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Water resources and ﬂooding risk in Kumamoto based
on observed hydrologic data analysis
Makoto Higashino and Heinz G. Stefan

ABSTRACT
Variability and change of precipitation were investigated in Kumamoto on Kyushu Island in
southwestern Japan, to assess water resources and ﬂooding risk. Annual precipitation, annual
maximum daily precipitation, and annual maximum hourly precipitation have increased over the period
from 1891 to 2018 (128 years). Trends are 26.2 mm per decade, 6.07 mm/day per decade, and
2.17 mm/h/decade, respectively. Precipitation in the rainy season (June and July) is on average 37%
(ranging from 12 to 59%) of annual precipitation for the 128-year period. Maximum daily precipitation in
a year occurred at Kumamoto in the rainy season in 92/128 (72%) of the years of observation from 1891
to 2018, in the typhoon (August to November) season in 23/128 (18%), and in the March to May season
in 12/128 (10%). This indicates that the rainy monsoon season poses the largest daily ﬂooding risk. A
wavelet analysis revealed that from 1891 to 2018 annual precipitation and daily maximum precipitation
ﬂuctuate with 2 and 4 years periods, which may be related to the El Nino-Southern Oscillation (ENSO). It
is likely that air temperature rises, ENSO and topographical characteristics contributed to an increase in
precipitation in the period. The analysis also showed that typhoons hitting or approaching Kumamoto
have signiﬁcantly affected annual precipitation and annual maximum daily precipitation, while the
interval between typhoons affecting Kumamoto has been getting longer since the 1970s.
Key words
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HIGHLIGHTS

•

Annual precipitation, annual maximum daily precipitation, and annual maximum hourly
precipitation in Kumamoto, on Kyushu Island in southwest Japan, have increased from 1891 to
2018 (128 years). Trends are 26.2 mm per decade, 6.07 mm/day per decade, and 2.17 mm/h/

•

decade, respectively. All three trends are statistically signiﬁcant at the 1% level.
Precipitation in the rainy season (June and July) is on average 37% (ranging from 12 to 59%) of
annual precipitation over the period from 1891 to 2018. The correlation between rainy season

•

precipitation and annual precipitation is strong (R 2 ¼ 0.66, Figure 3).
Maximum daily precipitation in a year occurred at Kumamoto in the wet monsoon (June and July)
season in 92/128 (72%) of the years of observation from 1889 to 2018, in the typhoon (Aug to
Nov) season in 23/128 (18%) of the years of observation, and in the March to May season in 12/
128 (10%) of the years of observation. This is also shown in Figure 5 and indicates that the rainy
monsoon season poses the largest daily ﬂooding risk.
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A wavelet analysis revealed that precipitation in Kumamoto ﬂuctuated from 1891 to 2018 with
2–4 years as periods, which may indicate a relationship to ENSO. It is likely that ENSO plays an
important role in annual precipitation in the periods of 1890–1900, 1920–1930, 1950–1960,
1970s, and 1990–2010, because annual precipitation in a given year becomes necessarily higher

•

or lower in phase with the ENSO.
The analysis also showed that typhoons hitting or approaching Kumamoto have signiﬁcantly
contributed to annual precipitation and annual maximum daily precipitation, while the interval
between typhoons affecting Kumamoto has been getting slightly longer since the 1970s.

INTRODUCTION
Hydrologic data such as annual precipitation, annual maxi-

Simulated climate change and associated future river

mum daily precipitation and others are required to plan

discharges in East Asia including the Kumamoto study

urban drainage in Japanese cities. Annual precipitation

region in Japan suggest either an increase in precipitation

needs to be taken into account in projects of water supply

and runoff (Arnell ; Nohara et al. ) or a decrease

and irrigation systems. Annual maximum daily precipitation

in mean annual ﬂow and annual ﬂood discharges (Arora

is an important parameter for ﬂooding risk management in

& Boer ). In Japan, future river discharges were pre-

Japan, because most Japanese rivers are short and steep,

dicted to rise due to increases in precipitation (Sato et al.

and therefore, have ﬂashy ﬂow regimes, especially in the

; Shrestha et al. ; Taniguchi ).

monsoon season and during typhoons.

