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ABSTRACT: Extreme precipitation is expected to pose a more severe threat to human society in the future. This work
assessed the historical performance and future changes in extreme precipitation and related atmospheric conditions in a
large ensemble climate prediction dataset, the database for Policy Decision-making for Future climate change (d4PDF),
over East Asia. Compared with the Tropical Rainfall Measuring Mission (TRMM) and fifth major global reanalysis pro-
duced by ECMWF (ERA5) datasets, the historical climate in d4PDF represents favorably the precipitation characteristics
and the atmospheric conditions, although some differences are notable in the moisture, vertical motion, and cloud water
fields. The future climate projection indicates that both the frequency and intensity of heavy precipitation events over East
Asia increase compared with those in the present climate. However, when comparing the atmospheric conditions in the his-
torical and future climates for the same precipitation intensity range, the future climate indicates smaller relative humidity,
weaker ascent, less cloud water content, and smaller temperature lapse rate, which negatively affect generating extreme
precipitation events. The comparison of the precipitation intensity at the same amount of precipitable water between the
historical and future climates indicates that extreme precipitation is weaker in the future because of the more stabilized tro-
posphere in the future. The general increase in extreme precipitation under future climate is primarily due to the enhanced
increase in precipitable water in the higher temperature ranges, which counteracts the negative conditions of the stabilized
troposphere.

SIGNIFICANCE STATEMENT: Extreme precipitation can have disastrous effects on human lives, economy, and
ecosystems and is anticipated to significantly increase in both intensity and frequency under future climate. The purpose
of this study is to investigate the mechanism for the future change of extreme precipitation. We examined the relation-
ship between future changes in extreme precipitation and changes in the related atmospheric conditions. It is important
for reducing uncertainties in future projections of extreme precipitation. Our results highlight that the future atmo-
spheric condition is unfavorable for generating future extreme precipitation events in terms of stability and humidity
changes. The increase in the column moisture content is the primary factor for the increase of extreme precipitation,
which counteracts the negative conditions.
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1. Introduction

Precipitation is one of the key players in the atmospheric
processes and is critically important for the existence of na-
ture, living creatures, and human society. At times, intense
precipitation can cause significant impacts on our society. As
a high-impact weather event, extreme precipitation causes se-
vere losses for human society, world economies, and the eco-
system and affects the livelihoods of billions of people (Meehl
et al. 2000; Lesk et al. 2016). East Asia is particularly sensitive
and vulnerable to extreme precipitation events associated
with the East Asian summer monsoon and typhoons (Easterling
et al. 2000; Zhang et al. 2017; Li and Wang 2018). Therefore,

realistic simulations and predictions of the intensity and total
amount of extreme precipitation are important, although scien-
tifically challenging, for preventing and mitigating disasters and
enabling effective policy decisions.

In addition to the intensity of extreme precipitation, the du-
ration of heavy rainfall is also an important aspect for predict-
ing extreme precipitation. Hazardous conditions associated
with extreme precipitation events, such as widespread sum-
mer flooding and landslides in East Asia, are usually the result
of large amounts of accumulated precipitation from prolonged
and sustained rainfall that lasts for several days (Kendon et al.
2018; Hatsuzuka et al. 2021). For example, an extreme heavy
rainfall event occurred in Zhengzhou, Henan Province, China,
during mid-July in 2021, when the maximum daily rainfall
reached 552.5 mm, causing more than $17 million in economic
losses and affecting approximately 1.48 million people (Zhou
et al. 2022; Sun et al. 2022). In addition, consecutive days of con-
tinuous precipitation will cause water to infiltrate into the soil
layers, which may eventually lead to soil saturation and trigger
landslides (Takemi 2019; Du et al. 2022). Another example is
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the landslide that occurred in Atami, Shizuoka Prefecture,
Japan, in July 2021, when Atami received more than 500 mm of
rainfall in a 3-day period; the resultant landslide caused more
than 20 deaths, and more than 100 houses and buildings were
washed away or damaged (Zhang et al. 2022). Given that the
highest precipitation accumulation occurs in regions of both
high intensity and prolonged duration, comprehending the char-
acteristics of extreme precipitation events in terms of both inten-
sity and duration is critical for the detection and prediction of
severe precipitation events (Beguerı́a et al. 2009).

Climate change has been linked to a growing occurrence of
extreme precipitation in global monsoon areas as well as in
East Asia, as evidenced by several studies (e.g., Kharin et al.
2013; Ma et al. 2015; Zhang and Zhou 2019). According to the
Intergovernmental Panel on Climate Change (IPCC) Sixth
Assessment Report (AR6), additional global warming is ex-
pected to increase the frequency and intensity of heavy pre-
cipitation events in East Asia. The mechanism of this increase
can be separated into thermodynamic and dynamic contribu-
tions: The thermodynamic change is driven by the changes as-
sociated with atmospheric moisture content, whereas the
dynamic change is mainly due to the change in atmospheric
vertical motion (Emori and Brown 2005; Sudharsan et al.
2020). The Clausius–Clapeyron (CC) relationship dictates
that the moisture-holding capacity of the atmosphere in-
creases by around 7% with every 18C rise in temperature
(Trenberth 1999; Allen and Ingram 2002; Nayak et al. 2018).
That is, warmer air can hold more moisture, resulting in spa-
tially uniform thermodynamic increase in the frequency and
intensity of precipitation events. However, the projections of
future extreme precipitation display a regional dependence,
likely because the dynamics driving these phenomena exhibit
regional variability (Norris et al. 2020). In some regions, a
positive dynamical contribution is expected to strengthen, fa-
voring more precipitation; however, in other regions, a nega-
tive dynamical contribution can offset or even negate the
positive thermodynamic increases (Emori and Brown 2005;
Lu et al. 2014; Chen and Zhou 2015; Pfahl et al. 2017; Tandon
et al. 2018; Norris et al. 2019; Chen et al. 2020). For example,
Emori and Brown (2005) demonstrated that the upward mo-
tion frequency decreased over many parts of the subtropics,
whereas it increased over the equatorial Pacific. Pfahl et al.
(2017) analyzed 22 CMIP5 models and found that a negative
dynamical contribution was sufficiently strong over subtropi-
cal oceans to result in a robust regional decrease in extreme
precipitation. Li and O’Gorman (2020) further found that the
changes in vertical velocity contribute to the intensity of extreme
precipitation changes, which is due to changes in moist static
stability. Although a negative dynamical contribution has been
demonstrated in various studies, the reasons for these changes
remain poorly understood.

