feedback and Ekman upwelling 
associated with strong atmospheric disturbances, as well 
as atmospheric variability forced by remote SST anomalies 
(Kumar et al. 2013; Zhou et al. 2018). Note that the latter 
mechanism can be represented by AGCM experiments, and 
thus AMIP_120km and CMIP6 AGCMs tend to simulate 

related to the fact that daily variations are large (Ishii et al. 
2025), and satellite observations are sparse due to frequent 
cloud cover (Reynolds and Chelton 2010) over the area.

Local SST–precipitation correlations on interannual time 
scales during boreal summer (June–August; JJA) and boreal 
winter (December–February; DJF) are shown in Fig. 3. The 
observations (Fig. 3a, e) show positive correlations in many 
regions, such as the equatorial Pacific, indicating a strong 
influence of SST on atmospheric convection. By contrast, 
negative correlations are evident from the western North 
Pacific to the Bay of Bengal in JJA, and from the Mari-
time Continent to the SPCZ region in DJF. These features 
are similarly reproduced in the ESM2_120km experiment 
(Fig. 3b, f), but not in the AMIP_120km experiment (Fig. 

Fig. 3  Local SST–precipitation correlation coefficients for interan-
nual variability during (a  -  d) boreal summer (June–August) and 
(e  -  h) boreal winter (December–February), for (a, e) the observed 
SST (COBE-SST2) and the average of observation-based precipita-
tion datasets (CMAP and GPCP), (b, f) ESM2_120km, (c, g) TSE-
C_120km, and (d, h) AMIP_120km experiments. The analysis period 

is 1981–2010. Note that tropical-mean SST anomalies were removed 
before calculating the local anomalies. Numbers in the upper right of 
each panel indicate bias and spatial pattern correlation coefficient with 
respect to the observed values. Areas of low precipitation (less than 
1 mm/day in the observed climatology) are masked by gray shading
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4.1  Zonal-mean temperature and wind

Differences of the zonal-mean temperature of ESM2_120km, 
TSE-C_120km, and TSE-C_60km from JRA-3Q reanalysis 
data in JJA and DJF are compared in Fig. 5. In both sea-
sons, the temperature is about 2 K lower than the reanalysis 
in the middle to upper troposphere at mid-latitudes in the 
ESM2_120km experiment (Fig. 5a, d). In contrast, the bias 
is smaller in the TSE-C_120km experiment, especially in 
the middle troposphere (Fig. 5b, e). This fact indicates that 
a large part of the tropospheric temperature biases can be 
attributed to the SST biases in ESM2_120km. Although the 
SST biases in MRI-ESM2 were significantly reduced from 
the previous earth system model, a low SST bias remains in 
the mid-latitudes in ESM2_120km (Yukimoto et al. 2019). 
The low temperature biases in the mid-latitude troposphere 
in the TSE-C_60km experiment are even smaller than in 
TSE-C_120km, especially in the Southern Hemisphere 
(Fig. 5c, f). In addition, high temperature biases over 2 
K, which are commonly found in the lower stratosphere, 
become smaller in TSE-C_60km.

Figure 6 shows the differences in zonal-mean zonal wind 
from the reanalysis. In the ESM2_120km experiment, the 
positive/negative biases are seen on the equatorward/pole-
ward side of the subtropical jets in both seasons in both 
hemispheres (Fig. 6a, d), indicating the jets are shifted equa-
torward. The shift is more pronounced in the winter hemi-
sphere. These biases are related to the mid-tropospheric 
temperature difference between the tropics and mid-lati-
tudes (Fig. 5a, d); a larger meridional temperature gradient 
tends to strengthen the subtropical jet and cause it to shift 
southward. Such shifts become much smaller in TSE-C_120 
km (Fig. 6b, e), especially in the Northern Hemisphere sum-
mer, and even smaller in TSE-C_60km (Fig. 6c, f). These 
are consistent with the reduction of the biases in the meridi-
onal temperature gradient (Fig. 5).

It should be noted that the improvements in TSE-C_60km 
from TSE-C_120 km found in Figs. 5 and 6 are not simply 
due to the increase in horizontal resolution, but also due to 
the changes in the Appendix A. An experiment that only 
increased the horizontal resolution showed little improve-
ments in temperature bias in the middle troposphere tem-
perature and in the subtropical jets (not shown). Changes 
made in the 60 km model that reduced the low-temperature 
bias in the mid-latitude middle troposphere has led to the jet 
improvement.

4.2  SST cooling by tropical cyclones

Strong wind stresses on the sea surface induced by over-
passing tropical cyclones (TCs) rapidly stir the ocean ver-
tically through shear-induced vertical mixing and Ekman 

relatively weak correlations over the tropical western North 
Pacific in JJA (Fig. 3d; Fig. S2c).

The observed negative correlation regions are repro-
duced in TSE-C_120km, similarly to ESM2_120km (Fig. 
3c, g). Spatially averaged difference and spatial correlation 
coefficient between the simulation and the observations are 
shown in the upper right of each panel. The TSE-C_120km 
experiment has the smallest difference and the highest spa-
tial correlation among the three experiments. These high 
skill scores of TSE-C_120km are likely due to the combina-
tion of including atmosphere-ocean interactions and repro-
ducing a realistic SST distribution through assimilation.