Projected changes in precipitation and river discharge

The statistics of river ﬂows in Japan were previously con-

may be different depending on the scenarios assumed for

sidered to be stochastic and stationary in time, and public

the simulations and resolution of the model. In addition to

work projects of water resources and ﬂood control were

simulations, it is therefore advisable to analyze available cli-

based on probability density functions of precipitation

mate data for the projection of precipitation and river

and associated ﬂood discharges (see e.g. Chow et al. ;

discharges of the future. Higashino & Stefan () studied

Dingman ). However, annual precipitation, maximum

the ﬂood discharge in the Banjo River, Saiki in Kyushu,

daily precipitation, and other hydrologic parameters are

and found that annual maximum ﬂood discharge becomes

changing in response to global climate change (IPCC ).

substantially higher in phase with the El Nino-Southern

According to the IPCC (), global warming caused by

Oscillation (ENSO) in the Paciﬁc for the period from 1960

enhanced greenhouse effects in the atmosphere will have

to 2015. Similarly, connections between the temperature or

signiﬁcant impacts on the hydrological cycle. Therefore,

precipitation in the Black Sea and global atmospheric indi-

changes in mean stream discharges and maximum annual

ces, i.e. the North Sea Caspian Pattern, the Southern

ﬂoods have received much attention (see e.g. Vorosmarty

Oscillation Index, or the North Atlantic Oscillation, were

et al. ; Alcamo et al. ; Milly et al. ; Schroter

investigated using wavelet analysis (Partal & Sezen ).

et al. ). Effects of climate change on future precipitation

The following study focuses on Kumamoto on Kyushu

and river discharges have been simulated by general circula-

Island in the southwest of Japan. The climate in Kumamoto

tion models (GCMs) of the Earth’s atmosphere or regional

is characterized by strong winds and typhoons. Kumamoto

climate models coupled with hydrologic models under var-

city has experienced ﬂood disasters caused by very heavy

ious climate scenarios (see e.g. Palmer et al. ; Chen

rains in 1948, 1980, 1990, and 2012. Yet the water supply

et al. ; Xu et al. ; Zhang et al. ; Devkota &

for the city and for irrigation comes from groundwater.

Gyawali ; Tofiq & Guven ; Lu et al. ; Amin

The city is considering relying on surface water if ground-

et al. ; Reshmidevi et al. ).

water becomes depleted or polluted. For ﬂooding risk and

Downloaded from http://iwaponline.com/jwcc/article-pdf/12/3/833/893839/jwc0120833.pdf
by guest

835

M. Higashino & H. G. Stefan

|

Water resources and ﬂooding risk in Kumamoto based on observed data analysis

Journal of Water and Climate Change

|

12.3

|

2021

water resources assessments, it is necessary to understand

latitude has a population of about 740,000 (2018), and is

by how much annual precipitation, daily maximum precipi-

located approximately 40 km from Mt. Aso, an active vol-

tation, and other hydrologic parameters will vary in

cano which reaches an elevation of 1,592 m above sea

response to climate change in the future.

level. In Figure 1 the city of Kumamoto is roughly indicated

The purpose of this study is to investigate variability and

by a circle and the location of the JMA Kumamoto weather

change of precipitation for annual, daily, and hourly time-

station is shown by a square near the coast. The Shira River

scales. Observations and data collected in Kumamoto for

(74 km long), the Kikuchi River (71 km long), and the

the period from 1891 to 2018 by the Japan Meteorological

Midori River (74 km long) ﬂow through the central district

Agency (JMA) were available for analysis to specify what

of the city which is in the Kikuka basin created by volcanic

needs to be done for ﬂood risk and water resource manage-

activities. These rivers are short and steep, which is typical

ment in Kumamoto in the future.

for many rivers in Japan, and exhibit ﬂashy ﬂow regimes.
The residence time of the surface water runoff in these
rivers is on the order of 0.5–1 days. The surface area of

STUDY SITE AND AVAILABLE DATA

Kumamoto city is approximately 390 km2. Land use in the
city is mixed; about 22% of the city area is urban, 42% is

The site of this study is the city of Kumamoto on Kyushu

agricultural (mainly rice paddies), and 36% is a natural

Island, illustrated in Figure 1. Kumamoto city at 32.8 N

mountain region covered by forests.

