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Anthropogenic warming induced intensification of
summer monsoon frontal precipitation over East Asia
Suyeon Moon1,2, Nobuyuki Utsumi3,4, Jee-Hoon Jeong5, Jin-Ho Yoon6, S.-Y. Simon Wang7,
Hideo Shiogama8, Hyungjun Kim1,2,9,10*

Summer monsoon frontal rainfall in East Asia (EA) is crucial for water resources and flood hazards in densely
populated areas. Recent studies have documented the increasing intensity of summer frontal rainfall over recent
decades. However, the extent of ongoing climate change on the intensification of the EA frontal precipitation
system remains uncertain. Using an objectivemethod for detecting frontal systems, we found a 17 ± 3% increase
in observed frontal rainfall intensity during 1958 to 2015. Climate model simulations with and without green-
house gases suggest that anthropogenic warming plays a key role in the intensification of EA summer frontal
precipitation by 5.8% from 1991 to 2015. The analysis highlights that enhanced water vapor convergence and
reinforced western North Pacific subtropical High collectively increased moisture transport to the region, result-
ing in intensified EA frontal precipitation. The results lend support to the anthropogenic warming–induced en-
hancement of the EA frontal precipitation and its persistence in the future.
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INTRODUCTION
East Asian (EA) summer precipitation brings much-needed water
for agriculture, industry, and life. In recent decades, the intensity
and frequency of heavy rainfall over EA have increased (1–4). Sat-
ellite observations indicated an increasing trend of the frequency of
summer extreme precipitation along the Meiyu-Baiu front (4). For
example, the unprecedented frontal heavy rainfall in July 2018 re-
sulted in 221 fatalities in Japan and destroyed 6296 buildings (5).
That event exhibited an increased moisture transport from the
tropics and strong large-scale ascending motion over EA (6). The
2020 Meiyu season that caused catastrophic rainfall in the
Yangtze River in China marked a new record since 1961 while dis-
placing 63 million people and causing about 16 billion U.S. dollars
of economic losses (4, 7–9). In the summer of 2020, extremely long
and heavy rainfall in South Korea led to 44 fatalities and about a
billion U.S. dollars of economic losses (1, 10). In August 2022,
the record-breaking summer frontal rainfall caused a deadly flood
in a densely populated and economically developed district in
Seoul, South Korea, an event that was the highest in 115 years
since weather observations started (11). Whether these episodes
can be explained by natural variability or the influence of anthropo-
genic warming is unclear. We aim to provide a comprehensive ex-
planation for the changes in the mechanisms and the roles of

anthropogenic climate change (1, 12, 13) and natural variability
(8, 14) on the observed trend in the EA summer rainfall.

The EA summer rainfall is a result of various weather systems
such as typhoons, extra-tropical cyclones, fronts, and others (15,
16). Here, we focus on front-related rainfall, which accounts for
about 40% of the EA summer rainfall (17). Summer monsoon
front over EA (hereafter, EASM front), called the Changma-
Meiyu-Baiu front, is an essential weather system producing heavy
rains (15, 18–20). The EASM front features a convergence of mois-
ture along the western North Pacific subtropical High (WNPSH)
and Okhotsk High (20–22). During the summer season, the step-
wise northward movement of the front induces an onset of the
EA summer monsoon along its path, periodically evoking heavy
rain and flooding disasters (2, 23). Since many mega-cities such
as Seoul, Shanghai, and Tokyo are located on the migration
pathway of the EASM front, understanding the changes in the pre-
cipitation events and underlying mechanisms is crucial for disaster
prevention.

The impact of climate change on the EA water cycle intensity
during summer has been studied extensively (12, 24–29). On the
basis of the observation and multimodel simulations such as the
Coupled Model Intercomparison Project (CMIP), the heavy rainfall
intensity (12, 24–26) and frequency (1) over EA have shown an in-
crease due to atmospheric warming and moistening. Nonetheless, a
synoptic perspective has beenmissing, asmost previous studies only
focused on the seasonal or areal mean of the changes in rainfall
patterns.

