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ABSTRACT

This study investigated future changes in monthly extreme precipitation in Japan during summer (June–

August). The uncertainties in estimating extreme monthly precipitation were analyzed using large-ensemble

regional climate simulations for both present and 4-K warmer climates. The main diagnostics were based on

the 100-yr return values of monthly total precipitation PT100 estimated from a best-fit probability distribution.

Under the warmer climate, PT100 was projected to increase in approximately 87%, 88%, and 78% of the total

number of stations for June, July, and August, respectively, suggesting that once-per-century monthly pre-

cipitation will increase as temperature increases over a wide area of Japan, although large regional variations

will exist. The western part of Kyushu and the Hokkaido region showed significant and moderately robust

increases in PT100 throughout the summer months. In contrast, a considerable and robust increase was

projected only in June in the Nansei Islands. The percentage change in PT100 was small in western and

eastern Japan, and thus the sign of the change was uncertain. Further analysis indicated that uncertainty in

internal variability is more important than uncertainty in the SST scenario for future projections of monthly

precipitation extremes.

1. Introduction

Changes in the intensity and frequency of extreme pre-

cipitation events under global warming have attracted

considerable attention because of their potentially

wide-ranging impacts in the fields of natural disasters,

agriculture, and water resources. The intensity of ex-

treme precipitation is projected to increase under a

warmer climate in many regions of the world, even in

regions where the mean precipitation might decrease

(e.g., Kharin and Zwiers 2000; Wehner 2004; Emori and

Brown 2005; Kharin et al. 2007; Pall et al. 2007; Russo

and Sterl 2012). Climate-related projections of extreme

precipitation have been concerned mostly with short-

duration events (e.g., daily precipitation accumula-

tion), as seen in the abovementioned works, which can

be useful for impact assessments of natural disasters

related to torrential downpours, for example, flash

floods and landslides. However, Fischer and Knutti

(2016) highlighted that ‘‘it is still poorly understood

at what rate biweekly to monthly rainfall maxima

increase.’’ Such longer-duration extreme events are

often associated with sediment-related disasters and

widespread flooding that can have devastating im-

pacts on human life and agricultural yields. Therefore,

regional climate projections of extreme precipitation

are necessary at multiple time scales to support dis-

cussion of adaptation strategies intended to mitigate

the risk of disasters related to heavy precipitation.

Extreme weather events are generally assessed using

two types of approaches (Klein Tank et al. 2009). One

is based on various extreme indices, such as annual

maximum indices (e.g., Alexander et al. 2006; Tebaldi

et al. 2006), which represent moderate extreme events

because they typically occur once a year. Such indi-

ces allow monitoring of long-term trends and robust as-

sessments of future changes in extreme events from

reasonably small-sized ensemble simulations. The second

common approach evaluates rare extreme events with

return periods of more than several decades that corre-

spond to the tail of a probability distribution. In particular,

hydrological infrastructure such as dams and banks are

designed with consideration of a certain return level, for

which the period (typically 30–200 years) is determined

depending on the purpose. The evaluation of such rare

extreme events often depends on estimations based on

the fitting of probability distribution functions. Previous
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studies have applied a generalized extreme value dis-

tribution to estimate the extreme values of annual or

seasonal maxima (e.g., Russo and Sterl 2012; Kharin

et al. 2013). In such analyses, long-term data under

stationary climatic conditions (i.e., large-sized ensem-

ble simulation data) are necessary to obtain reliable

probability estimates for the rare extreme events.

Recently, a large-ensemble dataset has become avail-

able on the Database for Policy Decision Making for

Future Climate Change (d4PDF), which comprises

5000-yr-scale ensemble simulations from a high-resolution

AGCM with six different SST patterns for the future

climate (Mizuta et al. 2017). Downscaled products pro-

duced by an RCM are also available in this dataset.

The use of large-ensemble simulations enables esti-

mation of extreme values with return periods of more

than 100 years without the requirement of fitting to

any probability distribution function (e.g., Kawase et al.

