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Abstract
Based on daily precipitation records in the Sichuan province, spatiotemporal changes in extreme precipitation from 1961 to 2017
and the relation to ocean-atmospheric climate were investigated. The trends and their statistical significance were computed with
the nonparametric Sen’s and Mann–Kendall tests. The characteristics of mutation and period were investigated with heuristic
segmentation and continuous wavelet transform. The relations between extreme precipitation and ocean-atmospheric climate
were diagnosed by cross-wavelet analysis. The results comprised three aspects. (1) The intensity, frequency, and duration of
extreme precipitation increased in the Sichuan plateau, while the intensity and frequency of extreme precipitation decreased, but
the duration of extreme precipitation did not change in the Sichuan basin. The contrary trends of extreme precipitation indices
may have been influenced by the complex local geography, dramatically increased human activity, and source transportation of
water vapor. (2) Temporally, the trends in extreme precipitation indices constituted slight changes in the Sichuan province. The
Sichuan province experienced notable climate change because abrupt change points were observed for most of the extreme
precipitation indices. Extreme precipitation was a fluctuation process from 1961 to 2017. (3) Because there was a decrease in
precipitation during the warm phase periods of El Niño events and an increase during the cool phase periods of La Niña events in
the Sichuan province, we show that the El Niño-Southern Oscillation (ENSO) has longer and stronger relations with extreme
precipitation than the South Asian Summer Monsoon (SASM) or East Asian Summer Monsoon (EASM). The results of the
present study will facilitate better decisions concerning preparedness for extreme precipitation events and management of water
hazards in the Sichuan province.

1 Introduction

Extreme precipitations refer to an anomalous precipitation
variable, which is lower than (or higher than) a threshold near
the interval lower limit (or interval upper limit) of the variable
precipitation observations (Alexander et al. 2006; Ma et al.
2013; Zhang et al. 2014b; Bi et al. 2017; Gao et al. 2018).
An extreme precipitation event is an event that greatly impacts
human society, such as a flash flood, drought, glacial lake

outburst flood (GLOF), debris flow, rock falls, or landslides.
In recent years, many extreme precipitation events have oc-
curred in China and have caused serious loss of human life
and property. For example, a heavy rainstorm occurred in
Tongren in the Guizhou province with a maximum 24-h rain-
fall of approximately 293.8 mm, which caused a loss of 0.14
billion RMB (Kong et al. 2017). A flash flood also killed
hundreds of people in northern China on July 18–20, 2016.
In addition, a rapid landslide affected the village of Xinmo in
Maoxian County on June 24, 2017, which resulted in ten
deaths and 73 missing persons under circulation of extreme
precipitation (Fan et al. 2017; Yin et al. 2017). Therefore,
many researches have focused on the investigation of increas-
ing extreme precipitation events (She et al. 2013; Deng et al.
2018; Gao et al. 2018; Zhang et al. 2018; Zhao et al. 2018;
Huang et al. 2018). To understand the changes in extreme
precipitation, many researchers have examined the character-
istics of extreme precipitation indices, and extreme precipita-
tion exhibits apparent regional characteristics in China (Xu
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et al. 2011; Bi et al. 2017; Sun and Zhang 2017; Shi et al.
2018a), which are similar to those of worldwide extreme pre-
cipitation (Kenawy et al. 2011; Bezerra et al. 2018; Li et al.
2018; Iwona et al. 2018; Sedlmeier et al. 2018).
Spatiotemporal variations of extreme precipitation indices
have also been studied in different regions of China (Wang
et al. 2013; Zhang et al. 2014a; Sun et al. 2016; Sigdel andMa
2017). Total precipitation exhibits a good relationship with
most extreme precipitation indices, and less than 10% of re-
gional indices of extreme precipitation have significantly pos-
itive or negative trends in regions of China (Li et al. 2012a;
Zhang et al. 2014b, 2015; Shi et al. 2018a).

The Sichuan province is a suitable region to comparatively
analyze variations in extreme precipitation indices between
higher altitudes and lower altitudes because of its unique ter-
rain (Fig. 1). Several authors have investigated spatiotemporal
variations of extreme precipitation in the Sichuan province
(Hu et al. 2009; Bai et al. 2011). Annual precipitation signif-
icantly decreased in the western Sichuan basin but changed
slightly in the eastern Sichuan basin (Bai et al. 2011). Hu et al.
(2009) notes increasing trends were observed in the northwest
Sichuan plateau and southwest Sichuan plateau, whereas de-
creasing trends were observed in the Sichuan basin. The

extreme precipitation of the southwest Sichuan plateau has a
significantly increasing trend and a particularly dramatic in-
crease occurred in the beginning of the 1980s. The trends of
the Sichuan basin and the northwest Sichuan plateau are de-
creasing, but not significantly (Zhang and Ma 2011). Normal
drought was observed in the western Sichuan basin, whereas
normal increasing drought was observed in the southern
Sichuan basin. Precipitation changed abnormally in the central
basin, which exhibited both increased drought and precipita-
tion intensity, irrespective of the total precipitation (Zhou and
Lei 2018). However, multiple indices of extreme precipitation
were not utilized in previous studies. Moreover, some key
indices have not been discussed in the context of the
Sichuan province. Differences in the climatic variability of
the Sichuan province have not been fully explored, and the
sensitivity of the Sichuan province to climate change cannot
be accurately determined without such work. Therefore, in
the present study, changes in extreme precipitation are
determined using multiple indices of extreme precipitation
and the relation to ocean-atmospheric climates is ana-
lyzed. The results of this study will guide decisions
concerning the management of regional water resources
and the prevention of water hazards.