Moreover, these studies have often examined vertical velocity
changes, usually at the 500-hPa level, during extreme precipita-
tion events as the dynamical contribution (Emori and Brown
2005; Sugiyama et al. 2009). Such changes have been referred
to as “extreme ascent” (Lu et al. 2014; Tandon et al. 2018)
and have been regarded as a great source of uncertainty in pro-
jections of extreme precipitation intensity (Pfahl et al. 2017).

However, the changes in other atmospheric conditions for the
occurrence of extreme precipitation, such as relative humidity,
cloud water content, and convective instability, have rarely been
examined. Understanding the changes in atmospheric conditions
as well as the dynamical contributions is important to reduce un-
certainties in future projections of extreme precipitation.

In this study, we examine the characteristics of extreme pre-
cipitation and the associated atmospheric conditions in both the
historical and future climates. To this end, we use output from a
large-ensemble climate simulation dataset: the database for Pol-
icy Decision-making for Future climate change (d4PDF) (Mizuta
et al. 2017). The historical credibility of the simulation is first ex-
amined, and the future changes in both extreme precipitation
and atmospheric conditions are investigated.

The details of the d4PDF and methods are described in
section 2, the historical performance and future changes simu-
lated using the d4PDF data are described in sections 3 and 4, re-
spectively, a discussion follows in section 5, and a summary is
provided in section 6.

2. Datasets and methodologies

a. Reference datasets and climate model outputs

As the reference for precipitation, the observational dataset
from the National Aeronautics and Space Administration
Tropical Rainfall Measuring Mission (TRMM 3B42) satellite
was used here. The dataset provides records from December
1997 to January 2020 with a spatial resolution of 0.258 3 0.258
(Huffman et al. 2007). The reanalysis dataset retrieved from
the fifth major global reanalysis produced by ECMWF
(ERA5; Hersbach et al. 2018), which provides gridded data of
the atmospheric environments, was here regarded as the at-
mospheric reference. The ERA5 dataset has a horizontal res-
olution of 0.258 3 0.258 and 37 pressure levels for the time
period from 1979 to the present.

The d4PDF, which is a large-ensemble climate simulation
dataset designed for climate change risk assessments (Mizuta
et al. 2017; Ishii and Mori 2020), was used in the present
study. The global atmospheric climate model used to generate
the d4PDF dataset was the MRI Atmospheric General Circu-
lation Model, version 3.2 (MRI-AGCM3.2; Mizuta et al.
2012), with a horizontal resolution of 60 km and 12 vertical
layers. Climate simulations for the past historical period and a
future period with a 14 K warming scenario were conducted
in the d4PDF experiments. In the historical simulation, ob-
served sea surface temperature (SST), sea ice concentration
(SIC) of the Centennial Observation-Based Estimates of SST,
version 2 (COBE-SST2; Hirahara et al. 2014), and con-
structed sea ice thickness (SIT; Bourke and Garrett 1987)
were used as the lower boundary conditions. The historical
simulation of d4PDF contains 100-member ensemble simula-
tions conducted with small perturbations in SSTs (dSSTs),
covering the time period from 1951 to 2010. In the 60-yr fu-
ture climate simulation, the 14 K warming condition was
used in this study. The future SST fields as forcing for the cli-
mate predictions were generated by adding detrended obser-
vations to the monthly SST trends of six CMIP5 model
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experiments with the RCP8.5 warming scenario: CCSM4
(Gent et al. 2011), GFDL-CM3 (Delworth et al. 2006; Donner
et al. 2011), HadGen2-AO (Collins et al. 2011; Martin et al.
2011), MIROC5 (Watanabe et al. 2010), MPI-ESM-MR
(Giorgetta et al. 2013), and MRI-CGCM3 (Yukimoto et al.
2011, 2012). For each CMIP5 model with different warming
patterns, the DSST field is rescaled in 14 K of global mean
warming. For each SST trend case, 15 sets of experiments
with perturbations to oceanic boundary conditions were con-
ducted. In total, there were 90 ensemble members in the fu-
ture climate simulation.

b. Analysis methods

To evaluate the performance of the historical climate simu-
lations, the common time period of the TRMM and d4PDF
datasets from 1998 to 2010 was used. For assessing future
changes, projected future climate simulations were compared
with the historical simulation for the whole 60 years in d4PDF.
This study focused on the summer season of June–August (JJA)
over an East Asia domain (208–508N, 1008–1608E). All the varia-
bles were daily temporal frequency. Among the atmospheric
variables in ERA5, those at the same 12 layers as d4PDF were
selected. To avoid the effect of the resolution difference on the
results, all of the datasets were interpolated into 18 3 18 grids by
the nearest-neighbor interpolation method (Accadia et al. 2003;
He et al. 2019).

There may be an argument as to the potential influences of
the interpolation method on the representation of precipitation.
For example, Sivapalan and Blöschl (1998) discussed how the
area reduction factor of rainfall intensity changed with the spa-
tial extent and rainfall event return period. Thus, how the spatial
interpolation and/or filtering affect the quantitative representa-
tion of precipitation should be carefully examined before con-
ducting statistical analyses. Thus, this study examined and
compared the differences in the precipitation representation (in
terms of frequency distribution against daily precipitation inten-
sity) before and after interpolating each dataset. We found that
for TRMM, the interpolation indeed affected the frequency dis-
tribution of extreme precipitation than for d4PDF, with more
fluctuations in the distribution of extreme intensity ranges but
confirmed that the present interpolation did not impact the rela-
tive relationship between the two datasets. In addition, we com-
pared the conservative scheme with other interpolation methods
in terms of the precipitation frequency distribution and found
that there were no significant differences in the results. Thus, we
consider that the present interpolation method will not affect
the following analyses. Note also that there are no considerable
differences in precipitation characteristics of land and ocean
grids. Therefore, we conducted our analysis using all the grids
over the domain without separating land and ocean grids. All
the calculations were done at each grid and then averaged within
the analysis domain.

Both relative and absolute thresholds of extreme precipi-
tation were examined in this study. A relative threshold is
defined as the precipitation intensity rain rate (RR) exceeding
a specific percentile (e.g., 90th, 95th, or 99th percentile),
whereas an absolute threshold is defined as the RR exceeding

50 and 100 mm day21 on the basis of the definition of heavy
rainfall by the China Meteorological Administration and in
other studies (e.g., Matsumoto and Takahashi 1999; He et al.
2019).