In this study, we identified monsoonal fronts and associated
frontal rainfall with an objective detection method by combining
observational and simulation datasets (see Materials and
Methods; figs. S1 and S2). We explored how anthropogenic green-
house gas forcing modified the frontal rainfall intensity (FRI)
during the historical period of 1958–2015. The anthropogenic
greenhouse gas forcing is known to have a robust impact on precip-
itation systems (25, 30, 31). To determine the anthropogenic green-
house gas forcing impacts, we used the Community Earth System
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Model version 1 Large Ensemble (CESM1-LE) (32) projections (see
Materials and Methods) with historical (HIST) and all-but-green-
house gas forcing (XGHG) experiment. It allows the attribution
analysis of the changes in the frontal precipitation system with
respect to the contributions of greenhouse gas emissions.

RESULTS
Observed changes in frontal rainfall intensity
The monsoonal front was defined by an objective detection algo-
rithm based on the meridional gradient of equivalent potential tem-
perature at 850 hPa (see Materials andMethods). Previously, frontal
identification often relied on subjective detection algorithms (33)
without systematic verification, which can lead to misclassification
of the front and erroneously associated rainfall (18, 19). In this
study, we carefully validated the detected fronts against the digitized
front map (17) derived from the Japanese Meteorological Agency
surface weather chart (Supplementary Text and figs. S1 and S2).
Using observational gridded precipitation data [Asian Precipita-
tion–Highly Resolved Observational Data Integration Towards
Evaluation of Water Resources (APHRODITE) Monsoon Asia
(34), see Materials and Methods], precipitation with grid rainfall
> 1 mm/day falling within a 500 km radius of the front from June
16 to July 15 is considered to be EASM frontal rainfall for the period
of 1958–2015 (4, 17, 35).

The changes in total frontal rainfall over EA between the earlier
(1958–1982) and the later (1991–2015) periods were assessed from
the global reanalysis and observational rainfall datasets. On the basis
of the observational dataset, we observed a substantial increase of
21.3% in total frontal rainfall between these periods (fig. S3A). To
further explore the changes in total frontal rainfall, we decomposed
them into frequency and intensity for each period (see Materials
and Methods) (15). It was found that the increase in frontal rainfall
was largely contributed by the intensity (92%) change (Fig. 1, A and
B), while the contribution of frequency changes was marginal (6%)
(Fig. 1B and fig. S3). Along the coastal regions of EA, from eastern
China to southwestern Japan (box in Fig. 1A), observations showed
that the intensity of frontal rainfall became substantially enhanced
(+17 ± 3%). Specifically, when using the APHRODITE and Rainfall
Estimates on a Gridded Network (REGEN) datasets, there was a
+19.8% increase in FRI (fig. S4D) and a +14.2% increase (fig.
S4C), respectively. Note that the occurrence of front and frontal
rainfall shows relatively minor changes (figs. S5 and S6). These ob-
served enhancements of FRI suggested a combined effect from
natural variability and anthropogenic forcing (36). However, the
observed data is not long enough to distinguish the anthropogenic
forcing effect.

Detection of anthropogenic greenhouse gas forcing impact
We explored the spatial patterns of change in the frontal rainfall as a
response to greenhouse gas forcing by using large-ensemble simu-
lations. To reveal the anthropogenic greenhouse gas forcing effect,
Fig. 1C shows the differences between the HIST and the XGHG ex-
periments. The spatial pattern of the simulated changes in FRI is
comparable to that of the observed changes between the earlier
and later periods, with a pattern correlation coefficient (PCC) of
0.4 (Fig. 1A). It appears that the enhancement of FRI dominates
the features of change in the total rainfall under the greenhouse
gas forcing during the recent period (1991–2015) (fig. S7), and

that greenhouse gas forcing intensified the mean frontal rainfall
by 5.8% during the later period (Fig. 1C). When we consider land
areas only, the intensity of frontal rainfall exhibited a 4.9% increase
attributed to the impact of the anthropogenic greenhouse gas
forcing effect (fig. S8). Furthermore, it is noteworthy that the
HIST experiment exhibited higher warming pattern (+0.9 K) com-
pared to the XGHG experiment, further highlighting the differences
between the two simulations (fig. S9). There is relatively little
change in the location of the monsoon front (fig. S2, B and C).