3.2  Precipitation climatology

The global-scale seasonal precipitation distributions from 
observations, the ESM2_120km experiment, the TSE-
C_120km experiment, and the AMIP_120km experiment 
are shown in Fig. 4. The ESM2_120km experiment (Fig. 4b, 
f) simulates the large-scale features of the observed clima-
tological precipitation reasonably well (Fig. 4a, e), includ-
ing the Inter-Tropical Convergence Zone (ITCZ) over the 
Pacific, the Atlantic, and Indian Oceans, the South Pacific 
Convergence Zone (SPCZ), and monsoon-related precipita-
tion over each continent. However, the SPCZ is zonally ori-
ented in the central Pacific in both seasons, and a spurious 
ITCZ appears in the southeastern Pacific during DJF (Fig. 
4f). This double-ITCZ bias is still found in many coupled 
models (Tian and Dong 2020; Si et al. 2021). In addition, 
precipitation around India during JJA is underestimated 
(Fig. 4b). These are alleviated by prescribing observed SSTs 
in AMIP_120km (Fig. 4d, h), indicating that the seasonal 
precipitation distribution is strongly influenced by the SST 
distribution. The precipitation distribution in TSE-C_120km 
(Fig. 4c, g) is comparable to that in AMIP_120km, reflect-
ing that SSTs in TSE-C_120km are very close to observa-
tion on the seasonal-mean time scale (Figure S3). Biases, 
root mean square errors (RMSEs), and spatial correlation 
coefficient with respect to the observations are shown in the 
upper right of each panel. While the biases do not differ sig-
nificantly among the three experiments, RMSE and spatial 
correlation coefficients of TSE-C_120km are substantially 
better than those of ESM2_120km, and they are comparable 
to those of AGCM_120km.

4  Performance of the high-resolution 
atmosphere

In this section, we discuss the representation of long-term 
climate and atmosphere-ocean interaction when the atmo-
spheric model is increased from 120 km to 60 km.
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about 0.4–0.6 K between 120°E and 180°E, and the magni-
tudes vary in latitude (Fig. 7b). This latitudinal dependence 
is thought to be related to the thermal structure of the ocean 
interior such as the ocean mixed layer depth and the water 
temperature just below the ocean mixed layer. Figure 7c 
presents the dependence of SST cooling on TC intensity 
and migration speed. It is evident that slower and stronger 
TCs exhibit more pronounced SST cooling. These features 
are also well represented in the TSE-C_60km experiment, 

upwelling. As latent heat from the warm ocean surface is 
the primary energy source for TCs, SST cooling due to the 
ocean stirring weakens TC intensity (e.g. Price 2009; Vin-
cent et al. 2012). Here we assess how these effects are rep-
resented in TSE-C_60km and ESM2_60km.

Figure 7 shows the statistics of SST changes from the 
previous day at the TC center in the western North Pacific. 
There are many cases of large SST cooling north of 20°N 
in ESM2_60km (Fig. 7a). The average decrease of these is 

Fig. 4  Spatial distribution of climatological precipitation (mm/day) 
during (a  - d) JJA and (e  - h) DJF, for (a, e) the average of obser-
vation-based dataset (CMAP and GPCP), (b, f) ESM2_120km, (c, g) 
TSE-C_120km, and (d, h) AMIP_120km. The numbers in the upper 

right of each panel are bias, RMSE, and spatial correlation coefficient 
with respect to the observed values. The analysis period is 1981–2010. 
Model outputs are re-gridded to the same 2.5° latitude-longitude grid 
as the observation
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height at 500 hPa, zonal and meridional winds at 200 hPa 
and 850 hPa, and temperature and specific humidity at 850 
hPa. The scores for TSE-C_60km are compared with those 
of d4PDF and the CMIP6 models: 41 models of the histori-
cal experiment and 47 models of the amip experiment.

The skill scores for all variables of TSE-C_60km are 
comparable to those for the best-performing models among 
the CMIP6 experiments, for both the global domain (Fig. 
8a-c) and East Asia (Fig. 8d-f), except for precipitation over 
East Asia in DJF. Similar results are found when compar-
ing the scores with the HighResMIP models (Figure S4), 
suggesting that the skill scores for TSE-C_60km cannot be 
explained only by the difference in the model resolution. 
Compared with d4PDF, the skill scores for SAT and SLP in 
TSE-C_60km are similar, while those for precipitation are 
slightly lower. For the other variables, the scores are gener-
ally similar, although the preponderance varies depending 
on the variable.

The difference between the TSE-C_60km and d4PDF 
is caused by not only the incorporation of atmosphere-
ocean interactions, but also the revisions of the model 
configurations, as shown in Table 2. As the skill scores 
are sensitive to physical parameterizations, more detailed 
interpretation would likely require a large number of 

as shown in Fig. 7d-f. Comparing the magnitude of the SST 
cooling (Fig. 7b) with that of ESM2_60 km (Fig. 7e), the 
SST cooling at 20–30°N is slightly weaker. This may be 
explained as a result of the abrupt change in water tem-
perature being damped by ocean assimilation, although the 
increment added by the assimilation process is sufficiently 
small compared to the change in water temperature, as 
shown in Figure S1.