To validate the performance of extreme precipitation, sev-
eral widely used extreme precipitation indices were calculated
in this study (http://etccdi.pacificclimate.org/list_27_indices.
shtml). A wet day w is defined as having a daily precipitation
intensity RR $ 1 mm. The six selected indices and definitions
are as follows:

1) PRCPTOT (annual total precipitation on w):
PRCPTOTj5∑

W
w51RRwj, where RRwj is the daily pre-

cipitation amount on w in period j.
2) R50mm (annual heavy rainfall days): Count the number

of days where RR $ 50 mm.
3) R99p (annual total precipitation amount when RR . 99th

percentile): R99p5∑
W
w51RRwj, where RRwj.RRwn99,

where RRwn99 is the 99th percentile of precipitation on
w in the reference period (1961–90).

4) Rx1day (maximum 1-day precipitation): Rx1day j 5

max(RRwj).
5) SDII (simple precipitation intensity index): SDIIj5

∑
W
w51RRwj/W.

6) CWD (consecutive wet days): Count the largest number
of consecutive days where RRwj $ 1 mm.

Note that the reference climatology period used for com-
puting R99p is 1961–90 in the definition; however, because
the common time period of TRMM and d4PDF is only avail-
able from 1998 to 2010, the reference period for computing
R99p was set to be the same period.

To describe the distribution of precipitation frequency as a
function of extreme precipitation duration, we computed the
frequency of each duration bin. We defined an extreme pre-
cipitation threshold and obtained the time series of RR for in-
dividual grid cells of each dataset. The maximum number of
consecutive days with RR consecutively exceeding the thresh-
old is counted as i-day duration cases. The frequency is nor-
malized by the total number of extreme precipitation cases.
The normalized frequency of each duration case was then cal-
culated as

frequency of durationi 5
Numi

TotNum
3 100%, (1)

where Numi is the number of i-day duration cases and TotNum
is the total number of RR exceeding the threshold.

To measure the moistness of the atmosphere, the total column
of precipitable water (PW) was calculated as

PW 5
1
rg

�p2

p1
x dp, (2)

where r is the density of liquid water, g is the acceleration due
to gravity, p1 and p2 indicate the pressure levels at the ground
surface and the top of the layer, respectively, and x(p) is the
mixing ratio at pressure level p.
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To measure the stability of the atmosphere, an indicator for
describing the severe thunderstorm potential, the K index
(KI), was calculated as follows:

KI 5 (T850 2 T500) 1 Td850 2 (T700 2 Td700), (3)

where T and Td are the air temperature and the dew tempera-
ture, respectively, at a specific pressure level (i.e., 850, 700, or
500 hPa). The KI comprises three parts based on the vertical
temperature lapse rate (T850 2 T500), the moisture content in
the lower troposphere (Td850), and the vertical extent of a
moist layer (T700 2 Td700). KI is generally used as a measure
of thunderstorm potential in climate studies in order to diag-
nose stability conditions (e.g., Takemi 2012; Takemi et al.
2012; Unuma and Takemi 2016). A higher KI indicates a
greater potential for thunderstorm development.

3. Representations of extreme precipitation and
atmospheric conditions in the historical simulation
of d4PDF

a. Extreme precipitation performance

Initially, we examined the overall representations of precip-
itation in d4PDF in terms of the frequency distribution of
daily precipitation in the analysis domain of East Asia. Figure 1
compares the daily precipitation frequency in the historical simu-
lation using the d4PDF against TRMM. Both indicate that the
frequency decreases with increasing precipitation intensity. As a
reference dataset, TRMM indicates that the daily precipitation
intensity is maximized at ;400 mm day21 and the frequency
of the 100 (200) mm day21 event is ;0.01% (;0.001%).
Compared with the TRMM data, d4PDF generally exhibits a
similar frequency–intensity distribution. Although d4PDF
underestimates the frequency of 30–250 mm day21 rainfall

against TRMM, d4PDF better captures the frequency distribu-
tion in this rainfall range compared with ERA5 (results not
shown). Note that TRMM and d4PDF have different initial hor-
izontal resolutions (0.25 8 and 60 km), and the underestimate of
precipitation intensity of d4PDF may be partly due to the coarse
resolution.

We next examined the representation of extreme precipita-
tion in terms of its temporal duration. The frequency distribu-
tion of extreme precipitation duration is shown in Fig. 2. In
general, the longer extreme precipitation persists, the less fre-
quently it occurs. Both the maximum duration and frequency
generally decrease as the extreme precipitation threshold in-
creases. For the relative thresholds of extreme precipitation
(Fig. 2a), the precipitation events with intensities of RR .

90th and RR . 95th last as long as 5 days and those with an
intensity of RR . 99th last up to 3 days in TRMM. The
d4PDF shows similar frequency–duration distributions while
it overestimates the frequency and maximum duration days.
Specifically, d4PDF indicates that both the RR . 90th
and RR . 95th extreme precipitation events last longer than
10 days. The RR . 99th extreme precipitation event is shown
to last as long as 8 days in d4PDF, which is 5 days longer than
in TRMM. The overestimation of the relative extreme precip-
itation frequency and duration in d4PDF might be partly due
to the different actual intensities in the different datasets (not
shown): d4PDF indicates weaker precipitation intensity than
TRMM in all the relative threshold cases, especially for RR.

95th and RR. 99th.
For the absolute threshold of extreme precipitation (Fig. 2b),

d4PDF displays similar frequency–duration distributions as
TRMM. Extreme precipitation lasts as long as 6 days for RR .

50 mm day21 and 3 days for RR . 100 mm day21 in TRMM.
The frequency of 6-day events is ;0.001%. d4PDF generally
simulates 3–4 days longer than TRMM, with a slight overestima-
tion of frequency in RR. 50 mm day21.