The extreme side of the frontal rainfall distribution is more sen-
sitive to the greenhouse gas forcing than its average (37). To quan-
tify the impact of anthropogenic greenhouse gas on the probability
of frontal extreme rainfall events, we derived the risk ratio (RR) and
the fraction of attributable risk (FAR) as the ratio of occurrence
probability between the HIST (PHIST) and XGHG (PXGHG) experi-
ments (see Materials and Methods). These were calculated for the
95th and 99th percentile thresholds of FRI under the XGHG exper-
iment, respectively (Fig. 1D; defined as RR95 and RR99). The chance
of encountering a heavy frontal rainfall event at the 95th percentile
was 2.84 times higher [RR95; 5 to 95% confidence interval (CI) 2.58
to 2.95] compared to that of a world without greenhouse gas emis-
sions. Furthermore, the risk of the extreme event at the 99th percen-
tile increased by 5.26 (RR99; CI 4.30 to 7.85). This implies that heavy
or extreme frontal rainfall is expected to emerge more frequently
owing to the greenhouse gas warming effects (1, 30). The FAR95
and FAR99 were 0.66 (CI 0.61 to 0.66) and 0.81 (CI 0.77 to 0.87),
respectively. Since FAR is defined as the extent to which the event
is attributable to anthropogenic activity, the results showed that the
EASM frontal heavy and extreme rainfall have been intensified pri-
marily by anthropogenically induced global warming.

Next, we applied the fingerprint analysis to examine the signal of
anthropogenic impact on the EASM front precipitation system and
to assess its temporal evolution (see Materials and Methods). A
signal (s) was detected from the annual mean of FRI based on the
difference between the HIST and the XGHG simulations, which is
defined as the anthropogenic impact fingerprint. The increase in s
suggests that the anthropogenic warming signal is strengthening.
We found that the increasing trend of s based on observed data
(sOBS) was notably greater than the signal detected in the XGHG
experiment (sXGHG; P < 0.01) (Fig. 2). This implies that the strength-
ened sOBS is unlikely to emergewithout the greenhouse gas emission
(i.e., XGHG experiments). The observed sOBS was explained by the
fingerprint extracted from the HIST experiment (sHIST), which
points to the greenhouse forcing effect. These results suggest a
robust anthropogenic influence on the enhancement of FRI over
EA during the historical period.

Physical mechanisms of intensified frontal rainfall
The EA summer rainfall variability is predominately affected by the
location, intensity, and shape of theWNPSH (22, 23, 38). Along the
western rim of the WNPSH, southwesterly moisture transport from
the South China Sea and the Philippine Sea to the East China Sea
provides a crucial source of precipitable water to the EASM front
(18, 21). To examine the effect of greenhouse gas on this WNPSH
mechanism, we examined the differences of the composited sea
level pressure, 500-hPa geopotential height, and 850-hPa moisture
convergence fields between the HIST and the XGHG experiments
(see Materials and Methods). During the later period (1991–2015),
the HIST experiment compared to the XGHG experiment exhibited
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readily recognizable enhancements in WNPSH (+22.8 gpm) and
moisture transport (+8.7 g/kg m/s) over EA (fig. S10B). In contrast,
during the earlier period (1958–1982), these features were rather
weak and marginal, with a difference in WNPSH of +7.9 gpm
and moisture transport of +4.2 g/kg m/s (fig. S10A). This confirms
the existence of even more favorable conditions for the frontal pre-
cipitation in the later period than before.

To reveal the effect of anthropogenic warming on frontal rainfall,
the differences (HIST-XGHG) of sea level pressure and moisture
flux were regressed onto the change of FRI within the targeted
domain (box in Fig. 1A) during 1991–2015 (Fig. 3A). Anthropogen-
ic greenhouse gas forcing likely intensified frontal rainfall by
strengthening the WNPSH and enhancing moisture transport
from the tropics to EA. Meanwhile, the upper-level cyclonic circu-
lation anomalies together with the lower-level circulations contrib-
ute to the enhancement of southwesterly flows and associated
moisture transport (39). In addition, such a response of regional
climate patterns to the anthropogenic greenhouse gas forcing was

analogous to the spatial patterns of the observed changes in the at-
mospheric conditions during the historical periods (fig. S11).