2016; Mizuta et al. 2017). Another advantage of the

large ensemble is that the magnitudes of the un-

certainties caused by internal variability can be eval-

uated in relation to future climate projections. Here,

internal variability means the natural variability of the

climate system that occurs in the absence of external

forcing change, which introduces large uncertainties

into projections of regional climate and climate ex-

tremes (Xie et al. 2015). Using global climate simula-

tions of the d4PDF, Endo et al. (2017) investigated

future changes in annual maximum daily precipitation

over East Asia and their uncertainties arising from

internal variability and external forcing (difference

in future SST patterns). They revealed that the un-

certainty is derived mainly from internal variability

over land regions, whereas external forcing largely

contributes to the uncertainty over oceanic regions.

Many earlier studies have focused on future changes

in precipitation extremes on hourly or daily time scales

around Japan (e.g., Kimoto et al. 2005; Iizumi et al. 2012;

Yamada et al. 2014; Kawase et al. 2016), whereas the

monthly time scale has been considered rarely for future

projections. Japan is highly prone to shallow landslides

because of its high-relief topography and complex geo-

logical conditions. Since the landslides often occur from

both short (subdaily time scale) and long (submonthly

time scale) rainfall events in Japan (e.g., Saito et al.

2010), it is expected that longer-duration precipita-

tion extremes also play a role for the risk assessment of

landslide disaster under a warmer climate. In the present

study, we investigated the future changes in 100-yr return

values of monthly precipitation in Japan and their uncer-

tainties using regional climate simulations of the d4PDF.

The target season is summer (June–August), which is when

heavy precipitation events occur frequently in association

with the intrusion of warm humid air from the south.

This study also focuses on the uncertainties introduced

by internal variability and the differences in future SST

patterns. The following section describes the datasets

and the analysis methods used in this study. The re-

sults are outlined in section 3. Finally, a discussion

and our conclusions are presented in sections 4 and 5,

respectively.

2. Data and methods

a. Model and experimental design

To produce finescale climate projections over Japan,

we used the regional data from d4PDF for present and

future climates, which was obtained using the non-

hydrostatic RCM (NHRCM) developed by the Meteoro-

logical Research Institute of the JMA. The domain covered

Japan, the Korean Peninsula, and the eastern part of the

Asian continent with 20-kmhorizontal resolution (Fig. 1).

Detailed specifications of themodel are described in both

Sasaki et al. (2008) and Murata et al. (2013).

Lateral boundary conditions for the 20-km-mesh

NHRCMwereprovidedby the approximately 60-km-mesh

MRI-AGCM3.2H (Mizuta et al. 2012), the settings of

which were described in Mizuta et al. (2017) and are

summarized below. The present climate experiments

were performed for 60 years (1951–2010) using observed

SSTs and sea ice concentrations from COBE-SST2

(Hirahara et al. 2014), together with observed green-

house gas concentrations. For the present climate, 100

ensemble members were generated from experiments

with different initial atmospheric conditions and small

perturbations in observed SST. The future climate

FIG. 1. Map of the domain for the d4PDF regional climate sim-

ulations. Grayscale shading shows topography. Red circles indicate

locations of JMA observation stations used for analysis.
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experiments were performed for 60 years with a cli-

mate 4-K warmer than preindustrial levels in terms of

global mean surface air temperature, corresponding to

conditions at around the end of the twenty-first century

under the RCP8.5 scenario. Six different spatial patterns

of DSST were applied to the future climate, which were

projected using six coupled models that participated in

CMIP5. By applying a scaling factor to each DSST pat-

tern, the future simulations in the AGCM reproduced

the climate 4K warmer than preindustrial levels. Such

ensemble AGCM experiments using the different SST

pattern enable us to discuss on what part of the un-

certainty in the projected climate change could be

attributed to the uncertainty of the SST change (Mizuta

et al. 2014). For each of the sixDSSTpatterns, 15-member

ensemble experiments (90 members in total) were

conducted using different initial conditions and small

perturbations of SST, as with the present climate ex-

periments. The small SST perturbations are the same as

those used for the present simulation. Further details of

the experimental designs of the d4PDF are described in

Mizuta et al. (2017).