Figure 1

|

Location of Kumamoto city on Kyushu Island in the southwest of Japan.
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METHODOLOGY

and precipitation, at many locations in Japan, and data are
readily available. Annual precipitation in Kumamoto from

Observed data of annual average air temperature, annual pre-

1891 to 2018 ranged from 861.7 mm in 1894 to 3,369 mm

cipitation, annual maximum daily precipitation, and annual

in 1993. The average for the 128-year period was

maximum hourly precipitation at each station from 1891 to

1,892 mm, and the standard deviation was 407 mm. Precipi-

2018 (128 years) were obtained from the JMA website

tation is mainly due to rainfall during the rainy season (June

(http://www.jma.go.jp/jma/index.html) and were analyzed.

and July) and typhoons. Precipitation during the rainy

Trends over the period (1891–2018) were determined by

season in June and July, in addition to rainfall induced by

linear regressions and are summarized in Table 2 for annual

monsoon in summer and early autumn (from June to Sep-

average air temperature, Table 3 for annual precipitation,

tember), ranged from 30% (1967) to 76% (2011) of annual

Table 4 for annual maximum daily precipitation, and

precipitation with an average of 55% for the period. The

Table 5 for annual maximum hourly precipitation. Observed

coefﬁcient of determination between annual precipitation

data of annual maximum hourly precipitation are available

2

and precipitation from June to September is R ¼ 0.85.

from 1891 to 2018 at only Kumamoto station. The avail-

This indicates that rainfall during the rainy and monsoon

ability of data is different at each station as shown in

seasons

Table 5. The signiﬁcance of trends in the data was examined

contributes a large portion

of the annual

by the Mann–Kendall test. Both ‘ZMK’ and ‘p’ values were

precipitation.
There are a few gauging stations including Kumamoto in

calculated to characterize trends and statistical signiﬁcance.

the whole catchment shown in Figure 1. Records of precipitation at these stations are needed in order to analyze the
trend in rainfall in the catchment. However, data of
annual precipitation, maximum daily (24 h) precipitation,
and maximum hourly precipitation are readily available at
only Kumamoto station for the long term (more than a century), i.e. the 128-year period (1891–2018). Thus, this study
considers that rainfall data at Kumamoto station can be
representative of the catchment although it may be an overestimation. Weather data recorded at Fukuoka, Saga, Oita,
Nagasaki, Miyazaki, and Kagoshima stations were also

Table 2

|

Annual air temperature (1891–2018)

No.

Site

Trend ( C/decade)

ZMK

p-value

1

Kumamoto

0.164

9.62

<0.01

2

Fukuoka

0.242

11.9

<0.01

3

Saga

0.139

9.12

<0.01

4

Oita

0.160

8.88

<0.01

5

Nagasaki

0.181

9.98

<0.01

6

Miyazaki

0.109

7.96

<0.01

7

Kagoshima

0.200

10.4

<0.01

used for comparison. The location of these sites is given in
Figure 1. As summarized in Table 1, these stations are in

Table 3

|

Annual precipitation (1891–2018)

plains, whereas only Kumamoto station is in the basin.

Table 1

|

Study sites

No.

Site

1

Trend (mm/decade)

ZMK

p-value

Kumamoto

26.2

2.81

<0.01

Wet season
(June–September)

25.3

2.99

<0.01

0.907

0.593

0.553

No.