Further, we investigated the temporal variations of two major
factors, lower-level moisture flux convergence (MFC; 22°N-33°N,
115°E-135°E) and the intensity of the WNPSH. The impact of
global warming on the intensity of the WNPSH remains highly un-
certain (40–42). Here, theWNPSH index was calculated on the basis
of the difference in sea level pressure between two regions: the
western North Pacific (15°N-25°N, 137°E-153°E) and East Asia
(26°N-36°N, 117°E-133°E). This definition provides a way to
assess the relative strength of the WNPSH at the synoptic scale. In
the later period (1991–2015), the intensity of the MFC and the
WNPSH tend to be greater in the HIST than in the XGHG exper-
iments (Fig. 3B) (43, 44). To indicate the fundamental difference
between the two simulations during the earlier and later periods,
the joint and marginal distributions of simulation ensembles from
the HIST and the XGHG experiments were illustrated for the linear
slope of theMFC and theWNPSH (Fig. 4).With the greenhouse gas

Fig. 1. Difference in the intensity of frontal rainfall (mm day−1). (A) Observed difference in frontal rainfall intensity (FRI) from the later (1991–2015) to the earlier
periods (1958–1982) derived from the averaged results of both APHRODITE and REGEN datasets. (B) Dominant term to changes in total frontal rainfall over each grid. The
terms representing change in frequency (I∆F; blue), change in intensity (F∆I; red), and change in covariation (∆F∆I; yellow) account for more than 50% of changes in total
frontal rainfall based on the APHRODITE dataset. Observed changes are computed between the early (1958–1982) and late (1991–2015) periods. The hatch represents the
grid where a change in FRI (F∆I ) is a dominant term (>50% contribution threshold) for the change in total frontal rainfall in the later period (1991–2015) based on model
experiments (HIST-XGHG). (C) Difference of FRI between ensemble averages of historical (HIST) and nongreenhouse gases (XGHG) runs based on the CESM1-LE simu-
lations during 1991–2015. Hatches in (B) and (C) indicate statistical significance at the 95% confidence level. The box represents the targeted domain (28°N-36°N, 117°E-
135°E). Changing rates (%) of FRI in the targeted domain are shown in the upper right corner. The FRI is shown considering the frequency (>10%) of frontal rainfall. (D)
Probability density distribution of the intensity of frontal rainfall over the targeted domain [boxes in (A) to (C)] including the ocean during 1991–2015. Blue and red lines
are for XGHG and HIST runs, respectively. The vertical dashed line and shading represent the average and 95% confidence interval (CI) of the FRI from 1000 bootstrap
resampling, respectively. Shaded area indicates the frontal rainfall corresponding to the 95th and 99th percentiles based on the XGHG simulations. The risk ratio (RR) and
fraction of attributable risk (FAR) are shown based on the 95th and 99th percentiles based on XGHG simulations.
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forcing, the increasing rate ofWNPSHwas higher andmore notable
in the later period (0.03 Pa/year with interquartile range of −0.02 to
0.06 Pa/year) than in the earlier period (−0.01 Pa/year with inter-
quartile range of −0.04 to 0.03 Pa/year). The increasing trend of
moisture convergence was also captured in the HIST during the
later period, although no substantial difference between the HIST
and the XGHG experiments was observed in the earlier period.
Thus, the difference between the two simulations was more appar-
ent in the recent historical period (1991–2015).

Given that the underlying dynamics of the atmospheric circula-
tions are driven by differential heating of the land-sea thermal con-
trast areas (38), it is likely that the strengthened meridional wind
can modulate the EASM frontal rainfall (fig. S12C) in response to
anthropogenic warming (45, 46). This process can form the
outcome of favorable conditions leading to the increase in frontal
rainfall. To examine this, we conducted a moisture budget analysis
for the lower atmosphere (i.e., 850-hPa) (47). By using the moisture
budget analysis (see Materials andMethods), we investigated the re-
spective contributions of the dynamic and thermodynamic factors
to the atmospheric moisture content changes. As shown in fig. S12,
anthropogenic warming led to the increase in frontal rainfall by
controlling the thermodynamic component to the EASM precipita-
tion (83.4%). The abundant water vapor induced by increasing tem-
perature under the Clausius-Clapeyron relation contributes to the
enhanced precipitation, as well, but the changes in moisture conver-
gence are more pronouncedly modulated by greenhouse gas forcing
(48). Although the dynamic component can suppress the increasing
rainfall owing to atmospheric stabilization (47, 49), it plays an im-
portant role in increasing the intensity of EASM frontal rainfall
throughmoisture pooling and water vapor flux convergence. There-
fore, with the help of the thermodynamic component, the dynamic
component such as the WNPSH and moisture transport play a
crucial role to intensify the EASM frontal precipitation system.