Limited computational resources meant that the

regional climate simulations were conducted for only

50members for the present climate. Hence, we analyzed

50 and 90 ensemble members for the present and future

experiments, respectively. In this study, monthly total

precipitation was computed from hourly outputs of the

d4PDF regional data.

b. Observational data

The reproducibility of the d4PDF regional data was

evaluated using JMA surface observational data avail-

able for the same period used for the present climate

experiments of the d4PDF. As these data included some

missing values, we selected 134 observation stations for

monthly precipitation after performing a quality check

(Fig. 1). For validation based on the observational lo-

cations, the model grids within 20 km of the observa-

tional station were averaged using the inverse distance

weighting method, which is expressed as follows:

z5 �
n

i51

w
i
z
i
, (1)

w
i
5

d2p
i

�
n

j51

d2p
j

, (2)

where z is the interpolated value at the observational

station, zi is the simulated value andwi is theweight at the

model grid i, and n represents the number of grids within

20km from the observational station. In the calculation of

the weight, p is a weighting power, which is given as a

positive real number, and di is the distance between the

observational station and themodel grid i. This indicates

that the weight decreases as the distance increases. The

weighting power also controls the degree of the weight

at each grid; a larger power results in a heavier weight at

nearby grids. This parameter is typically set to 2 (e.g.,

Oku and Nakakita 2013). Thus, p5 2 has been used in

this study.

c. Extreme monthly precipitation

As mentioned in the previous section, the large-

ensemble dataset enables estimation of extreme values

bymeans of order statistics that do not require the fitting

of probability distribution functions (Mizuta et al. 2017).

However, we attempted to estimate extreme values for

individual ensemble members because one of the im-

portant objectives of this study was to quantify the un-

certainties in future climate projections, which are often

evaluated by the ensemble spread (e.g., Endo et al.

2017). As an index of extreme monthly precipitation,

100-yr return values of monthly precipitation PT100

are used in this study. The 100-yr return values were

estimated based on the best-fit probability distribution

for monthly precipitation for 60 years. The details of the

method for the estimation of the extremes are described

in the appendix. In the following section, we evaluate the

reproducibility of PT100 in the present climate, followed

by an evaluation of the future changes in PT100 and their

uncertainties.

3. Results

a. Present climate simulation

Figure 2 shows the geographical distributions of PT100

from June to August for the observations and the sim-

ulations. The observations indicate that PT100 in June

is.800mm in the Kyushu region, while it is,400mm in

the northern part of Japan (Fig. 2a). The geographical

distribution in July is similar to June but with a relatively

large increase in the Hokkaido region (Fig. 2b). In

August, the north–south difference in PT100 is weak-

ened significantly because of the decreased (increased)

PT100 in western Japan (northern Japan) (Fig. 2c). The

observed geographical patterns in PT100 were almost

reproduced by the simulations in all summer months

(Figs. 2d–f). However, it should be noted that thePT100 has

some biases as compared with observations (Figs. 2g–i).

In particular, a remarkable overestimation is observed at

some stations in July and August.

To compare the magnitudes of the uncertainty be-

tween different stations, Fig. 3 shows the coefficients of
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variability (CVs) measured by the ensemble spread

at each station. Because each ensemble member un-

derwent the same external forcing (e.g., SST and

greenhouse gases), the ensemble spread represents the

uncertainty range arising mainly from internal climate

variability. The CVs show values of 0.1–0.2 at most

stations throughout the summer months, except in the

Nansei Islands in August, where the CVs are .0.2 at

all stations (Fig. 3c). As tropical cyclones (TCs) are a

major source of heavy precipitation in this region during

August, the large CVs suggest that TC-associated ex-

treme precipitation on the monthly time scale might

include large uncertainties. This result highlights the

benefit of using large-sized ensemble simulations to

obtain robust future climate projections, especially in

extreme events, because of the large uncertainty at-

tributable to internal variability.

b. Future change

In this subsection, we estimate the future changes in

climatological-mean and extreme monthly precipitation

during summer. Here, the future changes are shown as

percentage changes relative to the present climate based

on their ensemble average. To evaluate the statistical

significance in the future change, we also employed the

Student’s t test (e.g., von Storch and Zwiers 1999).