Site

Latitude

Longitude

Site class

1

Kumamoto

32.81

130.71

Basin

Dry season
(October–May)

2

Fukuoka

33.58

130.38

Plain

2

Fukuoka

9.41

1.09

0.275

3

Saga

33.27

130.31

Plain

3

Saga

17.5

2.30

0.0215

4

Oita

33.24

131.62

Plain

4

Oita

10.8

0.935

0.350

5

Nagasaki

32.73

129.87

Plain

5

Nagasaki

0.649

0.117

0.907

6

Miyazaki

31.94

131.41

Plain

6

Miyazaki

7.14

0.470

0.639

7

Kagoshima

31.56

130.55

Plain

7

Kagoshima

21.4

1.66

0.0969
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transforms can be in the form of time–frequency represen-

Annual maximum daily precipitation (1891–2018)

No.

Site

Trend (mm/day/decade)

ZMK

p-value

1

Kumamoto

6.07

4.08

<0.01

2

Fukuoka

1.63

1.92

0.0552

3

Saga

2.24

1.67

0.0956

4

Oita

1.24

0.927

0.354

5

Nagasaki

1.19

0.873

0.382

6

Miyazaki

0.688

0.521

0.602

7

Kagoshima

2.37

2.22

0.0261

tation for time series and have been used to investigate
monthly precipitation in Matsuyama, Japan (Santos et al.
),

monthly

precipitation

in

southeast

Tunisia

(Jemai et al. ), annual precipitation in Bangladesh
(Rahman et al. ), precipitation ﬂuctuation in Iran
(Roushangar et al. ), and rainfall time series in the mountainous basin of Urmia Lake (Farboudfam et al. ), and to
capture the peak value of rainfall (Farajzadeh & Alizadeh
). The multiresolution-based discrete wavelet transforms
of the time series x(t) can be expressed as follows:

Table 5

No.

|

Annual maximum hourly precipitation

Site

Trend (mm/h/decade)

p-value

ZMK

Data period

(j)
dk

∞
ð

¼2

Ψ(2j x  k)x(t)dt

j

(3)

∞

1

Kumamoto

2.17

5.89

<0.01

1891–2018

2

Fukuoka

1.27

3.68

<0.01

1896–2018

3

Saga

0.905

1.72

0.0856

1936–2018

in which dk is the wavelet coefﬁcient and Ψ is the wavelet

4

Oita

0.941

1.33

0.182

1937–2018

function. The decomposition of the time series for the

5

Nagasaki

1.13

2.59

<0.01

1897–2018

128-year period obtained by Equation (3) is shown in

6

Miyazaki

0.569

1.23

0.218

1925–2018

Figures 9–11 for annual precipitation, maximum daily

7

Kagoshima

1.11

2.79

<0.01

1910–2018

precipitation, and maximum hourly precipitation. In

(j)

Equations (3) and (4), j denotes the level, i.e. levels 1, 2, 3,
‘ZMK’ given by Equation (1) is the standardized Mann–

and 4 describe the components whose periods are 2, 4, 8,

Kendall statistic which follows the standard normal distri-

and 16 years. The time series x(t) can also be reconstructed

bution with a mean of 0 and a variance of 1, and ‘p’ is the

from the wavelet coefﬁcients dk by the equation.

(j)

probability value of the Mann–Kendall statistic describing
x(t) ∼

the statistical signiﬁcance (%).

XX
j

S  sgn(S)
ZMK ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N(N  1)(2N þ 5)=18

(j)

dk Ψ(2j  k)

(4)

k

(1)

RESULTS
in which N is the sample size. In Equation (1), the statistic S
expresses the difference between the number of concordant

Statistical analysis

pairs and the number of discordant pairs, calculated using
As summarized in Table 2, calculated trends in annual aver-

the sign function sgn(.) as:

age air temperature, over 128 years (1891–2018) at each
S¼

N1
X

N
X

station ranged from 0.109  C/decade at Miyazaki to
sgn(Xj  Xi )

(2)

i¼1 j¼iþ1

0.242  C/decade at Fukuoka. The warming trends in
Table 2 are statistically meaningful at the 1% level because
p-values for trends at all sites are less than 0.01.