DISCUSSION
This study is the first to synoptically attribute the anthropogenic
greenhouse gas impact on the EASM frontal precipitation system
using objectively detected frontal rainfall. On the basis of both the
observation and large ensemble model simulations with the finger-
print analysis, we showed that the EASM frontal rainfall was en-
hanced mainly in response to climate change associated with
anthropogenic greenhouse gas emissions. Disentangling changes
in frontal rainfall requires a more comprehensive analysis of
various aspects. Our study revealed a marginal increase in both
the occurrence of the detected front (+1.8%; fig. S5C) and the fre-
quency of frontal rainfall (+1.1%; fig. S6A) in the later period (1991–
2015) based on observation. Furthermore, there was an increase in
the ratio of frontal rainfall relative to total rainfall (+1.3%; fig. S6B).
These findings imply that the intensity of EA frontal rainfall has
been further strengthened, since the contribution of other factors

Fig. 2. Linear slope of detection signal s. Probability density distribution of linear
slope of detection signals (s) based on the XGHG (blue) and HIST (red) runs for
1991–2015. Vertical dotted lines and shades are the averages and 95% CI obtained
from 1000 bootstrap resampling, respectively. Vertical black, orange, and green
lines show the linear slope of s based on APHRODITE, REGEN, and JRA55, respec-
tively. Dashed green line indicates the linear slope of s for the longer period of
1991–2020 based on the JRA55. The upper left corner displays the probability
(P) of exceeding the observed value for the XGHG (blue) and HIST (red) results.
The detection signal s is defined from the nonoptimized fingerprint analysis of
frontal rainfall intensity (FRI).

Fig. 3. Enhancement of frontal rainfall related to differences in sea level pres-
sure and moisture flux between the HIST and the XGHG experiments. (A) Re-
gression coefficient of differences (HIST-XGHG) in sea level pressure (SLP; shading,
hPa) and moisture flux at 850 hPa (MF850; vector, g/kg m/s) against the difference
(HIST-XGHG) of normalized frontal rainfall intensity (FRI) over the targeted domain
(28°N-36°N, 117°E-135°E) during 1991–2015. All variables were detrended. Hatches
and vectors indicate statistical significance at a 95% confidence level based on Stu-
dent’s t test. (B) Time series of differences (HIST-XGHG) of ensemble average for
moisture flux convergence (MFC; green, g/kg/s/106) and WNPSH (orange, hPa)
indices during 1958–2015. Seven-year moving window average is applied. Open
and closed circles indicate statistical significance at a 95% confidence level
based on Student’s t test. MFC index is defined as area-averaged MFC at 850
hPa over the green box (22°N-32°N, 115°E-130°E), and the WNPSH index is given
by the SLP averaged over thewestern North Pacific (15°N-25°N, 137°E-153°E) minus
that averaged over East Asia (26°N-36°N, 117°E-133°E) as shown in orange boxes in
(A). Shades show the spread between ensemble members.
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were marginal compared to the intensity increase. Thus, we have
suggested that intensified moisture transport and the WNPSH con-
tribute to enhancing FRI by providing sufficient moisture over EA
under the warmer climate. As a further study, investigating the
changes in the number of strong fronts is expected to provide in-
sights into extreme frontal rainfall events (50).

While we have carefully validated the simulated data, a potential
drawback still exists because we used large ensemble simulations
derived from a single model. The results derived from CMIP5
and CMIP6 models project an increase in summer water vapor
transport in EA under future global warming scenarios with
medium confidence (42, 51). However, the projection of WNPSH
remains uncertain and displays intermodal spread. The WNPSH
driven by sea level pressure projects to intensify in the warm
climate due to the land-sea thermal contrast with low confidence
(42, 52). These mechanisms, which contribute to increased EA pre-
cipitation under future warming, align with the mechanism delin-
eated in this study, as EA frontal rainfall increases during the
investigated period of 1958–2015. Despite the constraints of
model use, our findings point toward increased moisture transport
and enhanced WNPSH.