Figures 4a–c show the future changes in climatological-

meanmonthly precipitation. In June, the amount ofmonthly

precipitation decreases significantly in western and eastern

Japan, whereas remarkable increases are found in both

the Nansei Islands and the western part of Kyushu

(Fig. 4a). In July, the geographical distribution of future

change is similar to June but with significant increases in

the Hokkaido region and along the Sea of Japan coast in

both eastern and northern Japan (Fig. 4b). In August,

the mean precipitation decreases significantly from

western to eastern Japan, whereas it increases signifi-

cantly both in the western part of Kyushu and in the

Hokkaido region (Fig. 4c). Thus, summer precipitation

is projected to decrease across a broad area of Japan in

the future. This result differs from that seen in previous

studies (e.g., Kusunoki et al. 2011; Endo et al. 2012),

which showed the tendency of precipitation increase

over Japan during summer. This difference may be

caused by the differences in factors such as emission

scenario, target period, and the distribution of SST.

Figures 4d–f shows the future changes in extreme

monthly precipitation PT100. In contrast to the mean

precipitation, the PT100 is projected to increase at 116,

118, and 104 stations (approximately 87%, 88%, and

78% of the total number of stations) in June, July,

and August, respectively. In June, the magnitude of the

change is small in most areas of western and eastern

Japan with low statistical significance (Fig. 4d), where

the mean precipitation decreases significantly (Fig. 4a).

In contrast, PT100 shows significant increases in the

Nansei Islands, western parts of Kyushu, and northern

Japan. The most remarkable increase can be found in

the Nansei Islands, where PT100 is projected to increase

by .40% in the future climate. In July and August, the

FIG. 2. The 100-yr return values of monthly precipitation PT100 during June–August for (a)–(c) observations and (d)–(f) the present

climate simulation. The present climate simulation is shown by ensemble averages of estimated return values. (g)–(h) Ratio of PT100 for

the simulation relative to the observation expressed as a percentage.
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geographical distributions of the future changes are simi-

lar to June but with a larger number of stations with sta-

tistically significant increases (Figs. 4e,f). In these months,

considerable increases (.40%) are also projected in

western parts of Kyushu and northern Japan, whereas a

significant decrease is found only on the Sea of Japan

side of western Japan during August. Consequently, sig-

nificant increases in PT100 are projected both in western

parts of Kyushu and in the Hokkaido region throughout

the summer months, suggesting an increased risk of flood-

related disasters under the future climate.

c. Uncertainties

This subsection investigates the uncertainties of fu-

ture climate projections inPT100 and theirmajor sources.

To investigate the sources of the uncertainty, we used

the analysis of variance in a similar manner to Yip et al.

(2011). Yip et al. (2011) included three components

(i.e., scenario uncertainty, model uncertainty, and in-

ternal variability) to decompose the total uncertainty

into its sources. In this study, the component of sce-

nario uncertainty is not examined, as only the RCP 8.5

scenario is considered in the future simulations in the

d4PDF. Here, we consider two sources of uncertainties:

the difference in DSST patterns and internal variability.

Based onYip et al. (2011), an individual realization of the

future changes x for the ithDSST pattern (i5 1, 2, . . . , 6)

and the jth member of the ensemble (j5 1, 2, . . . , 15) can

be expressed as the sum of three components:

x
ij
5m1 d

i
1 «

ij
, (3)

where m is the mean change of all simulations, di is the

deviation of ith DSST pattern from m, and «ij is the de-

viation of an individual ensemble from the ensemble

mean of the corresponding DSST pattern, representing

the impact of internal variability.