Fig. 1 Sichuan province
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2 Study area, data, and methodology

2.1 Study area

The Sichuan province is located between the Tibet plateau
and the Central China plain. The area of Sichuan province
is 56.76 × 104 km2 and its local terrains are unique. The
east of the Sichuan province is a basin named the Sichuan
basin (elevation from 300 to 700 m), which belongs to the
second step of China’s terrain. The west of the Sichuan
province is characterized by mountain plateaus containing
the northwest Sichuan plateau (elevation of ridges from
4000 to 5000 m) and the southwest Sichuan plateau (ele-
vation of ridges from 3500 to 4000 m), both in the first
step of China’s terrain. The boundaries around the north-
west Sichuan plateau, southwest Sichuan plateau, and
Sichuan basin are the Longmenshan and Daliangshan
mountains (Fig. 1).

2.2 Data

Daily precipitation data from 1961 to 2017 from 37 meteoro-
logical stations were selected to observe the changes in ex-
treme precipitation in the Sichuan province and its subregions,
i.e., the northwest Sichuan plateau, southwest Sichuan pla-
teau, and Sichuan basin. The basic information and spatial
distribution of the selected stations are shown in Fig. 1 and
Table 1, respectively. The daily precipitation data were
downloaded from the China Meteorological Administration
(CMA) for 1961–2017.

The data quality control procedures are comprised of
two parts. First, from March 2011 to June 2012, basic
quality control for all national meteorological stations
were completed by the CMA. The missing data of each
station are shown in Table 1. Fifty-four percent of stations
have a complete series of daily precipitation data. Thirty-
two percent of stations have missing data between 1 and
30 days only which is acceptable for analysis and inter-
pretation. The missing data of 15% stations are more than
a month, and Litang is the only station which shows the
missing data of 384 days. Stations with missing data se-
ries were interpolated with daily grid precipitation data of
0.5° × 0.5° in China, and the interpolation series passed
the homogenization test by the RHtest V4. RClimdex
V1 software was used to identify erroneous precipitation
data and potential outliers during the first run, e.g., pre-
cipitation values below 0 mm. In this study, those outliers
were manually validated, removed, or corrected. Then,
combining the station metadata of the Sichuan province
and the Penalized Maximal F test (PMF), RHtest V4 soft-
ware was utilized to observe the multiple change points in
the daily precipitation data series of all stations. The re-
sults reveal that not all stations have change points, except

for Xuyong, Yanyuan, and Shiqu stations. The change
points occurred in April 2015, August 2002, and
September 2016, respectively, at the three stations. After
checking the metadata of these stations, no relocations or
undated instruments occurred in that period, and the three
stations do not have true change points. Therefore, all
stations passed the homogeneity tests. The principles of
RClimdex V1 software and RHtest V4 software have been
discussed in detail in one study by Wang (2008a, b).

The World Meteorological Organization recommends the
11 extreme precipitation indices shown in Table 2 (Karl et al.
1999). The indices of extreme precipitation are divided into
two categories, precipitation day indices and precipitation in-
dices. The duration of extreme precipitation is represented by
CDD, CWD, R10, R20, and R25. The intensity of extreme
precipitation is represented by RX1day, RX5day, and SDII.
The frequency of extreme precipitation is represented by R95,
R99, and PRCPTOT.

2.3 Methodology

The trends of extreme precipitation indices were investi-
gated in Sichuan province, whereas trend differences were
compared among the northwest Sichuan plateau, the
southwest Sichuan plateau, and the Sichuan basin. In ad-
dition, the mutation characteristic and periodic character-
istic were delineated. We also elucidated the relation be-
tween the ocean-atmospheric climate indices and the ex-
treme precipitation indices. The methods for analyzing
indices are comprised of four parts. First, the indices of
extreme precipitation were calculated by RClimDex soft-
ware. Second, the indices trends were computed by
MAKESENS software using the nonparametric Sen’s
method (Salmi et al. 2002). The statistically significant
of trends at the 5% level was checked by the Mann–
Kendall test. Origin 2015 and ArcGIS 10.1 software were
used to illustrate the temporal and spatial variations of
indices trends, respectively. Third, cross-wavelet analysis
and the Mann–Kendall test were employed to determine
the periodic and mutation characteristics of extreme pre-
cipitation. Fourth, relations between the indices of ocean-
atmospheric climate and the extreme precipitation indices
were investigated by cross-wavelet analysis and Pearson’s
correlation.