Note that this study is dependent on the methodology used to
detect fronts and attribute precipitation to fronts. The atmospheric
fronts play a vital role in driving the seasonal and regional variation
of weather on a daily scale, particularly in the midlatitude (19, 53–
55). Understanding the changes in synoptic weather systems and
associated precipitation events is essential for our society to adapt
to future climate changes (15, 56, 57). Furthermore, the system-

oriented detection and attribution approach can be applicable to
other types of weather systems such as tropical cyclones (58, 59).

There are various aspects that could be studied further, as we
have only focused on the anthropogenic greenhouse gas impacts.
The negative value observed in the linear slope of sXGHG implies
the potential influence of factors beyond greenhouse gas forcing
on the reduction of FRI (Fig. 2). In the field of detection and attri-
bution of precipitation changes, several studies have shown that
aerosol forcing has played a mitigating role by reducing precipita-
tion (60, 61). Thus, quantifying the relative importance of other
climate forces (i.e., anthropogenic aerosol, land use, and land
type) (61–63) that contribute to EA summer frontal rainfall can
be the next study. At the Conference of the Parties (COP27) of
the United Nations Framework Convention on Climate Change
(UNFCCC) in Egypt, defining “loss and damage” to finance for re-
covery from climate disasters was on the key agenda for the first
time. Our study could provide ways for implementing an assess-
ment framework for a quantitative and system-based attribution
of human-induced global warming at the regional scale.

MATERIALS AND METHODS
Observational datasets
To identify fronts, 6-hourly data obtained from the 55-year Japa-
nese Reanalysis Project (JRA55) (64) with 1.25 × 1.25 horizontal res-
olutions were analyzed for the period of 1958–2020. This study
separates two historical periods to account for the long-term
changes: earlier (1958–1982) and later periods (1991–2015). For
the observed precipitation data, we used the APHRODITE
Monsoon Asia V1101 and extension V1101EX_R1 precipitation
dataset (34) from 1958–2015. The APHRODITE applies daily grid
precipitation data over the Asian land domain with a high spatial
resolution (0.5° horizontal resolution) based on rain-gauge observa-
tions. It is considered a benchmark for validating the precipitation
obtained from satellite and model simulations (65). Furthermore,
we compared its precipitation data with an interpolated network
of in situ data called REGEN dataset (66) to validate the APHRO-
DITE dataset. Both datasets exhibited similar patterns with PCCs of
0.89 and 0.48 for the climatological mean and interannual variabil-
ity (SD) of precipitation during the active EASM frontal season (16
June to 15 July) in 1958–2015, respectively (fig. S13). In addition,
the REGEN dataset indicated an increase in FRI, which showed a
comparable pattern (PCC of 0.72) to that observed in the APHRO-
DITE dataset (Fig. 1A and fig. S4C).

CESM1 large ensemble dataset
We analyzed large ensemble simulations from the Community
Earth System Model 1 (CESM-LE) (32) under the CMIP5 HIST
(1958–2005), future Representative Concentration Pathway (RCP)
8.5 W m−2 radiative forcing scenario (2006–2015), and XGHG
(1958–2015) forcing simulations with 0.9° × 1.25° horizontal grid
resolution. To identify the role of greenhouse gas forcing on the in-
tensity and frequency of frontal rainfall, we used the “all-but-one”
experiments. We mainly investigated the HIST and XGHG (31) en-
sembles, which comprised 40 and 20 members, respectively. The
XGHG has conducted the same forcing protocol as HIST, except
that greenhouse gas forcing was fixed at the level in 1920 conditions.
The influence of the greenhouse gases-only forcing on frontal rain-
fall can thus be inferred by the differences between HIST and

Fig. 4. Changes in MFC and WNPSH based on HIST and XGHG runs. Trend and
probability density distribution of MFC (g/kg/s/106/year) and WNPSH (Pa/year)
indices during the earlier [1958–1982 (P1)] and later [1991–2015 (P2)] periods
based on HIST (red) and XGHG (blue) experiments. Open and closed circles repre-
sent the simulated values during P1 and P2, respectively. The dashed contour and
shading indicate the joint probability distribution of MFC and anomalous WNPSH
trends during P1 and P2 based on HIST experiment, respectively.
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XGHG projections. The CESM-LE shows a well-reproduced spatial
distribution of the annual mean precipitation and interannual var-
iability (60, 67). The changes in precipitation simulated CESM-LE
generally align with the observed results, although there are some
differences at regional scale (60, 68). Despite the inherent biases
in precipitation, the models capture the response to anthropogenic
greenhouse gas forcing, in particular in relation to weather systems
like frontal rainfall (54, 68). Notably, the model exhibits a remark-
able ability to reproduce reasonable patterns of FRI in terms of the
climatological mean and standardized deviations between each
member of the HIST experiment and two observed datasets (APH-
RODITE and REGEN) during 1958–2015 (fig. S14). The patterns of
FRI derived from the ensemble mean of the HIST demonstrate a
high degree of similarity (PCC of 0.68) to those observed. In addi-
tion, the internal variability of FRI within the targeted domain is
0.86 mm day−1.