The variances of «ij and di in Eq. (3) represent the

uncertainties arising from internal variability ŝ2
int and

future SST changes ŝ2
EM, respectively. However, the

latter may include an influence of internal variability

and thus overestimate the SST forcing uncertainty if

not corrected. Hence, the corrected variance related to

the difference in future SST patterns ŝ2
DSST can be es-

timated as follows:

ŝ2
int 5

1

N(n2 1)
�
N

i51
�
n

j51

(x
ij
2 x

i
)2 , (4)

ŝ2
EM 5

1

N2 1
�
N

i51

(x
i
2 x)2, and (5)

ŝ2
DSST 5 ŝ2

EM 2
1

n
ŝ2
int , (6)

where N is the number of different DSST patterns (i.e.,

N5 6) and n is the number of ensemble members (i.e.,

n 5 15). Parameter xij represents the future change

rate (%) for the ith DSST pattern and the jth member

of the ensemble, xi is the ensemble average of the ith

DSST pattern, and x is the average of all data. Following

previous studies (e.g., Rowell et al. 1995; Endo et al.

2017), the second term in Eq. (6) is added to extract

the effect of internal variability. The derivation of this

term is also described in the supporting information of

Ruosteenoja et al. (2016). In Eqs. (4)–(6), the future

change rates are given as percentage changes relative

to the present climate ensemble average.

From Eqs. (4) and (6), the total uncertainty ŝ2
tot is

defined as the sum of two variance components:

ŝ2
tot 5 ŝ2

DSST 1 ŝ2
int . (7)

Note that although we also presented a similar result of

ensemble variability in Fig. 3, it denotes the variability of

PT100 in the present climate not for the future projections.

FIG. 3. CVs measured by the ensemble spread of PT100 for the

present climate simulation during June–August.
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Figure 5 shows the all-station averages of the

ensemble-mean future change Dm̂ and each variance

component (ŝtot, ŝDSST, and ŝint) for mean and extreme

monthly precipitation. Note that the term ŝint for the

mean precipitation is derived mainly from the differ-

ent initial atmospheric conditions used for ensemble

experiments (Endo et al. 2017), while for the extreme

monthly precipitation the ŝint may include the effect of

small perturbations in SST as well as the different initial

conditions. For changes in the ensemble average Dm̂,
mean precipitation tends to decrease or remains nearly

unchanged in the future, whereas PT100 shows signifi-

cant increases through the summer months. However,

the projected changes also have large uncertainties

in both mean and extreme precipitation because ŝtot

is much larger than the magnitude of Dm̂. The main

sources contributing to the uncertainties ŝtot are differ-

ent between mean and extreme monthly precipitation.

For PT100, internal variability ŝint makes a significant

contribution to ŝtot, whereas for mean precipitation the

contribution from the DSST pattern ŝDSST is comparable

with that of ŝint. Endo et al. (2017) also showed that the

contribution of ŝint to ŝtot is larger in precipitation ex-

tremes compared with the total precipitation. Thus, these

results indicate the importance of uncertainties of climate

projections arising from internal variability, especially in

extreme events. On the other hand, they demonstrated

a robust increase (i.e., much larger Dm̂ than ŝtot) in

precipitation extremes around Japan using indices

of different time scales (i.e., 1-, 3-, and 10-day pre-

cipitation totals), which is different from our result

that the projected change in extreme monthly pre-

cipitation has large uncertainties. In Fig. 5b, we found

that the large uncertainty in PT100 change is attributed

to the uncertainty arising from internal variability ŝint.

One possible reason for the large ŝint in PT100 is that

the approach for extreme value analysis is different in

the two studies as introduced in section 1; the indices

used in Endo et al. (2017) are based on annual statis-

tics, whereas our study targeted rare extreme events

with 100-yr return periods.

To understand the regional characteristics of un-

certainty in the future projections, Figs. 6a–f show the

geographical distributions of Dm̂ and ŝtot for PT100. The

total uncertainties ŝtot typically have a range of 10%–30%

with unclear regional variations (Figs. 6d–f). This means

there are large uncertainties in the sign of Dm̂ from west-

ern to eastern Japan, that is, PT100 is potentially increased

FIG. 4. Future changes in (a)–(c) climatological-mean monthly precipitation and (d)–(f) PT100 during June–

August. Future changes were calculated from ensemble averages for present and future climate simulations, which

are shown as percentage changes relative to the present climate. Circles with bold outlines denote changes sta-

tistically significant at the 1% level.
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by the rate of 10%–30%, even in regions where the

magnitude of Dm̂ is very small. In contrast, there is a

high possibility of an increase in PT100 in regions with

large Dm̂ (e.g., the western part of Kyushu and the

Hokkaido region), because Dm̂ is larger than or com-

parable with ŝtot in such areas.More specifically, robust

increases in PT100 are projected in the Nansei Islands

in June, the western part of Kyushu in July, and the

Hokkaido region in August.