FIG. 1. The frequency distribution of daily rainfall in the TRMM-3B42 (black line) and
d4PDF (blue lines) data. The light-blue and dark-blue lines indicate the rainfall distributions for
d4PDF 100 ensemble members and for MME, respectively. The intensity bin is set as 1 mm day21.
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The spatial distribution of several extreme precipitation in-
dices in the three datasets is shown in Fig. 3. The TRMM data
indicate a larger amount of PRCPTOT over the southern
China coastal region and the Japan–Korean Peninsula region
(Fig. 3a). Compared with TRMM, d4PDF well captures the
spatial pattern of the rainfall amount, although there are re-
gions with higher values (over the Sichuan Basin) and lower
values (over the South China coast and Japan–Korean Peninsula
region). In terms of the number of extreme precipitation
days (R50mm), d4PDF obviously underestimates the value
of R50mm represented in TRMM (Fig. 3b), while higher
values appear only over the Japan–Korean Peninsula re-
gion. Higher values of Rx1day are observed over the
coastal and sea areas of East Asia in TRMM than in d4PDF
(Fig. 3c). Higher values of R99p and SDII in the TRMM
data appear over the oceanic regions off the coasts of South
and East China and the Japanese islands (Figs. 3d,e).
d4PDF captures the spatial pattern of R99p (but with gen-
erally smaller values), as indicated in TRMM (Fig. 3d), and
largely underestimates the values of SDII (Fig. 3e). For the
CWD, d4PDF indicates overly enhanced values in the
southern region compared with TRMM (Fig. 3f). The large
bias, as observed in the R99p, SDII, and CWD results,
might be due to the common bias in climate models that
produce too much light rainfall (e.g., drizzle) (Dai 2006;
Zhang et al. 2016). Consistent performance was confirmed
in previous studies of both the d4PDF dataset (e.g., Duan
et al. 2019) and other global climate models (e.g., Sillmann
et al. 2013; Jiang et al. 2015).

b. Atmospheric condition simulations

The representations of the atmospheric conditions in d4PDF
were evaluated with the ERA5 reanalysis fields. The atmo-
spheric conditions in the troposphere were examined with re-
spect to the precipitation intensity and duration. Although
extreme precipitation exhibits some variabilities in their spatial
distribution, the analysis of atmospheric conditions focuses more
on the vertical structure of the troposphere.

The vertical profiles of the tropospheric variables composited
with precipitation intensity are examined in Fig. 4. The compos-
ite of tropospheric variables in ERA5, separated by precipitation
intensity indexed by TRMM, is taken as the reference (denoted
as TRMM/ERA5). The composited tropospheric conditions
in d4PDF with the d4PDF precipitation (denoted as d4PDF)
are compared with the reference. The reference conditions indi-
cate that, with the increase in precipitation intensity, the tropo-
sphere becomes moister not only in the lower layer but also in
the middle and upper troposphere. With an increase in precip-
itation intensity, stronger upward motion and more cloud wa-
ter content appear in the middle layer. The reference feature
displays a very wet column with two enhanced peaks in the
lower (700–500 hPa) and upper (300–200 hPa) troposphere in
the extreme precipitation range exceeding 100 mm day21. By
contrast, d4PDF indicates insufficient humidity in the upper tro-
posphere but excessive humidity in the lower troposphere. The
upward motion in d4PDF is stronger than that in TRMM/ERA5
in stronger precipitation cases. Consistent with the overesti-
mated upward motion in d4PDF, the cloud water content in

FIG. 2. Annual extreme precipitation frequency–duration distribution in the TRMM (black bar) and d4PDF (blue bar) in (upper) rela-
tive thresholds and (lower) absolute thresholds of extreme precipitation. Dashed lines represent the error bar of individual ensemble
members in d4PDF.
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FIG. 3. Spatial distribution of annual extreme precipitation indices in (left) TRMM and (right) d4PDF.
(from top to bottom) The indices of PRCPTOT, R50mm, Rx1day, R99p, SDII, and CWD. The d4PDF re-
sults are the 100-member ensemble mean.
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d4PDF is largely overestimated against the reference field.
Despite this large bias, the height at which the peak of the cloud
water content appears is ;500 hPa, which is consistent with the
TRMM data.

The composites of atmospheric variables with respect to
the temporal duration of extreme precipitation are shown in
Fig. 5. Here, we used the absolute threshold of a precipitation
intensity that exceeds 50 mm day21 as the extreme precipita-
tion. The TRMM/ERA5 reference indicates that long-lasting
extreme precipitation tends to have higher relative humidity
almost throughout the troposphere, stronger upward motion
at the middle level (especially for 2–4 days), and higher cloud
water content in the middle level. This feature is overall re-
produced in d4PDF. Specifically, TRMM/ERA5 indicates rel-
ative humidity peaks at the low level near the surface and the
middle level of ;500 hPa for longest events lasting 5–6 days,
whereas d4PDF generally represents the low-level peak well
for all durations and reproduces the second peak at a middle
level of approximately 600–500 hPa. However, d4PDF
indicates a less relative humidity in the middle to upper layer
compared to TRMM/ERA5. For the upward motion and
cloud water content, d4PDF indicates stronger upward

motion and more cloud water than represented in TRMM/
ERA5. For the long-duration precipitation events (7–9 days)
in d4PDF, they indicate a larger relative humidity, upward
motion, and cloud water content throughout the whole
troposphere.

The relationship between the total column water vapor
content, i.e., the PW, and precipitation intensity and duration
was further examined. The composite of PW derived from
ERA5, indexed by precipitation intensity (duration) derived
from TRMM, is taken as the reference (denoted as TRMM/
ERA5). Higher PW leads to stronger rainfall intensity (Fig. 6a)
and a longer duration of extreme precipitation (Fig. 6b).
TRMM/ERA5 indicates that the extreme precipitation (i.e., in-
tensity . 100 mm day21) requires PW . 70 kg m22. d4PDF in-
dicates a similar PW–intensity relationship as TRMM/ERA5,
except for the cases with PW , 5 kg m22. Notably, d4PDF
slightly underestimates the intensity for 50 , PW , 75 kg m22

and overestimates that for PW . 75 kg m22. In addition,
d4PDF generates extremely high PW (as high as ;95 kg m22),
greatly extending the maxima in TRMM/ERA5. Extreme pre-
cipitation events do not last for longer than 1 day until the PW
exceeds 60 kg m22 in TRMM/ERA5 and 75 kg m22 in d4PDF.

FIG. 4. Composite vertical profiles of (left) relative humidity, (middle) vertical pressure velocity, and (right) cloud water content with re-
spect to precipitation intensity in the ERA analysis with (top) the TRMM precipitation data and (bottom) the d4PDF present-climate
data. The composition is averaged over the domain. The d4PDF results are the 100-member ensemble mean.
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The PW–duration distribution varies substantially among 100
ensemble members, especially for the higher PW range.