5  Comparison with d4PDF

In this section, we examine the long-term climate, intra-sea-
sonal variability, and extreme events in the TSE-C_60km 
experiment, mainly through comparison with the d4PDF 
experiment.

5.1  Taylor skill scores

The climatological states in the experiments are evaluated 
using the Taylor skill scores (Taylor 2001). Figure 8 pres-
ents the skill scores, defined by Eq. (5) in Taylor (2001), 
for key meteorological variables: surface air temperature 
(SAT), precipitation, sea-level pressure (SLP), geopotential 

Fig. 5  Zonal-mean temperature (contour) and its anomaly [K] from JRA-3Q reanalysis (shading), during (a - c) JJA and (d - f) DJF, for (a, d) 
ESM2_120 km, (b, e) TSE-C_120 km, and (c, f) TSE-C_60 km experiments. The analysis period is 1981–2010
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propagates northward. The second rainy period resumes 
in late summer or early autumn (Chen et al. 2004; Ding 
2007). Heavy precipitation events tend to occur during the 
two rainy periods, often leading to severe disasters such as 
floods and landslides, while heat waves typically occur dur-
ing the break spell. This distinct seasonal cycle is driven 
by the development of the western Pacific subtropical high 
and the northward/southward migration of the upper-level 
East Asian jet, which are integral components of the Asian 
monsoon system (Wang et al. 2008; Sampe and Xie 2010; 
Chiang et al. 2020).

The monthly distributions of precipitation, SLP, and 200-
hPa zonal winds over East Asia from June to September 
are shown in Fig. 9. Satellite observations of precipitation 
show that the Meiyu-Baiu rain band extends from southern 
China to southern Japan in June (Fig. 9a, b) with a precipi-
tation maximum over southern Kyushu (130°E, 32°N), and 
it moves northward to the Korean peninsula in July (Fig. 
9e, f). Similar migration of precipitation maximum is well 
represented in both TSE-C_60km and d4PDF (Fig. 9d, h). 
The peak of the 200 hPa westerly jet, over 30 m/s at 36°N 
in June, moves northward to 40°N and weakens to about 20 
m/s in July. Such seasonal evolution is also well simulated 
in TSE-C_60km as well as in d4PDF. The climatological 

systematic experiments. Regarding the incorporation of 
atmospheric-ocean interactions, Fig. 4 shows that the long-
term mean climate values do not differ significantly between 
AMIP_120km and TSE-C_120km, suggesting that this is a 
minor factor. However, to generally assess the effect, we 
compare the CMIP6 historical and amip experiments. Glob-
ally (Fig. 8a-c), the amip experiments generally have higher 
skill scores than the historical experiments, indicating that 
model skill is affected by the climatological SST bias in the 
coupled model. In East Asia, in contrast, more variables 
show higher skill scores in the historical experiment than 
in the amip experiment. This is particularly true in sum-
mer (Fig. 8f) and is also seen in the annual mean (Fig. 8d). 
These suggest that the atmosphere-ocean interaction plays 
an important role in East Asia during the summer season, 
and may explain the improved scores on several variables in 
TSE-C_60km in the East Asian region.

5.2  East Asian summer monsoon

The East Asian summer climate is characterized by two 
rainy periods separated by a break spell. Typically, the 
northward migration of the Meiyu-Baiu rain band appears 
in early summer, followed by the break spell that also 

Fig. 6  Same as Fig. 5, but for zonal wind [m/s]
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While the northward migration of the precipitation maxi-
mum latitude is slightly slower in d4PDF than observed 
(Fig. 10d), TSE-C_60km simulates the migration more 
realistically (Fig. 10c). However, the weakening of the pre-
cipitation in July occurs slightly earlier than observed. In 
addition, the precipitation amount at the first maximum is 
slightly lower than in the observations. A previous study by 
Kusunoki (2018) has noted that the early summer rain band 
tends to intensify with increasing resolution, suggesting that 
even higher model resolution may be a solution for more 
consistent precipitation with observations.

5.3  Tropical cyclones

As shown in Fig. 7, the SST cooling due to the stirring effect 
of passing TCs is represented in TSE-C_60km. Here, the 
climatological distribution of TCs is examined. Figure 11a-c 
compares the TC tracks from TSE-C_60km from 1981 
to 2020 with those of d4PDF and the observational data-
set. The model-simulated TCs are extracted using the TC 
extraction tool (Murakami et al. 2012). To ensure that the 
global occurrence counts are consistent with observations, 

patterns are also well simulated in August, when the jet 
shifts further north and precipitation decreases in the south-
easterly wind field (Fig. 9i-l). In September, when the jet 
moves southward, precipitation increases again over Japan 
(Fig. 9m-p).