Figures 6g–i show the geographical distributions of

the ratio of ŝDSST to ŝint for PT100, representing the rela-

tive importance of the difference in theDSST pattern and

internal variability to the total uncertainties in the future

projections. Although the contributions from internal

variability are larger than from the future SST pattern in

the entire region, the relative importance of these two

sources varies according to region. In the Hokkaido

region, ŝDSST is much smaller than ŝint, indicating in-

ternal atmospheric variability is the major source of the

uncertainty in PT100 change. On the other hand, we find a

relatively large contribution from the future SST pat-

tern to the total uncertainty in western Japan through

the summer months, with the exception of the Nansei

Islands, where the future SST pattern contributes largely

to the uncertainty only in June. This suggests that reliable

projection of SST pattern in the future climate leads to a

reduction of the uncertainty in PT100 change in these re-

gions. The difference in the SST pattern affects the large-

scale circulation change through a variation in sea level

pressure. Thus, it is also suggested that the higher con-

tribution of ŝDSST in the lower latitudes will be attributed

to the change in moisture flux and its convergence

associated with the northwestern Pacific subtropical

high. We will further discuss the geographical differ-

ence in these uncertainty sources in the next section.

4. Discussion

In the previous section, we examined the large con-

tribution of internal variability to the uncertainties in

future projections of PT100 across Japan. In particular,

the Hokkaido region, where PT100 is projected to in-

crease significantly, is associated with internal variabil-

ity. To identify a key process that might affect extreme

monthly precipitation in this region, we examined large-

scale atmospheric circulation fields using the d4PDF data

derived from 60-km-mesh MRI-AGCM simulations.

Here, we consider the year when the maximum monthly

precipitation occurred in each ensemblemember for each

month (i.e., 60-yr maximum monthly precipitation) as

extreme events. The total number of events used for the

composite analysis is 1000 (50 ensembles 3 20 stations)

in the present climate simulation and 1800 (90 ensembles3
20 stations) in the future climate simulation. Figure 7

shows composites of 850-hPa geopotential height, ver-

tically integrated moisture flux, and 500-hPa geo-

potential height anomalies based on the maximum

monthly precipitation events in the Hokkaido region

in August. In the present climate simulation, a southerly

moisture flux anomaly is dominant over this region, ac-

companied by an anticyclonic circulation anomaly to

the east of Japan and a cyclonic circulation anomaly to

the south of western Japan in the low-level troposphere

(Fig. 7a). In the midtroposphere, a wave train structure

is evident along the subtropical jet stream (Fig. 7b). This

result closely resembles the overall pattern of anomalies in

August 2016, when unprecedented monthly precipitation

occurred inHokkaido (see Fig. 1 of Takemura et al. 2017).

Takemura et al. (2017) also reported that anomalous TC

activity, modulated by blocking high pressure to the

east of Japan, induced the extreme precipitation event

in August 2016. It is well known that such atmospheric

blocking events are often associated with extreme tem-

perature and precipitation anomalies over the surround-

ing area (e.g.,Matsueda 2011; Lau andKim2012). For the

future climate simulation, a similar barotropic synoptic

FIG. 5. Future percentage changes and their uncertainties for

(a) climatological-mean monthly precipitation and (b) PT100, aver-

aged over all stations. Each bar represents the following: Dm̂ (black)

is ensemble-mean future change, ŝtot (gray) is ensemble spread among

all members, ŝDSST (blue) is ensemble spread arising from the

difference in future SST patterns, and ŝint (yellow) is ensemble

spread arising from internal variability.