4. Future changes in extreme precipitation and
atmospheric conditions

In this section, future changes in extreme precipitation
and the associated atmospheric conditions in the d4PDF
simulation are examined. Here, we specifically focus on the
characteristics of extreme precipitation using various indices.
We then examine the atmospheric conditions for the precipi-
tation generation and compare the atmospheric conditions in
extreme precipitation occurrences with those in the other pre-
cipitation cases.

a. Extreme precipitation changes

First, the frequency distributions of daily precipitation in
both the historical and future simulations are shown in Fig. 7.
Compared with the historical simulation, the future simula-
tion indicates that both the intensity and frequency of extreme
precipitation will increase (Fig. 7a). Furthermore, the duration
and frequency of long-duration extreme precipitation events are
also projected to increase in the future (Fig. 7b). The future in-
crease can be identified not only for the multimodel ensemble

(MME) mean but also for the six warming pattern means. The
magnitude of the frequency increases with increasing precipita-
tion intensity and duration increases.

Second, the spatial distributions of six extreme precipitation
indices in the future simulation are shown in Fig. 8. The location
of maxima of each index is consistent with those in the present-
climate simulation, locating over the South China coast region,
the Sichuan Basin, and the Japan–Korean Peninsula region. The
future anomaly indicates that extreme precipitation indices will
generally increase in the future climate, with some exceptions.
The total precipitation amount (PRCPTOT) indicates a slight
decrease over the Japan–Korean Peninsula region, Taiwan
Island, and Sichuan Basin in the future [Fig. 8b(1)]. R50mm and
SDII exhibit a significant decrease over the Japan–Korean
Peninsula region [Figs. 8b(2),b(5)].

b. Atmospheric condition changes

Future changes in the atmospheric conditions with respect
to precipitation intensity were examined in terms of the verti-
cal structure of temperature, humidity, convective motion,
and cloud formation.

The vertical profiles of the tropospheric variables composited
with future precipitation intensity are presented in Fig. 9. We

FIG. 5. As in Fig. 4, but the x axis is the extreme rainfall (RR. 50 mm day21) duration.
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here focus on the extreme precipitation range (.100 mm day21).
Features of the atmospheric conditions in the future climate
appear to be similar to those in the historical simulation.
However, in terms of the changes between the historical and
future climates, most of the troposphere in the future indi-
cates smaller relative humidity except in the middle to upper
levels (400–250 hPa) when the precipitation intensity exceeds
100 mm day21 [Fig. 9b(1)], although the specific humidity is
generally increased especially in the low to middle levels
(1000–400 hPa) in the warmer future climate [Fig. 9b(5)].
Upward motion is mostly suppressed in the future, especially
in the lower to middle troposphere (1000–500 hPa), whereas
upward motion is enhanced in the upper troposphere when
the precipitation intensity exceeds 300 mm day21. The cloud
water content decreases in the lower troposphere (i.e., below
500 hPa) but increases in the upper troposphere (i.e., above
500 hPa). Air temperature increases throughout the tropo-
sphere, with a greater increase in the upper troposphere
(above 300 hPa), which indicates a smaller vertical tempera-
ture lapse rate in the future, especially when the precipitation
intensity exceeds 300 mm day21. Also, the specific humidity
of the atmosphere indeed generally increases, which indi-
cates a favorable condition for the increase of the extreme
precipitation intensity.

We further examined the characteristics of the future
changes in precipitation intensity in terms of the total column
moisture content, i.e., the PW (Fig. 10). Both the future and

historical simulations show a similar feature that a higher
PW leads to greater rainfall intensity. The maximum PW
value will reach nearly 120 kg m22 in the future, compared to
100 kg m22 in the present climate. Notably, the same amount
of PW in both climates leads to weaker precipitation intensity
in the future than in the present climate, especially when the
PW exceeds 50 kg m22. It suggests that extreme precipitation
in the future climate will occur only with an extreme amount
of PW, which never appears in the present climate. This point
is further investigated in section 5.

5. Discussion: Possible role of stability changes

In this section, a possible reason for the future changes in
extreme precipitation is discussed. Previous studies have con-
firmed a robust relationship between PW and extreme precip-
itation in both observation and model results (e.g., Roman
et al. 2015; Hagos et al. 2021). However, recent works have re-
ported that more moisture indeed increases the frequency of
intense rains in southern Europe but increases their magni-
tudes much less (Yano and Manzato 2022) and that subtropi-
cal regions exhibit a weaker relationship (Kim et al. 2022).
This study has indicated that extreme precipitation in the fu-
ture climate would occur only with an extreme amount of PW

FIG. 6. The distribution of (a) precipitation intensity and
(b) duration as a function of PW in TRMM/ERA5 (black line)
and d4PDF (blue line). The light-blue and dark-blue lines indi-
cate the cases for the d4PDF 100 ensemble members and for
MME, respectively.

FIG. 7. The frequency distribution of (a) precipitation intensity
and (b) precipitation duration in the d4PDF historical and future
14 K simulation. Black lines (markers) indicate the historical simu-
lation (1951–2010), red lines (markers) indicate the future MME
simulation (2051–2111), and thin lines indicate the ensemble mem-
bers of each simulation. Six colored lines (markers) denote the en-
semble means of six SST warming patterns. The abbreviation is for
each GCM in the legend, e.g., “4K_MR.”
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and that the same amount of PW leads to weaker precipita-
tion intensity in the future than in the present climate in a cer-
tain range of PW (as shown in Fig. 10). Here, we focused on
the atmospheric stability to explain why the same amount of
PW between the historical and future climates leads to
weaker precipitation intensity in the future climate than in
the present climate.

Figure 11 compares the spatial distributions of mean PW
and temperature lapse rate averaged in the historical and fu-
ture climates and also exhibits the spatial distribution of those
changes from the historical to the future climates. The PW
values are generally increased in the future, and the region of
higher PW values seems to shift northward. Despite the shift

of locations toward higher latitudes for future climates with
the same PW values compared to the present climate, how-
ever, the decreasing temperature lapse rate (TLR) is observed
generally throughout the East Asia domain. This condition in-
dicates that the stability in terms of the temperature lapse
rate becomes more stabilized in the future climate throughout
the East Asia domain. Therefore, even if the PW values, as-
sessed as temporal averaged over the historical and future
time periods, are the same, the atmospheric stability is gener-
ally more stabilized in the future.