Figure 10 illustrates the seasonal progression of precipi-
tation around Japan. The observations show that precipita-
tion caused by the frontal rain bands takes maximum values 
from late May to mid-July, minimum values from late July 
to mid-August, and secondary maxima around September 
(Fig. 10a, b). The TSE-C_60km experiment (Fig. 10c) suc-
cessfully simulates as observed, and the contrast between the 
first maximum and the subsequent minimum is more clearly 
represented than in d4PDF (Fig. 10d). This improvement 
is possibly associated with the reduction in the zonal wind 
biases around the upper-level Asian jet. While the Asian jet 
is located slightly equatorward in July and August in d4PDF 
(Fig. 9h, l), it is well simulated in TSE-C_60km (Fig. 9g, 
k). This may be due to the increased precipitation on the 
continental side of South Asia in TSE-C_60km compared to 
d4PDF, which likely shifts the Asian jet to higher latitudes 
by the enhanced upper-level South Asian anticyclone.

Fig. 7  (a, d) SST changes from the previous day at the TC center [K/
day], (b, e) SST at the TC center on the day of cyclone passage (dashed 
line) and on the previous day (solid line) in the upper panel, and the 
changes from the previous day in the lower panel, averaged from 
120°E to 180°E, and (c, f) dependence of the SST change on maximum 

surface wind speed [m/s] (horizontal axis) and migration speed [km/
day] (vertical axis) in the western North Pacific (120–180°E, 0–45°N), 
for (a-c) ESM2_60km and (d-f) TSE-C_60km. The analysis period is 
1981–2010
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(white numbers in Fig. 11a-c), TSE-C_60km shows an 
improvement in the number of TC occurrences in the North 
Atlantic, North Indian Ocean, and Northeast Pacific, com-
pared to d4PDF, while the number of TC occurrences in the 
Southern Indian Ocean tends to be too high.

However, it is still unclear what caused the differences in 
TC climatology, particularly the enhanced TC frequency in 
the South Indian Ocean, between TSE-C_60km and d4PDF. 
We tested the impact of including the atmospheric-ocean 

the extraction parameters such as 850-hPa maximum wind 
intensity, 850-hPa relative vorticity, and warm core thresh-
old were adjusted separately for d4PDF and TSE-C_60km. 
Although the model does not represent wind speeds that 
fall into categories 4 and 5 due to the insufficient horizontal 
resolution (60 km), the distribution of the occurrence fre-
quency is well reproduced in d4PDF (Fig. 11b), as shown 
in Yoshida et al. (2017), and also in TSE-C_60km (Fig. 
11c). Looking at the number of occurrences per ocean basin 

Fig. 8  Taylor skill scores for climatological distributions for (a - c) the 
global domain and (d - f) East Asia (100–160°E, 20–50°N), for (a, d) 
annual mean, (b, e) DJF, and (c, f) JJA. The scores of TSE-C_60km 
(12 members; red) are compared with those of d4PDF (12 members; 
blue), CMIP6 CGCM historical experiments (41 models; gray), and 
CMIP6 AGCM amip experiments (47 models; black). Evaluated vari-
ables include surface air temperature (SAT), precipitation (Prec), sea-
level pressure (SLP), zonal and meridional winds at 200 hPa (U20, 
V20) and 850 hPa (U85, V85), geopotential height at 500 hPa (Z50), 

temperature and specific humidity at 850 hPa (T85, Q85), and their 
average score (Ave). Horizontal bars indicate ensemble means. The 
skill score is defined by Eq. (5) of Taylor (2001). Reference data are 
the average of CMAP and GPCP for Prec, and JRA-3Q for the other 
variables. Scores are calculated after re-gridding model outputs to 
the same 2.5 × 2.5° grid as the reference data. For SLP and SAT, grid 
points at elevations above 1000 m are excluded from the calculation to 
minimize the influence of model topography differences. The analysis 
period is 1981–2010
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assessment suggests that differences in large-scale climatol-
ogy alone cannot fully explain these TC differences. There-
fore, we speculate that differences in TC responses to given 
large-scale conditions (Vecchi et al. 2019; Murakami et 
al. 2025) play a critical role. However, it remains unclear 
which specific model configuration changes led to these 

interactions by 60 km AMIP-type experiment using MRI-
ESM2, but found minimal influence on TC climatology 
except for the intense TCs. Although another possibility is 
differences in large-scale dynamical and thermodynami-
cal background climatology, such as vertical wind shear 
and lower-tropospheric relative humidity, our preliminary 

Fig. 10  Latitude-time sections of 3-pentad running-mean precipitation averaged over 125–145°E, for (a) GPCP, (b) IMERG, (c) TSE-C_60km, 
and (d) d4PDF. In each panel, the 8 mm/day contour from GPCP is indicated by a bold black line. The analysis period is the same as in Fig. 9

 