To identify the periodic components in annual precipi-

Figure 2 illustrates annual precipitation in Kumamoto

hourly

from 1891 to 2018. Annual precipitation ﬂuctuates over

precipitation in Kumamoto from 1891 to 2018, the Daube-

the period with a standard deviation of 407 mm. The

chies 6 tap wavelet (Daubechies ) was used. Wavelet

linear regression line ﬁtted to the data in Figure 2 indicates

tation,

and

annual

maximum

daily
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Annual wet season (June–September) precipitation in Kumamoto from 1891 to
2018.

an increasing trend of 26.2 mm/decade which is 0.14% per
year of the average of 1,892 mm for the period. The signiﬁcances of trends were investigated by the Mann–Kendall
test and are summarized in Table 3. The trend shown in
Figure 2 is statistically meaningful at the 1% level, i.e. p <
0.01. Whereas trends in annual precipitation at the other
stations are non-statistically signiﬁcant, i.e. p > 0.01.
Rainfall during the rainy season (June and July) contributes signiﬁcantly to the annual precipitation in Kumamoto.
Rainy season precipitation is 12–59% of annual precipitation (average ¼ 37%), and both have a strong correlation,

Figure 5

i.e. R 2 ¼ 0.66 as shown in Figure 3. Kyushu (Figure 1) includ-

|

Annual dry season (October–May) precipitation in Kumamoto from 1891 to
2018.

ing Kumamoto is likely to have two seasons, i.e. wet
monsoon season (June–September) and dry season (October–May). Precipitation during wet and dry seasons in

Kumamoto from 1891 to 2018 is illustrated in Figures 4
and 5, respectively. Precipitation ﬂuctuates over the period
with a standard deviation of 354 mm for the wet season
and of 158 mm for the dry season. As shown in Table 3, precipitation in the wet season has a strong trend of 25.3 mm/
decade, which is statistically meaningful at the 1% level,
whereas the trend for the dry season is quite weak, which
is non-statistically signiﬁcant, and thus, can be negligible.
This suggests that the increasing trend in annual precipitation in Kumamoto can be induced by an increase in
precipitation in the wet season.
Annual maximum daily precipitation occurs in 24 h precipitation of a year and is plotted in Figure 6 from 1891 to
2018 for Kumamoto. By comparison with Figure 2, annual
maximum daily precipitation has a strong increasing trend,
i.e.

6.07 mm/day/decade

(0.35%

of

the

average

of

172 mm/day for the period per year), which is statistically
signiﬁcant at the 1% level, i.e. p < 0.01% (see Table 4).
Figure 3

|

Comparison of annual precipitation with rainy season (June and July) precipitation in Kumamoto from 1891 to 2018.
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typhoons have an important role in the water budget of
the region, and that the interval between maximum daily
precipitation events due to typhoons is becoming longer.
This may be related to global warming.
Both maximum daily and hourly precipitation can be
good descriptors of ﬂood risk in the watershed. Maximum
hourly precipitation in Kumamoto from 1891 to 2018
plotted in Figure 8 shows a very strong increasing trend, i.e.
2.17 mm/h/decade, which is 0.48% of the average of
45.0 mm/h for the period per year. The trend is statistically
Figure 6

|

Annual maximum daily precipitation in Kumamoto from 1891 to 2018.

meaningful at the 1% level (see Table 5). In 50 (39%) of the
128 years, both annual maximum daily and hourly precipi-

That is similar to the trends in annual precipitation as sum-

tation occurred on the same day. Similarly, increasing

marized in Table 3. Change in precipitation from 1891 to

trends in Fukuoka, Nagasaki, and Kagoshima are statistically

2018 at all study sites can hardly be attributed solely to air

meaningful at the 1% level, whereas, in Saga, Oita, and

temperature rises in Table 3 because of the almost zero

Miyazaki, those are non-statistically signiﬁcant. The trend in

correlation between annual average air temperature and

annual maximum hourly precipitation in Kumamoto is

annual precipitation, annual maximum daily precipitation,

much stronger than that in the other cities in Kyushu.

2

and annual maximum hourly precipitation, i.e. R ¼ 0.01,

This may be due to topographical characteristics, i.e. the

0.01, and 0.12, respectively.