Detection of the front and frontal rainfall
The front was detected from the JRA55 data at a 6-hourly time step.
We followed the front definition of Li et al. (18) with some modi-
fications made for the comparison with Japan Meteorological
Agency (JMA) weather maps (figs. S1 and S2). The general fronts
are accompanied by a strong equivalent potential temperature gra-
dient along the rain band. Thus, the meridional gradient of equiv-
alent potential temperature is the primary variable to detect the
frontline. The fronts were detected as follows.

(1) The absolute value of the meridional gradient of equivalent
potential temperature at 850-hPa (∣∂θe/∂y∣) was greater than 0.04 K
km−1 for excluding a priori regions of weak thermal gradient (18,
53, 69).

(2) The number of grids satisfying condition (1) was greater than
10% of the total number of grids in the study domain to prevent the
identification of nonsynoptic fronts (50, 53, 69).

(3) The averaged difference of the median latitude of individual
longitude (LATi) was less than the horizontal resolution, where i
refers to the west-to-east ith longitude in the study domain. In
this study, a threshold of jLATiþ1 � LATij , 1:25 was applied, as
the horizontal resolution of JRA55 is 1.25°.

(4) The front was detected as the running average of LATi.
To verify our front detection, we used the front information

based on the surface weather chart (17), which was published by
the forecasters in the JMA during 2001–2010 (fig. S1). The reanal-
ysis data and CESM1-LE projections successfully simulated the lo-
cation of the median latitude of the front over the EA region
(Supplementary Text and fig. S2). This study focused on the
active EASM front season, from the second half of June (June 16)
to the first half of July (July 15) along 30°N latitude.

The frontal precipitation, which corresponds to about 40% of the
EASM, is defined as the daily precipitation within a 500-km radius
from the front line at any timestep of the day (19, 57). Here, we only
considered the wet frontal rainfall (intensity of frontal precipitation
>1 mm day−1). To further understand the possible mechanisms of
projected increasing frontal rainfall, we compared several variables
(e.g., moisture transport, geopotential height, and MFC) when the
intensity of daily frontal rainfall over the EASM front region (28°N-
36°N, 117°E-135°E) was >1 mm day−1 using HIST and XGHG ex-
periments (Figs. 3 and 4).

Decomposition of changes in total frontal mean rainfall
The total precipitation (PR) was composed of mean intensity (I;
mm day−1) and frequency (F; total number of occurrences) of pre-
cipitation (PR = F · I). To identify the main contributor to changes
in frontal rainfall, differences in the accumulated PR can be ex-
pressed as (15):

ΔPR ¼ PR0 � PR ¼ ðF þ ΔFÞ � ðI þ ΔIÞ � F � I

¼ ΔF � I þ F � ΔI þ ΔF � ΔI

where ∆ indicates the difference in the frontal rainfall between
HIST and XGHG runs. The prime indicates the HIST run. The
change in PR between the two simulations is decomposed into fre-
quency (∆F · I), intensity (F · ∆I), and covariation terms (∆F · ∆I).
In the case of the reanalysis dataset, the changes in PR were inves-
tigated between the historical earlier (1958–1982) and later (1991–
2015) periods. Through the decomposition of total frontal rainfall,
we determined that enhancement of FRI is the key component to
increase the EASM frontal rainfall in the historical later period
(fig. S3) and in HIST simulations (fig. S7).

RR and FAR
The RR and FAR are defined as the ratio of the probability of occur-
rence of extreme events in historical (PHIST) and nongreenhouse gas
forcing effect (PXGHG) to assess the greenhouse gas impact on
extreme events. RR is defined as RR = PHIST/PXGHG, where PHIST
and PXGHG are the probability of exceeding a certain quantile (for
example, 95th and 99th percentile) based on XGHG simulations
during the later (1991–2015) period.