Fig. 9  Monthly-mean precipitation (shading; mm/day), sea-level pres-
sure (black contours; hPa), and 200-hPa zonal wind (orange contours; 
m/s), for (a - d) June, (e - h) July, (i - l) August and (m - p) September, 
for (a, e, i, m) reanalysis data (JRA-3Q) and satellite-based observa-

tions (GPCP), (b, f, j, n) reanalysis data (ERA5) and satellite-based 
observations (IMERG), (c, g, k, o) TSE-C_60km, and (d, h, l, p) 
d4PDF. The analysis period is 2001–2020 for IMERG and 1981–2010 
for the other datasets
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Figure 12 shows the linear trend in the frequency of TC 
occurrence from 1981 to 2020. Consistent with Murakami 
et al. (2020), the observations show significant increases 
in TC frequency in the North Atlantic and North Indian 
Ocean, and significant decreases in the western Pacific, 
eastern North Pacific, and South Indian Ocean (Fig. 12a). 
The TSE-C_60km and d4PDF experiments mostly simulate 
the observed features in the North Atlantic and the western 
Pacific (Fig. 12b, c). In addition, TSE-C_60km simulates 
the observed increase in the North Indian Ocean and the 
decrease in the eastern Pacific, which are not represented 
in d4PDF.

While the monthly mean distribution of aerosols was 
given as an external boundary condition to the atmospheric 
model in d4PDF, the atmospheric and aerosol models are 
coupled interactively in the TSE-C model. The fact that 
the effects of the aerosol trend are now properly reflected 
is probably related to the improvement of the TC trend. 
Moreover, the improved trend pattern in TSE-C_60km 
may also be attributed to its more realistic representation 
of the relative contributions of different anthropogenic forc-
ings. Recent findings by Wang et al. (2023) suggest that 

differences. Further investigation will be required to clarify 
the causes of the differences in TC climatology.

Figure 11d-g shows the distribution of maximum wind 
speeds of TCs averaged over a 2.5° grid. The observa-
tions show that the maximum wind speed is concentrated 
around the latitudinal bands centered at 20°N and 20°S 
(Fig. 11d). By contrast, d4PDF shows a shift to 30–35° lati-
tude, indicating that the maximum wind speed is overesti-
mated in the mid-latitudes (Fig. 11e). This overestimation 
has already been reported by Murakami et al. (2012): the 
occurrence frequency of intense TCs was overestimated in 
the mid-latitudes in the 20 km version of the same model 
as d4PDF. Positive biases in mid-latitude TC intensities 
are significantly reduced in the TSE-C_60km experiment 
(Fig. 11g). This is in agreement with Ogata et al. (2015), 
who reported that the meridional distribution of intense TCs 
was improved by using the coupled model with forcing the 
observed SST on a time scale of about a week. Note that 
TC intensity in TSE-C_60km is still underestimated at low 
latitudes, probably because the rapid development of TCs in 
the early stages is not sufficiently simulated due to the lack 
of horizontal resolution of the atmosphere.

Fig. 11  Global distribution of TC tracks and mean maximum surface 
wind speed (MSW, m s− 1) for (a, d) IBTrACS best track data, (b, e) 
d4PDF, and (c, f) TSE-C_60km from 1981 to 2020. The numbers in 
(a  - c) indicate the annual mean number of TCs for each basin. TC 
tracks in (a - c) are colored according to their intensities based on the 
Saffir-Simpson Hurricane Scale. Mean MSW in (d - f) represents the 

average TC intensity within each 2.5 × 2.5° grid cell. Only grids with 
a sample size of five or more TCs are plotted in (d - f). Panel (g) dis-
plays the difference between d4PDF and TSE-C_60km. Only a single 
ensemble member is considered in (b, c), whereas the 12 ensemble 
members are considered for (d - g)
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13a), the precipitation and U850, which lags precipitation 
by 1/4 cycle, are clearly propagated from the Indian Ocean 
to the Pacific. For d4PDF (Fig. 13c), the MJO amplitudes 
are underestimated and the propagation east of the western 
Pacific is unclear compared to the observation. The TSE-
C_60km experiment produces larger MJO amplitudes and 
more realistically represents the eastward propagation into 
the Pacific (Fig. 13b).

The performances of MJO propagation and amplitude of 
the models were evaluated with a Taylor diagram (Fig. 13d). 
This Taylor diagram was computed from the pattern correla-
tions with observations and the ratio of standard deviations 
to observations, based on the time-longitude cross sections 
shown in Fig. 13a-c. The pattern correlation of the ensemble 
mean precipitation (U850) is 0.75 (0.87) in TSE-C_60km, 
while it is 0.64 (0.8) in d4PDF. As for the mean amplitude 
skill of precipitation (U850), TSE-C_60km shows 0.85 
(0.78), while d4PDF shows 0.58 (0.51). These results indi-
cate that the MJO can be reproduced much better in TSE-
C_60km than in d4PDF. The improvement is especially 
notable in the amplitude. Our results confirm a critical role 
of atmosphere-ocean coupling in the GCM representation 
(propagation and amplitude) of the MJO.