Kumamoto station is located in the basin, whereas the other

As shown in Figure 7, maximum daily precipitation can

stations are in plains. Since Kumamoto city is surrounded by

be induced by either a very heavy rain in the rainy season, or

mountains (Figure 1), cumulonimbus clouds develop easily

a typhoon approaching Kumamoto, or even by strong pre-

when the monsoon comes from the west in the wet season.

cipitation occurring from March to May. Since most of the
typhoons hit or approached Kumamoto from August to

Analysis of periodic components in the data

November, this study considers the typhoon season as
(j)

August to November. As shown in Figure 7, causes of maxi-

The square of the wavelet coefﬁcient, i.e. jdk j2 , is the wave-

mum daily precipitation in Kumamoto from 1891 to 2018

let spectrum and is illustrated in Figures 9–11 for annual

were typhoons 23/128 (18%), the rainy season 92/128

precipitation, maximum daily precipitation, and maximum

(72%), and others 12/128 (10%). This indicates that the

hourly precipitation, respectively.

rainy season has the strongest relationship to the annual

The spectrum densities of the components whose

maximum daily precipitation, and hence, ﬂood risk and

periods are 2 or 4 years become sufﬁciently large once

water resources in Kumamoto. It was also found that

Figure 7

|

Seasonal occurrence of maximum daily precipitation in Kumamoto from 1891
to 2018.
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whose periods are 2 and 4 years have become signiﬁcantly
stronger since the 1920s. This is consistent with annual maximum daily precipitation ﬂuctuations which have become
larger since the 1920s (Figure 6), indicating that annual maximum daily precipitation has ﬂuctuated in response to ENSO
and/or typhoons since the 1920s. Annual maximum hourly
precipitation has ﬂuctuated and increased considerably
after 1960 (see Figure 8) in accordance with spectrum denFigure 9

|

Wavelet spectrum of annual precipitation in Kumamoto from 1891 to 2018.

sities whose periods are 2 or 4 years (Figure 11), which can
be due to ENSO. It was reported that air temperature rises
have accelerated in Japan since the 1980s (Higashino &
Stefan ). This suggests that the effects of ENSO on
annual maximum hourly precipitation become more signiﬁcant as the air temperature increases. An increase in annual
maximum hourly precipitation (Figure 11) may be caused
by the synergistic effects of air temperature rises, ENSO,
and topographical characteristics.

Figure 10

|

Wavelet spectrum of annual maximum daily precipitation in Kumamoto from
1891 to 2018.

DISCUSSION
The sea surface temperature anomalies in the Nino 3 (Nino 3
SST index) region (4N–4S, 150 W–90 W) are an indicator of
ENSO, readily available at the NOAA database (https://esrl.
noaa.gov/psd/gcos_wgsp/Timeseries/Nino3/),

and

illus-

trated in Figure 12 for the 128-year period (1891–2018).
Considering that ENSO is present when the sea surface temperature anomaly is higher than 1 C (El Nino), and lower than
1 C (La Nina), ENSO occurrence is summarized in
Figure 13 from 1891 to 2018 by vertical straight lines of variFigure 11

|

Wavelet spectrum of annual maximum hourly precipitation in Kumamoto

able spacing. Annual precipitations in Kumamoto for the

from 1891 to 2018.

every several years for annual precipitation. The periodic
components whose periods are 2 or 4 years may be related
to the ENSO. It is known that air temperature is lower
and rainfall increases during summer compared with the
ordinary year due to a weakening Paciﬁc anticyclone
when El Nino is present in western Japan. One can consider
that rainfall increases considerably just before, after, or
when El Nino is present. Results shown in Figure 9 are consistent with Figure 2. The wavelet spectrum for annual
maximum daily precipitation shows that the components
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Figure 12

|

Nino 3 region (4N–4S, 150 W–90 W) sea surface temperature anomalies from
1891 to 2018.
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evaluate the effects of ENSO on climate in Japan (Iizuka
et al. ). Simulated results by GCMs suggested that precipitation in Japan has a period of about 4 years, which
can be related to ENSO (Kawamura et al. ).
The periodic components whose periods are 8 and 16
years were found to play an important role in both annual
precipitation and annual maximum daily precipitation.
The period of 8 or 16 years can be the frequency of big
Figure 13

|

Annual precipitation on Kumamoto from 1891 to 2018, and years of ENSO
occurrence.