FAR is defined as FAR = 1 − (PXGHG/PHIST). RR is simply a ratio
of the occurrence of extreme events but FAR shows how much of
the extreme event can be attributed to external influence (37). The
positive (negative) FAR indicates that anthropogenic greenhouse
gas has intensified (suppressed) the occurrence of frontal heavy
rainfall. When FAR is close to one, it implies that anthropogenic
greenhouse gas is likely to intensify the frontal heavy rainfall
event. Here, we calculated the probability of exceeding the 95th
and 99th percentile at area averaged over the targeted domain
(28°N-36°N, 117°E-135°E) based on PXGHG during the active
EASM front season in the later period. The 95th and 99th percentile
thresholds of FRI were found to be 16.0 and 17.1 mm/day, respec-
tively. The uncertainty in likelihood ratio method was estimated for
the 5 to 95% CIs of RR and FAR based on the 1000 bootstrap resam-
pling (1).

Fingerprint analysis
The nonoptimized version of the fingerprint analysis technique was
used to identify the climate change signal (56). This technique can
detect the climate change signal contained in the observed or
modeled spatial patterns. The detection signal (s) can be estimated
as

sðtÞ ¼ FRIðx; y; tÞ � f ðx; yÞ

where FRI indicates the frontal rainfall intensity and f is a finger-
print, respectively. x is longitude and y is latitude over 1.25° ×
1.25° horizontal resolution. t denotes time with a unit year and
the targeted study domain is the EA region (25°N-40°N, 110°E-
140°E). The dot denotes the dot-product operation. The fingerprint,
which shows the spatial pattern of climate change impacts, was
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estimated as follows:

f ðx; yÞ ¼ f 0ðx; yÞ= j f 0ðx; yÞj

where f 0 is the composite difference in the FRI between the HIST
and XGHG runs for 1991–2015. Considering the significance, f was
set to 0 for statistically insignificant grid points at the 90% confi-
dence level. The fwas analyzed over land grid points because finger-
print analysis was performed on the basis of the in situ observation
(fig. S15). Furthermore, s and FRI were calculated using XGHG,
HIST, and the observed dataset during 1958–2015. As an increase
in s indicates the strength of the anthropogenic climate change
impact signal, the linear slope of s during 1958–2015 can distinguish
the climate change impacts on FRI. When the observation slope was
larger than that of nongreenhouse gas forcing (XGHG) simulations,
the anthropogenic climate change signal was distinguished. Because
the APHRODITE precipitation data were covered until 2015, the
expanded (1991–2020) precipitation from JRA55 was also investi-
gated (green line in Fig. 2). We set the null hypothesis that the ob-
served detection signal was due to the nongreenhouse forcing
effects and applied a one-tailed test with a 5% significance level.

Horizontal MFC
To identify the roles of thermodynamic (due to moisture change)
and dynamic (due to atmospheric circulation) effects in frontal pre-
cipitation changes over EA, we decomposed the horizontal MFC
(HMFC) at 850 hPa (47)

δHMFC850 ¼ δTH850 þ δDY850 þ δTE850 þ Res:

δTH850 ¼ � r � ðuXGHG ½δq�Þ850

δDY850 ¼ � r � ð½δu� qXGHGÞ850

δTE850 ¼ � r � δðu0q0Þ850

δð�Þ ¼ ð�ÞHIST � ð�ÞXGHG

where u is the horizontal vector wind and q is the specific humidity.
The HMFC can be divided into thermodynamic (δTH), dynamic
(δDY), transient eddy (δTE), and residual (Res.) terms. The
overbar indicates the climatological mean, and the prime indicates
the departure from the climatological mean during 1991–2015.
Note that we only focus on the frontal rainfall over the targeted
domain (28°N-36°N, 117°E-135°E) during the active EASM front
season (June 16 to July 15). The subscripts 850, HIST, and XGHG
indicate the variables at 850 hPa, the ensemble mean from CESM1-
LE HIST, and XGHG runs, respectively. Although this approach
omits the vertical integration of the whole atmospheric column
owing to the CESM1-LE data limitation, the HMFC at 850-hPa
can represent reasonable patterns similar to the vertically integrated
MFC over EA (fig. S12) (70).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S15
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