MARCH 2019 HATSUZUKA AND SATO 569



pattern was found in association extreme monthly pre-

cipitation events in the Hokkaido region (Figs. 7c,d),

suggesting that future extreme events are maintained

by internal atmospheric processes similar to the pres-

ent climate. In addition, although further analysis will

be necessary to identify the cause of internally induced

uncertainty, this result suggests that the activity of block-

ing highs (such as the location, duration, and amplitude of

the anomaly) might introduce the large uncertainty asso-

ciatedwith the internal variability in theHokkaido region.

Some regions showed reasonably high contributions

from the difference in future SST patterns to the total

uncertainties, for example, the Nansei Islands in June and

western Japan during July–August. Recently, Okada et al.

(2017) revealed that the differences in future SST patterns

in July and August have significant impact on the termi-

nation timing of the baiu season, whereas the mean circu-

lation changes in June are similar across all SST patterns.

Figure 8 also shows future changes in climatological-mean

moisture flux during June–August for three representatives

out of six SST patterns according to Mizuta et al. (2014),

which support the results of Okada et al. (2017). For

example, the CCSM4 SST-forced simulations show en-

hancement of the southwesterly moisture inflow over

western and eastern Japan in July andAugust (Figs. 8b,c),

whereas no robust anomalies were found in the en-

semble members using MIROC5 (Figs. 8e,f) and MRI-

CGCM3 (Figs. 8h,i) SST patterns. These results suggest

that changes in large-scale atmospheric circulations

forced by SST anomalies introduce the uncertainty in

future projections of PT100 in these regions, with its high

contribution rates in western Japan. In contrast, in

June, the changes in atmospheric circulation are similar

among the three SST patterns (Figs. 8a,d,g). This sug-

gests that the future SST pattern might contribute to the

uncertainties in extreme precipitation on the monthly

time scale in the Nansei Islands through modulation of

TC activity, because changes in TC activity (e.g., genesis

frequency and intensity) also depend largely on the SST

warming pattern (e.g., Mei and Xie 2016; Yoshida et al.

2017). The future change in baiu termination can be

explained by the large-scale circulation response to

future change in tropical SST patterns such as an El

Niño–like or non–El Niño–like pattern (Okada et al.

2017), whereas local SST may also have an important

role in the TC-related precipitation through local TC

development (Mei and Xie 2016). Although we did not

examine the relative importance of tropical and local

SST in the extreme monthly precipitation, it is expected

that reliable projection of the SST pattern in the future

climate would lead to a reduction of the uncertainty in

these regions.

Although we have demonstrated the future change

in extrememonthly precipitation and its uncertainty in

Japan, there are limitations resulting from the use of

the monthly dataset. For example, we have not consid-

ered how monthly time scale extremes relate to higher-

frequency extremes such as daily precipitation extremes.

If we can find the regional differences betweenmonthly

precipitation extremes driven by a few intense daily

precipitation events and that driven by persistent small

amount of daily precipitation, it would be useful to better

FIG. 6. Geographical distributions of (a)–(c) Dm̂, (d)–(f) ŝtot, and (g)–(i) ratio of ŝDSST to ŝint during June–August for PT100. Note that

(a)–(c) are as in Figs. 4d–f, but the color bar is different.
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understand the uncertainty associated with internal var-

iability and future SST patterns. This topic should be in-

vestigated in a future work.

5. Conclusions

Future changes in monthly precipitation extremes in

Japan under a 4-K warmer climate were investigated

using large-ensemble regional climate simulations. The

main diagnostics were based on the 100-yr return values

of monthly precipitation PT100 estimated from a best-fit

probability distribution. The ensemble-mean PT100 was

projected to increase in approximately 87%, 88%, and

78% of the total number of stations for June, July, and

August, respectively. In western and eastern Japan, the

magnitude of the ensemble-mean changes in PT100 was

small through the summer months in comparison with

the ensemble spread among all members, indicating that

uncertainties remain regarding the sign of the change.

Conversely, the future changes in PT100 exhibited sig-

nificant andmoderately robust increases both in western

Kyushu and in the Hokkaido region for all months. The

Nansei Islands were an exception where a considerable

and robust increase in PT100 was projected only in June.