6  Summary and discussion

The ocean data assimilation has been introduced into a fully 
coupled model, MRI-ESM2. By assimilating the monthly 
objective analysis data of ocean temperature and salinity 
with a relaxation time of 10 days, the atmospheric climatol-
ogy on longer time scales is reproduced as well as that of the 
atmosphere-only model with prescribed SST. By contrast, 
short-term atmosphere-ocean interactions, such as the time 
lag between SST and precipitation and the SST cooling due 
to the passage of intense tropical cyclones, are represented 
similarly to the fully coupled model.

the influence of CO₂ and aerosol forcings on TC trends 
varies by region—for example, CO₂ forcing dominates in 
the eastern Pacific and near Hawaii, whereas aerosol forc-
ing dominates in the North Atlantic, with both playing roles 
near Japan. The d4PDF experiment appears to emphasize 
aerosol-induced effects more strongly, potentially underes-
timating trends in CO₂-sensitive regions. In contrast, TSE-
C_60km captures both aerosol- and CO₂-induced signals, 
resulting in a spatial trend pattern that is more consistent 
with observations.

5.4  Intraseasonal variation

The Madden-Julian oscillation (MJO; Madden and Julian 
1971, 1972) is the dominant mode of intraseasonal vari-
ability in the tropics with a period of about 30 to 70 days, 
characterized by the eastward propagation of a planetary-
scale convectively coupled system most prominently from 
the Indian Ocean to the Pacific. Previous studies show that 
atmosphere-ocean coupled models can improve the repre-
sentation of the MJO compared to the AGCM (e.g. DeMott 
et al. 2015; Wu et al. 2021). The better MJO simulation skill 
in the coupled models is attributed to the improved repre-
sentation of the moistening process through the effect of 
convection-SST feedback due to high-frequency SST fluc-
tuations (DeMott et al. 2015).

We examined the skill of the MJO simulation in the TSE-
C_60km experiment compared to that in the d4PDF experi-
ment. The diagnostic method used was the same as that used 
for d4PDF by Takahashi et al. (2022). Figure 13a-c shows 
the time-longitude plots of the regressions of 20–90-day fil-
tered precipitation anomalies averaged over 15°S–15°N and 
850 hPa zonal wind (U850) anomalies against MJO-filtered 
(20–90-day, zonal wavenumber 1–5) precipitation anoma-
lies averaged over the tropical Indian Ocean (85–95°E, 
5°S–5°N). The analysis is performed following the MJO 
skill metrics (Wang et al. 2020) during the boreal winter 
(November–March) for 1980–2018. In the observation (Fig. 

Fig. 12  Linear trends in TC frequency of occurrence for the period 
1981–2020 [number per year], for (a) IBTrACS best track data, and the 
mean of 12 ensemble members from (b) d4PDF and (c) TSE-C_60km. 
The white dots indicate grid cells where the linear trend is statistically 

significant at the 90% level, according to the Mann-Kendall signifi-
cance test. TC positions were counted within each 2.5 × 2.5° grid box 
every 6 h across the global domain. The total count for each grid box 
was defined as the TC frequency of occurrence
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resolution, d4PDF, using the new system introduced in this 
paper. The d4PDF has been used not only for the studies of 
recent and future changes in extreme events associated with 
global warming, but also for impact assessments of natural 
disasters, agricultural activities and water resource manage-
ment (Ishii and Mori 2020). Furthermore, based on these 
studies, it has been used for regional adaptation policy-mak-
ing by local governments in Japan. Since the d4PDF is an 
atmosphere-only experiment with prescribed SST, replacing 
the model with the one presented in this paper would be 
beneficial in evaluating the influences associated with the 
short-term atmosphere-ocean interactions. In addition to 
improvements in tropical cyclones, a more realistic correla-
tion between interannual variabilities in SST and precipita-
tion in the western North Pacific is also represented. The 
atmospheric model component itself has been improved 
from MRI-AGCM3.2 in the d4PDF to MRI-AGCM3.5, 
especially in the representation of low-level clouds (Kawai 
et al. 2019) and stratospheric variations (Yukimoto et al. 
2019). In addition, the coupled processes with the aerosol 
model and the atmospheric chemistry model, which were 

Simulations from the mid-20th century to the present 
have been performed after increasing the horizontal resolu-
tion of the atmosphere from 120 km to 60 km. The results 
show that the performance of the model in simulating clima-
tological mean states on seasonal time scales is comparable 
to that of the previous atmosphere-only simulation, both on 
the global scale and in the East Asian region. The seasonal 
progression of the East Asian monsoon is also shown to be 
realistic, and the latitudinal distribution of intense tropical 
cyclones is improved, both of which play a very important 
role in the representation of extreme events over East Asia.

Although it is still difficult to represent regional extreme 
precipitation events in a full coupled model simulation 
because of the large SST error (Wehner et al. 2021), the 
method in this study enables us to do so while still using a 
coupled model. Then, if the ocean, with the changes in the 
CMIP model added to the observations, is used for assimila-
tion, these changes associated with climate change can be 
discussed.