typhoons hitting or approaching Kumamoto. Figure 15 illustrates typhoons causing the maximum daily precipitation in a
given year in Kumamoto from 1891 to 2018, and their inter-

period (1891–2018) are also shown by black squares in the

val. The interval was 8–9 years around 1900 and 1930s,

ﬁgure. Annual precipitation anomaly can be deﬁned when

which can be corresponding to the periodic component

annual precipitation is more than μ þ σ ¼ 2,299 mm and

whose period is 8 years in the wavelet spectrum of annual

less than μ  σ ¼ 1,485 mm (where μ is the average for the

precipitation shown in Figure 9. The interval has become

128-year period ¼ 1,892 mm, and σ is the standard deviation

longer since the 1970s, i.e. 10–14 years, which can be related

¼ 407 mm). As shown in the ﬁgure, precipitation in a given

to the periodic components whose periods are 8 and 16 years

year may become necessarily higher or lower in phase with

(Figure 9). This suggests that the effects of typhoons on pre-

the ENSO, especially around the 1890s, 1900s, 1920s,

cipitation in the region become more signiﬁcant, and its

1940s, 1960–1970, and after 1990. Figure 14 illustrates the

interval gets longer as the air temperatures rise. Recent simu-

cumulative annual precipitation anomalies in response to

lated results by GCMs (e.g. Sugi et al. ; Oouchi et al.

the ENSO in Kumamoto from 1891 to 2018. It is likely

) hinted that typhoon becomes larger and the number

that the ENSO plays an important role in annual precipi-

of typhoons each year decreases as the global warming pro-

tation in the periods of 1890–1900, 1920–1930, 1950–1960,

gresses. Although the air temperature has risen (Higashino

1970s, and 1990–2010.

& Stefan ), signiﬁcant change in size and strength of

The results are consistent with the ﬁnding that the

typhoon has not been observed for the 128-year period

ENSO exerts a signiﬁcant effect on the periodicity of pre-

around Japan (Japan Meteorological Agency ). However,

cipitation in Japan. For instance, Kawamura et al. ()

it is likely that typhoons move more slowly near Kyushu (the

analyzed the monthly precipitation data in Fukuoka,

duration of rainfall becomes longer) as the air temperature

which is about 100 km away from Kumamoto for the

rises. The wavelet spectrum obtained in Figure 10 is consist-

period from 1890 to 1999, and found that precipitation ﬂuc-

ent with Figure 6 (interval of typhoons) and signiﬁcance of

tuates with 4 years as one period. Also, a GCM was used to

typhoons to precipitation in the region.

Figure 14

|

Cumulative of annual precipitation anomalies in response to ENSO in
Kumamoto from 1891 to 2018.
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Figure 15

|

Occurrence of maximum daily precipitation due to typhoon in Kumamoto and
its interval from 1891 to 2018.
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Kagoshima, whereas Saga, Oita, and Miyazaki are not.
This strong trend in Kumamoto may be attributed to

(1) Annual precipitation, annual maximum daily precipitation, and annual maximum hourly precipitation in

the synergistic effects of air temperature rises, ENSO,
and topographical characteristics.

Kumamoto, on Kyushu Island in southwestern Japan,

(7) The analysis also showed that typhoons hitting or

have increased over the period from 1891 to 2018 (128

approaching Kumamoto have signiﬁcantly contributed

years). Trends are 26.2 mm per decade, 6.07 mm/day

to annual precipitation and annual maximum daily

per decade, and 2.17 mm/h/decade, respectively. All

precipitation, while the interval between typhoons

three trends are statistically signiﬁcant at the 1% level.

affecting Kumamoto has been getting longer slightly

(2) Increasing trends in annual precipitation and annual

since the 1970s.

maximum daily precipitation from 1891 to 2018 are statistically meaningful at the 1% level only in Kumamoto
and are non-statistically signiﬁcant in Fukuoka, Saga,
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