Some previous studies have projected a delay in the

northward movement of the baiu front in the future

climate, as well as increases in monthly precipitation to

the south of Japan in June (e.g., Kanada et al. 2012;

Okada et al. 2017), which could probably contribute to

significant increases in PT100 in the Nansei Islands.

Further investigation based on ANOVA revealed that

uncertainty in internal variability ismore important than

uncertainty in the SST scenario for future projections of

PT100 across Japan.

Our results regarding precipitation extremes on the

monthly time scale differ from those on the daily time

scale (e.g., Fig. 10 in Mizuta et al. 2017). For example,

significant increases were projected for daily pre-

cipitation extremes over Japan, whereas the changes

were not clearly identified for monthly precipitation

extremes, especially from western to eastern Japan

during summer. This difference is probably attributable

to increased lengths of dry spells, together with the in-

tensification of precipitation intensity, because warming

leads to increases in the intensity and duration of drought

through changes in the hydrological cycle, for example,

the acceleration of land surface drying and longer re-

charge time for saturation (e.g., Giorgi et al. 2011;

FIG. 7. Composite anomalies of (a) 850-hPa geopotential height and vertically integrated moisture flux vectors

(kgm21 s21) and (b) 500-hPa geopotential height in the maximum monthly precipitation events in the Hokkaido

region in August for the present climate. (c),(d) As in (a) and (b), respectively, but for the future climate.

Anomalies in the present and future climates were defined as the departure from climatological mean fields for each

climate. Orange (blue) shading denotes grids that have a positive (negative) anomaly in all experiments for en-

semble averages in each SST pattern. The contour interval for 850- (500) hPa geopotential height is 3 (5) m. Zero

contours are omitted.
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Trenberth 2011). This result highlights the importance

of future projections for extremes on the scale of

months as well as shorter periods. Further analysis is

needed regarding the physical mechanisms related to

the internal variability causing such extreme pre-

cipitation events, which would be expected to reduce

the uncertainties in their future projections.
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APPENDIX

Estimation Method

In this appendix, we explain the method we have used

to estimate the 100-yr return values of monthly pre-

cipitation. In this study, the 100-yr return values are

estimated from the best-fit probability distribution for

each ensemble member. Based on analysis of 10 prob-

ability distributions, Yue and Hashino (2007) reported

that the lognormal and Pearson type 3 distributions

provide good fits to monthly precipitation in Japan for

all months. Sogawa and Suzuki (2008) tested three

probability distributions and they found that the Pearson

type 3 provided the best-fit distribution at most stations

in Japan. Following Sogawa and Suzuki (2008), we also

selected three candidate probability distributions: normal,

lognormal, and Pearson type 3. To determine the best-fit

distribution among the three candidates, we conducted

FIG. 8. Future changes of climatological-mean vertically integrated moisture flux during June–August for three different SST patterns.

(a)–(c) CCSM4, (d)–(f) MIROC5, and (g)–(i) MRI-CGCM3. Only moisture flux vectors . 50 kgm21 s21 are plotted.
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goodness-of-fit evaluations using the standard least

squares criterion (SLSC; Takara and Takasao 1988),

which is based on the difference between the exceed-

ance probabilities obtained by plotting position formula

and probability distribution estimation. In general, the

fitted probability distributions can be considered ade-

quate when the SLSC value is ,0.04. Finally, the prob-

ability distribution with the smallest SLSC value was

identified as the best-fit result. Figure A1 shows which

distribution type was selected as the best-fit result for

both the observation and the present climate simulation,

depicted as the fraction of selected stations relative to

the total number of station (N 5 134). Note that the

estimates of the extreme monthly precipitation made

under the assumption of stationary conditions for the

observation and the present climate simulation. The

assessment for the observation (Fig. A1a) indicates

the Pearson type 3 was selected at the largest number

of stations for all months, whereas the normal distri-

bution was selected at few stations, which is consistent

with Sogawa and Suzuki (2008). The present climate

simulation (Fig. A1b) shows almost the same ratios as the

observations with a sufficient goodness of fit, indicating

that the simulated monthly precipitation reproduced the

observed features well. Future climate projections are

assessed by the difference in 100-yr return values between

present and future climates estimated here.
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