Therefore, we plan to update the climate simulation 
database of the large ensemble simulations with 60 km 

Fig. 13  (a - c) Lag-longitude diagram of intraseasonally filtered pre-
cipitation averaged over 15°S–15°N (shading) and 850 hPa zonal wind 
anomalies (U850, contours, 0.15 m s− 1 interval, red: positive, blue: 
negative values) for (a) observations (GPCP and JRA-3Q), (b) TSE-
C_60km, and (c) d4PDF. The diagrams are obtained as lag-regressions 
against MJO-filtered precipitation anomalies averaged over the tropi-
cal Indian Ocean (85–95°E, 5°S–5°N). The anomalies in (b) and (c) 

indicate the ensemble means (12 members). (d) Taylor diagram of pat-
tern correlations and relative amplitudes for precipitation (pink) and 
U850 (blue) anomalies from averages over the tropical Indo-Pacific 
region (40–140°W, 15°S–15°N) from day − 20 to + 20, shown by black 
rectangles in (a  -  c). TSE-C_60km and d4PDF are marked by the 
circles and pluses, respectively. The thin and small (thick and large) 
marks represent the 12 ensemble members (ensemble means)
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resolutions. This also mitigates the lower temperatures 
in the mid-upper troposphere associated with the lack of 
longwave radiative heating caused by the fewer upper 
clouds at higher resolutions.

	● The time step for the calculation of longwave radia-
tion has been reduced from 3 h to 1 h. This mitigated a 
resolution dependence that lower clouds are more in the 
tropics and less in the mid-latitudes in the higher resolu-
tion model (Kawai et al. 2019).

	● The parameters for non-orographic gravity waves have 
been changed so that the Rayleigh friction near the top 
of the model does not work. Horizontal diffusion was 
changed to the same table as in MRI-AGCM3.2, where 
the coefficients are larger in the upper layers. This im-
proved the variability of the stratospheric mean wind 
speed and the quasi-biennial oscillations.

	● Corrections have been made to the assignment of the in-
put solar irradiance to the model radiation bands, which 
was inappropriate for the CMIP6 experiments. This 
improved the stratospheric high temperature anomalies 
seen in the CMIP6 experiments.

	● Changes have been made to increase the albedo over sea 
ice. This reduced the decreasing trend in sea ice thick-
ness and the high temperature anomaly in the Arctic 
region.

	● The parameters that determine the intensity of short oro-
graphic gravity waves have been changed to match the 
values used in the operational forecast model. This im-
proved the underestimation of the height of 500-hPa in 
winter near Japan.

	● Anomalous water temperatures in lakes with very small 
areas have been corrected by redistributing fluxes with 
neighboring lakes in the grid. In addition, the introduc-
tion of large lake schemes, where water and heat are 
distributed across the entire lake grids, has improved 
the simulation of lake water temperatures in large lakes 
such as the Caspian Sea.

	● The land surface model has been modified to increase 
the albedo of the forest zone. This resulted in improved 
summer high temperature anomalies over Eurasia.

	● For the ocean forcing data, the climatological values of 
water temperature and salinity in the Japan Sea were 
bias corrected with the climatological values of FORA-
WNP30 (Usui et al. 2017). This improved the low tem-
perature anomalies in the Sea of Japan in winter.

In addition to these changes, we have made changes to 
improve energy conservation, water mass conservation, and 
computational stability during long-term integration. In the 
following, we show the impact of the above changes on the 
climate representation of the East Asian summer/winter 
monsoon.

not used in the d4PDF, are also included (Table 2), allowing 
us to assess the impact of the recent anthropogenic aero-
sol trend on regional climate. We now continuously extend 
the time integration from the present to the end of the 21 st 
century. Combined with a non-warming climate simulation 
by removing past anthropogenic emission changes, this will 
allow us to investigate changes in extreme events associated 
with climate change from a broader perspective. Further-
more, this framework can be applied to other climate mod-
els. Increasing the resolution of atmospheric models would 
require modifications specific to each model, but with suf-
ficient computing resources and data storage capacity, a 
larger number of ensembles can be executed accordingly. 
This facilitates comparisons between climate models and 
contributes to deepening discussions on model uncertainty 
regarding changes in regional climate and extreme events.

As in the d4PDF, the changes around Japan are also 
analyzed in more detail by a dynamical downscaling to a 
higher-resolution regional climate model. In the regional 
model, the frequency and areal extent of typhoons, and the 
seasonal progression of the East Asian monsoon, includ-
ing their changes, are strongly dependent on the represen-
tation in the outer global model. Therefore, the improved 
performance in the global model will contribute to increase 
confidence in the results of the downscaled regional climate 
model simulations.

We also have a plan to use the surface atmospheric state 
in this global model to downscale to a regional ocean model 
of the western North Pacific. Using this model may provide 
a more realistic simulation of the Kuroshio than using the 
CMIP6 model output. In addition, a higher atmospheric res-
olution of 20 km is planned to simulate more realistic tropi-
cal cyclone intensities. By making a suite of data publicly 
available, we hope to be able to contribute to the formula-
tion of global warming adaptation policies based on more 
realistic regional climate change projections.

Appendix A: changes made in the 60 km 
model

When the resolution of the atmospheric model of the TSE-C 
experiment was increased from 120 km to 60 km, a reso-
lution dependence in the representation of the climate was 
found. The following changes have been made in the 60 km 
model to improve the representation of average climatic 
conditions, seasonal progression, tropical cyclones, etc.