To diagnose the atmospheric stability, an indicator for de-
scribing the severe thunderstorm potential, the KI, was em-
ployed here. The relationship between the KI and PW and

FIG. 8. Spatial distribution of the annual extreme precipitation indices in d4PDF. (a) The upper six panels indicate absolute values in
the future simulation and (b) the lower six panels show the difference between future and historical simulations. The results are shown
with the 100-member ensemble means in the d4PDF present-climate simulation and the 90-member ensemble means in the future simula-
tion. Dots indicate significance test passed the 95% confidence level.
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between precipitation intensity and KI was calculated
(Fig. 12). A higher KI indicates a more unstable condition
and a greater probability of the occurrence of a thunder-
storm. Figure 12a shows that the KI is smaller in the future
climate for 40 # PW # 90 kg m22; this feature is reversed
for 90 # PW # 95 kg m22.

However, for the same KI value, the precipitation intensity
is weaker in the future climate (Fig. 12b). KI includes both
moisture content and vertical temperature lapse rate informa-
tion, and in the previous analysis, we found that in the future
climate, the temperature lapse rate will decrease while the
moisture (PW) will increase. Therefore, weaker precipitation
in the future at the same KI value indicates that the negative

impact of the decrease in temperature lapse rate on precipita-
tion is greater than the positive impact of the increase in mois-
ture. In other words, under future climate conditions, higher
KI values are needed to produce precipitation of the same in-
tensity as the present climate, which means that more mois-
ture content is needed to overcome the negative impact of the
decreased temperature lapse rate.

As shown in the previous results, both the intensity and fre-
quency of extreme precipitation will increase in the future;
however, the atmospheric conditions are generally more sta-
bilized over the analysis area, which appears to be unfavorable
for generating extreme precipitation. The weaker precipitation
intensity in the future climate in this PW range is demonstrated
in Fig. 10. We therefore examined the relationship between the
PW and precipitation intensity in terms of the frequency distri-
bution of precipitation intensity against the PW; the results are
shown in Fig. 13. In the present climate, extreme precipitation
with an intensity that exceeds 100 mm day21 only occurs when
the PW is.70 (and as high as;100) kg m22; by contrast, in the
future climate, such extreme precipitation is projected to occur
in the case of 90 # PW # 120 kg m22. That is, in the future,
more moisture will be required for precipitation development
(i.e., greater PW) for extreme precipitation to occur (e.g., for a
precipitation intensity . 100 mm day21). This finding further
suggests that extreme precipitation in the future climate will de-
velop only when an extreme amount of PW is available to over-
come the unfavorable conditions in terms of a more stable
temperature lapse rate. This result is qualitatively consistent
with the findings of a previous study that reported that, as a ther-
modynamic contribution, an increase in water vapor reduces the
magnitude of the vertical motion required to generate the same

FIG. 9. Composite vertical profiles of (left) relative humidity, (middle left) cloud water content, (middle) vertical pressure velocity, (mid-
dle right) air temperature, and (right) specific humidity with respect to precipitation intensity in (top) the d4PDF future simulation data
and (bottom) the difference between the future- and present-climate simulations. The results are the 100-member ensemble mean of the
d4PDF present-climate simulation and the 90-member ensemble mean of the future simulation.

FIG. 10. The distribution of precipitation intensity as a function
of PW in d4PDF. The black line indicates the historical simulation
results (1951–2010), and the red line indicates the future MME sim-
ulation results (2051–2111). The six colored lines are the ensemble
means of six warming SST patterns. Thin lines represent the indi-
vidual ensemble members of the corresponding simulation.
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intensity of precipitation, resulting in an increase in precipitation
frequency (Chou et al. 2012). Previous relevant studies that ex-
amined the changes in precipitation by separating two main
mechanisms reached consistent results. For example, Chou et al.
(2012) confirmed that most changes in extreme precipitation fre-
quency are induced by the positive effect of the thermodynamic
component, whereas the dynamic component has a relatively
weak negative effect on the precipitation frequency because of
the more stable atmosphere. However, for the heaviest precipi-
tation events, Chou et al. (2012) reported enhanced dynamic
components. In addition, Norris et al. (2020) also demonstrated
that an amplification/damping of the ascent pattern weakened
precipitation for moderate extremes and intensified the most ex-
treme precipitation, consistent with the reversed KI for 90 #

PW # 95 kg m22 in Fig. 12. However, the dynamic contribution
is reported to be relatively inconsistent among climate models
and regions (Chou et al. 2009); the definition of extremes also
varies (Pendergrass 2018; Norris et al. 2020). Thus, further analy-
sis is needed to clarify these details and draw robust conclusions.
Note that the regional mean of extreme precipitation (Rx1day)
and PW changes are close to the Clausius–Clapeyron scale,
while when examining the spatial distribution (Fig. 8 for Rx1day,
Fig. 11 for PW, as well as their percentage changes which are
not shown), the future changes in extreme precipitation exhibit
significant regional variability, which in some parts, the increase
of Rx1day is smaller than the increase of PW.

6. Conclusions

Extreme precipitation events have potentially disastrous ef-
fects on human health, the global economy, social infrastruc-
ture, and the ecosystem and are projected to substantially

FIG. 11. Spatial distribution of (top) PW and (bottom) TLR between 1000 and 300 hPa in (left) present climate, (middle) future climate,
and (right) the difference between the future- and present-climate simulations.

FIG. 12. The distribution of (a) the KI as a function of PW and
(b) precipitation intensity as a function of KI in d4PDF. The black
line indicates historical simulation results (1951–2010), and the red
line indicates future MME simulation results (2051–2111). The six
colored lines for the ensemble mean represent the six warming
SST patterns. Thin lines represent individual ensemble members of
the corresponding simulation.
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increase in both intensity and frequency in the future under a
warming climate. However, the mechanisms responsible for
the future changes in extreme precipitation events remain un-
clear. This work assessed both historical and future changes in
extreme precipitation and the related atmospheric conditions
over East Asia in the d4PDF dataset.

First, the historical performance of extreme precipitation and
atmospheric conditions in the d4PDF dataset was assessed
through a comparison with the TRMM satellite observation data-
set. d4PDF generally represents precipitation frequency–intensity
distribution realistically, reproducing intensity . 300 mm day21

whereas underestimating the frequency of 30–250 mm day21

rainfall against the TRMM rainfall product. In terms of the tem-
poral duration of extreme precipitation, the frequency distribu-
tion depends on the definition of extremes. d4PDF overestimates
the frequency and maximum duration of extreme precipitation in
comparison with TRMM for the relative threshold of extreme
precipitation (e.g., RR. 90th, 95th, and 99th). However, d4PDF
corresponds well with TRMM for absolute thresholds of ex-
tremes (e.g., RR . 50, 100 mm day21) while it slightly overesti-
mates the frequency and duration for RR . 50 mm day21.
When evaluated in terms of extreme precipitation indices as
compared with TRMM observations, d4PDF well captures the
spatial pattern of PRCPTOT but slightly underestimates the
R50mm, Rx1day, R99p, and SDII and overestimates the CWD.