	● In the cloud scheme, the conversion rate of cloud ice 
to snow (Kawai et al. 2019) was reduced. The increase 
in upper clouds due to this change mitigates a resolu-
tion dependence that upper clouds become less at higher 
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temperature anomaly (Fig. 14a) is widely high over the con-
tinental Northern Hemisphere in summer, suggesting that 
the seasonal progression of land temperature is earlier. In 
the test experiment, in which the albedo of the forest zone 
is increased, the summer temperature over land becomes 
lower (Fig. 14b), and the representation of the rain band is 
also improved (Fig. 14d).

Figure 14 shows the change in a sensitivity experiment 
of changing the albedo of the forest zone. As shown in Fig. 
9, the Meiyu-Baiu rain band exists from southern China to 
southern Japan in June and July. However, the seasonal pro-
gression was earlier than that observed in the control experi-
ment, which did not include the above changes, and the rain 
band disappeared in early July (Fig. 14c). The surface air 

Fig. 14  (a, b) Surface air tem-
perature anomalies from JRA-
3Q during JJA and (c, d) mean 
precipitation during July for (a, 
c) the control TSE-C experiment, 
in which the listed changes were 
not included, and (b, d) the test 
experiment, in which the albedo of 
the forest zone is increased. The 
analysis period is 1981–1984

 

Fig. 16  Same as Fig. 15, but for 
(a - c) geopotential height at 
500 hPa and (d - f) air temperature 
at 850 hPa

Fig. 15  Surface air temperature 
(contour) and its anomaly from 
JRA-3Q (shading) during (a - c) 
DJF and (d - f) JJA, for (a, d) 
d4PDF, (b, e) the original TSE-C 
experiment, in which the listed 
changes were not included, and (c, 
f) the TSE-C_60km experiments. 
The analysis period is 1981–2000
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anomalies in the TSE-C_60km experiment (Fig. 15c) com-
pared with the original TSE-C experiment, without signifi-
cantly affecting the summer temperatures (Fig. 15f).
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Figure 15 compares the seasonal mean surface air tem-
perature anomalies from the reanalysis data around Japan. 
Over land in Japan, the d4PDF experiment showed tempera-
ture anomalies from the reanalysis within about 1 K in both 
winter and summer (Fig. 15a, d), while the original TSE-C 
experiment, which did not include the above changes, 
showed small temperature anomalies in summer but − 1 to 
− 2 K in winter (Fig. 15b, e). Such temperature anomalies 
could propagate to dynamical downscaling with regional 
climate models and have a significant impact on snowfall 
estimates, as the rain/snow determination of precipitation is 
sensitive to small temperature differences.

 Four possible causes for the low temperature anomaly 
compared to d4PDF were considered. (1) The observed 
monthly mean SST is given as a boundary condition in 
d4PDF, resulting in a very small temperature anomaly over 
the ocean, while in the TSE-C the sea surface is cooled by 
the northwest winds of the winter monsoon. (2) The surface 
wind anomalies are particularly westerly in winter, which 
is associated with an underestimation of the 500-hPa height 
over Japan (Fig. 16b), i.e., an overestimation of the trough 
depth and a strong inflow of cold air. (3) Although the low 
temperature anomaly from China to Siberia is smaller in the 
TSE-C than in d4PDF, low temperature anomalies are still 
seen in the lower to middle troposphere (Fig. 16e), and these 
anomalies are advected by northwest winds near Japan. (4) 
Because the ocean forcing data are objective analysis data 
on a 1° grid, the accuracy is not sufficient, and low tempera-
ture anomalies are seen in the Sea of Japan. 

Therefore, changes were made to mitigate the anomalies 
of (2), (3), and (4). For (2), the orographic gravity wave 
parameters were modified to be closer to the values used 
in the Japan Meteorological Agency (JMA) operational 
weather forecast model, since MRI-AGCM is derived from 
the JMA operational model. Figure 16 (a-c) shows the geo-
potential height anomaly from the reanalysis data at 500 hPa. 
The depth of the trough, which is deeper than in d4PDF, 
was reduced in the TSE-C_60km experiment, which means 
that the westerly wind anomaly was also reduced. For (3), 
a change was made to reduce the conversion rate of cloud 
ice to snow. This has the effect of increasing cloud cover in 
the mid-latitude troposphere and reducing the low-temper-
ature anomalies there, and reduces the horizontal resolution 
dependence of the model, where higher resolution tends to 
reduce cloud cover. Figure 16 (d-f) shows 850-hPa tempera-
ture anomalies from the reanalysis data. The original experi-
ment has a lower temperature anomaly than d4PDF from 
the east coast of China to Japan, but it has been reduced 
in the TSE-C_60km experiment mainly due to this change 
(Fig. 16f). For (4), the climatological values of water tem-
perature and salinity in the Sea of Japan were bias-corrected 
with the climatological values from FORA-WNP30 (Usui 
et al. 2017). These changes reduced the winter temperature 
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