The performance of the d4PDF simulation was further
evaluated in terms of the vertical profiles of the atmospheric
variables composited with precipitation intensity. Compared
with the TRMM/ERA5 reference, d4PDF indicates insuffi-
cient relative humidity in the upper troposphere but excessive
in the lower troposphere, along with stronger upward motion,

and overestimates cloud water content for both the high-
intensity and the long-duration cases of extreme precipitation.
By examining the relationship between precipitation and the
total column water vapor content, i.e., PW, d4PDF displays a
similar distribution as the TRMM/ERA5 reference, except re-
producing more PW, which demonstrates extended ranges of
the maxima in d4PDF.

After confirming the performance of the d4PDF simulation in
representing the historical climate, we examined the future
changes in extreme precipitation and the associated atmospheric
conditions in d4PDF. The intensity and duration of extreme pre-
cipitation and their frequency increase in the future climate sim-
ulations. The spatial distributions of the six extreme precipitation
indices indicate general increases in the future climate, except
for PRCPTOT, which indicates a significant decrease over the
Sichuan Basin and the Taiwan region, and for R99p, which
shows a decrease over the Taiwan region.

The atmospheric conditions in the higher-intensity ranges
of extreme precipitation indicated lower relative humidity,
weaker upward motion, less cloud water content, and less
temperature lapse rate in the future, which suggests that the
conditions have negative effects in generating intense extreme
precipitation events. In addition, the maximum value of atmo-
spheric moisture content (i.e., the PW) will increase to nearly
120 kg m22 in the future climate from only 100 kg m22 in the
present climate. With the same amount of PW available in the
present and future climates, precipitation intensity will be
weaker in the future climate, especially when the PW exceeds
50 kg m22.

A possible role of stability changes was explored. It was
found that the atmospheric conditions will tend to become

FIG. 13. The colored frequency distribution of precipitation intensity based on each PW (1 mm bin) in the d4PDF
(a) historical climate and (b) future climate. Both results are the ensemble mean of 100 and 90 ensemble members of
the corresponding simulation.
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more stable in the future, which is unfavorable for generating
stronger precipitation. Extreme precipitation in the future cli-
mate will develop only when an extreme amount of PW is
available to overcome unfavorable conditions in terms of a
more stable temperature lapse rate. Therefore, we concluded
that a primary factor for the increase in the intensity and fre-
quency of extreme precipitation in the future is the increase
in the column moisture content.

This work provides a fundamental evaluation of historical
extreme precipitation in d4PDF datasets over East Asia and
demonstrates how the future atmospheric conditions will
change in regard to extreme precipitation changes. Although
this study indicates that future atmospheric condition changes
are unfavorable for generating future extreme precipitation
events from a viewpoint of stabilized vertical temperature
profile in the future, the factors affecting the changes in atmo-
spheric conditions still require further investigation, for exam-
ple, the circulation pattern and the moisture transport, which
we are investigating as an ongoing work. In addition, the pre-
sent results may be relevant to phenomena primarily in East
Asia whose summer climate is strongly controlled by East
Asian summer monsoon, and therefore, it is necessary to ex-
amine other climate regions as well as use various climate
model outputs in order to gain more robust conclusions that
would apply more commonly to extreme precipitation
throughout the globe.
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Sivapalan, M., and G. Blöschl, 1998: Transformation of point rain-
fall to areal rainfall: Intensity-duration-frequency curves.
J. Hydrol., 204, 150–167, https://doi.org/10.1016/S0022-1694
(97)00117-0.

Sudharsan, N., S. Karmakar, H. J. Fowler, and V. Hari, 2020:
Large-scale dynamics have greater role than thermodynamics
in driving precipitation extremes over India. Climate Dyn.,
55, 2603–2614, https://doi.org/10.1007/s00382-020-05410-3.

Sugiyama, M., H. Shiogama, and S. Emori, 2009: Precipitation ex-
treme changes exceeding moisture content increases in
MIROC and IPCC climate models. Proc. Natl. Acad. Sci.
USA, 107, 571–575, https://doi.org/10.1073/pnas.0903186107.

Sun, J., and Coauthors, 2022: Primary characteristics of the ex-
treme heavy rainfall event over Henan in July 2021. Atmos.
Sci. Lett., 24, e1131, https://doi.org/10.1002/asl.1131.

H E AND TAKEM I 51851 OCTOBER 2024

Unauthenticated | Downloaded 12/08/25 01:26 AM UTC

https://doi.org/10.1175/JCLI-D-20-0211.1
https://doi.org/10.1038/s41612-021-00184-9
https://doi.org/10.1038/s41612-021-00184-9
https://doi.org/10.1175/JCLI-D-18-0104.1
https://doi.org/10.1175/JCLI-D-18-0104.1
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.1175/JCLI-D-12-00837.1
https://doi.org/10.1175/JHM560.1
https://doi.org/10.1186/s40645-020-00367-7
https://doi.org/10.1186/s40645-020-00367-7
https://doi.org/10.1175/JCLI-D-15-0099.1
https://doi.org/10.1175/JCLI-D-15-0099.1
https://doi.org/10.1175/JCLI-D-17-0435.1
https://doi.org/10.1175/JCLI-D-17-0435.1
https://doi.org/10.1007/s10584-013-0705-8
https://doi.org/10.1007/s10584-013-0705-8
https://doi.org/10.1029/2021EF002473
https://doi.org/10.1038/nature16467
https://doi.org/10.1007/s00382-017-3848-x
https://doi.org/10.1175/JCLI-D-19-0766.1
https://doi.org/10.1175/JCLI-D-19-0766.1
https://doi.org/10.1002/2014GL059532
https://doi.org/10.1175/JCLI-D-15-0011.1
https://doi.org/10.5194/gmd-4-723-2011
https://doi.org/10.5194/gmd-4-723-2011
https://doi.org/10.4157/grj1984b.72.193
https://doi.org/10.4157/grj1984b.72.193
https://doi.org/10.1175/1520-0477(2000)081<0413:AITTIE>2.3.CO;2
https://doi.org/10.1175/1520-0477(2000)081<0413:AITTIE>2.3.CO;2
https://doi.org/10.2151/jmsj.2012-A12
https://doi.org/10.1175/BAMS-D-16-0099.1
https://doi.org/10.1007/s00382-017-3866-8
https://doi.org/10.1175/JCLI-D-18-0302.1
https://doi.org/10.1175/JCLI-D-18-0302.1
https://doi.org/10.1029/2020GL087200
https://doi.org/10.1029/2020GL087200
https://doi.org/10.1126/science.aat1871
https://doi.org/10.1038/nclimate3287
https://doi.org/10.1038/nclimate3287
https://doi.org/10.1175/JCLI-D-14-00679.1
https://doi.org/10.1175/JCLI-D-14-00679.1
https://doi.org/10.1002/jgrd.50203
https://doi.org/10.1002/jgrd.50203
https://doi.org/10.1016/S0022-1694(97)00117-0
https://doi.org/10.1016/S0022-1694(97)00117-0
https://doi.org/10.1007/s00382-020-05410-3
https://doi.org/10.1073/pnas.0903186107
https://doi.org/10.1002/asl.1131


Takemi, T., 2012: Projected regional-scale changes in atmospheric
stability condition for the development of summertime con-
vective precipitation in the Tokyo metropolitan area under
global warming. Hydrol. Res. Lett., 6, 17–22, https://doi.org/
10.3178/hrl.6.17.

}}, 2019: Impacts of global warming on extreme rainfall of a
slow-moving typhoon: A case study for Typhoon Talas
(2011). SOLA, 15, 125–131, https://doi.org/10.2151/sola.2019-
023.

}}, S. Nomura, Y. Oku, and H. Ishikawa, 2012: A regional-scale
evaluation of changes in environmental stability for summer-
time afternoon precipitation under global warming from super-
high-resolution GCM simulations: A study for the case in the
Kanto Plain. J. Meteor. Soc. Japan, 90A, 189–212, https://doi.
org/10.2151/jmsj.2012-A10.

Tandon, N. F., X. Zhang, and A. H. Sobel, 2018: Understanding
the dynamics of future changes in extreme precipitation in-
tensity. Geophys. Res. Lett., 45, 2870–2878, https://doi.org/10.
1002/2017GL076361.

Trenberth, K. E., 1999: Conceptual framework for changes of ex-
tremes of the hydrological cycle with climate change. Weather
and Climate Extremes, T. R. Karl, N. Nicholls, and A. Ghazi,
Eds., Springer, 327–339, https://doi.org/10.1007/978-94-015-
9265-9_18.

Unuma, T., and T. Takemi, 2016: Characteristics and environmen-
tal conditions of quasi-stationary convective clusters during
the warm season in Japan. Quart. J. Roy. Meteor. Soc., 142,
1232–1249, https://doi.org/10.1002/qj.2726.

Watanabe, M., and Coauthors, 2010: Improved climate simulation
by MIROC5: Mean states, variability, and climate sensitivity.
J. Climate, 23, 6312–6335, https://doi.org/10.1175/2010
JCLI3679.1.

Yano, J.-I., and A. Manzato, 2022: Does more moisture in the
atmosphere lead to more intense rains? J. Atmos. Sci., 79,
663–681, https://doi.org/10.1175/JAS-D-21-0117.1.

Yukimoto, S., and Coauthors, 2011: Meteorological Research
Institute-Earth System Model version 1 (MRI-ESM1): Model
description. Meteorological Research Institute Tech. Rep. 64,
88 pp., https://doi.org/10.11483/mritechrepo.64.

}}, and Coauthors, 2012: A new global climate model of the
meteorological research institute: MRI-CGCM3}Model de-
scription and basic performance. J. Meteor. Soc. Japan, 90A,
23–64, https://doi.org/10.2151/jmsj.2012-A02.

Zhang, L., P. Wu, T. Zhou, M. J. Roberts, and R. Schiemann,
2016: Added value of high resolution models in simulating
global precipitation characteristics. Atmos. Sci. Lett., 17,
646–657, https://doi.org/10.1002/asl.715.

Zhang, Q., Y. Zheng, V. P. Singh, M. Luo, and Z. Xie, 2017: Sum-
mer extreme precipitation in eastern China: Mechanisms and
impacts. J. Geophys. Res. Atmos., 122, 2766–2778, https://doi.
org/10.1002/2016JD025913.

Zhang, S., F. Wang, and R. Li, 2022: First insight into the cata-
strophic Atami debris flow induced by a rain gush on 3 July
2021 in Shizuoka, Japan. Landslides, 19, 527–532, https://doi.
org/10.1007/s10346-021-01788-1.

Zhang, W., and T. Zhou, 2019: Significant increases in extreme
precipitation and the associations with global warming over
the global land monsoon regions. J. Climate, 32, 8465–8488,
https://doi.org/10.1175/JCLI-D-18-0662.1.

Zhou, T., and Coauthors, 2022: 2021: A year of unprecedented cli-
mate extremes in eastern Asia, North America, and Europe.
Adv. Atmos. Sci., 39, 1598–1607, https://doi.org/10.1007/
s00376-022-2063-9.

J OURNAL OF CL IMATE VOLUME 375186

Unauthenticated | Downloaded 12/08/25 01:26 AM UTC

https://doi.org/10.3178/hrl.6.17
https://doi.org/10.3178/hrl.6.17
https://doi.org/10.2151/sola.2019-023
https://doi.org/10.2151/sola.2019-023
https://doi.org/10.2151/jmsj.2012-A10
https://doi.org/10.2151/jmsj.2012-A10
https://doi.org/10.1002/2017GL076361
https://doi.org/10.1002/2017GL076361
https://doi.org/10.1007/978-94-015-9265-9_18
https://doi.org/10.1007/978-94-015-9265-9_18
https://doi.org/10.1002/qj.2726
https://doi.org/10.1175/2010JCLI3679.1
https://doi.org/10.1175/2010JCLI3679.1
https://doi.org/10.1175/JAS-D-21-0117.1
https://doi.org/10.11483/mritechrepo.64
https://doi.org/10.2151/jmsj.2012-A02
https://doi.org/10.1002/asl.715
https://doi.org/10.1002/2016JD025913
https://doi.org/10.1002/2016JD025913
https://doi.org/10.1007/s10346-021-01788-1
https://doi.org/10.1007/s10346-021-01788-1
https://doi.org/10.1175/JCLI-D-18-0662.1
https://doi.org/10.1007/s00376-022-2063-9
https://doi.org/10.1007/s00376-022-2063-9