2.3.1 Sen’s method

If a trend can be assumed to be linear, Sen’s method can be
utilized to compute the trend slope (Gilbert 1988). The equa-
tion of Sen’s method is shown in Eq. (1):

f tð Þ ¼ Qt þ B ð1Þ
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Where Q is the slope of extreme precipitation indices, B is the
constant of extreme precipitation indices, f(t) is the continu-
ously monotonic function of time, and t is the daily precipita-
tion data series from 1961 to 2017.

2.3.2 Mann–Kendall test

For the Mann–Kendall test, it is not essential that the data
series obey distributions, and this test is not constrained by a
few abnormal anomalies (Jaagus 2006). Therefore, we utilized

this method to compute the significance of trends in extreme
precipitation indices.

2.3.3 Heuristic segmentation method

This method was introduced to determine the mutation char-
acteristics of extreme precipitation (Bernaolagalván et al.
2001; Liu and Xu 2016). The difference in statistical signifi-
cance T(i) was calculated by Eq. (2). The largest difference in
statistical significance Tcan be obtained in a data series, which

Table 1 Stations in Sichuan province

Region Station name WMO number East longitude North longitude Elevation (m) Missing data

Sichuan basin Wenjiang 56,187 103.52 30.45 547.7 None

Dujiangyan 56,188 103.4 31 698.5 None

Emeishan 56,385 103.2 29.31 3047.4 None

Leshan 56,386 103.45 29.34 424.2 None

Yibin 56,492 104.36 28.48 340.8 2 days

Guangyuan 57,206 105.51 32.26 513.8 66 days

Wanyuan 57,237 108.02 32.04 674 1 day

Langzhong 57,306 105.58 31.35 382.6 None

Bazhong 57,313 106.46 31.52 417.7 1 day

Nanbu 57,314 106.04 31.21 405.7 None

Daxian 57,328 107.3 31.12 344.9 124 days

Suining 57,405 105.33 30.3 355 1 day

Gaoping 57,411 106.06 30.47 309.7 None

Xuyong 57,608 105.26 28.1 377.5 None

Northwest Sichuan plateau Shiqu 56,038 98.06 32.59 4200 1 day

Ruoergai 56,079 102.58 33.35 3441.4 1 day

Dege 56,144 98.35 31.48 3184 1 day

Ganzi 56,146 100 31.37 3393.5 None

Seda 56,152 100.2 32.17 3893.9 2 day

Daofu 56,167 101.07 30.59 2957.2 None

Maerkang 56,172 102.14 31.54 2664.4 1 day

Hongyuan 56,173 102.33 32.48 3491.6 None

Xiaojin 56,178 102.21 31 2438 None

Songpan 56,182 103.36 32.4 2850.7 None

Batang 56,247 99.06 30 2589.2 245 days

Xinlong 56,251 100.19 30.56 3000 None

Litang 56,257 100.16 30 3948.9 384 days

Daocheng 56,357 100.18 29.03 3727.7 31 days

Kangding 56,374 101.58 30.03 2615.7 8 days

Jiulong 56,462 101.3 29 2925 None

Southwest Sichuan plateau Muli 56,459 101.16 27.56 2426.5 None

Yuexi 56,475 102.31 28.39 1659.5 None

Zhaojue 56,479 102.51 28 2132.4 None

Leibo 56,485 103.35 28.16 1255.8 None

Yanyuan 56,565 101.31 27.26 2545 2 days

Xichang 56,571 102.16 27.54 1590.9 1 day

Huili 56,671 102.15 26.39 1787.3 None
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can represent the change point. We used Eq. (3) to compute
the statistical significance P(tmax) corresponding to T. If the
statistical significance is lower than the threshold of 0.95, then
the signal will not be divided into two parts; otherwise, the
series should be divided into two subsequences at that point.
The iteration procedure continues recursively for each of the
two subsequences until P(tmax) < 0.95 or the segment length
l0 is less than 30.

T ið Þ ¼ j x1−x2
s ið Þ j ð2Þ

s ið Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n1−1ð Þ � s1 þ n2−1ð Þ � s2
n1 þ n2−2

� 1

n1
þ 1

n2

� �

s

ð3Þ

P tmaxð Þ≈ 1−I v= vþT2maxð Þ½ � δv; δð Þ
h iη

ð4Þ

where T(i) is the difference in statistical significance, x1 and x2
represent the left and right mean values, respectively, s1 and s2
represent the left and right standard deviations, respectively,
s(i) is the pooled variance, n1 and n2 are the length of the two
side parts in a time series, P(tmax) is the statistical significance,
I v= vþT2maxð Þ½ � δv; δð Þ is the incomplete beta function, η is equal
to 4.19 × ln(N)−11.54 based on the simulation of Monte
Carlo, v is equal to n-2, and δ is equal to 0.4.

2.3.4 Cross-wavelet analysis

Compared with Fourier transform, the cross-wavelet analysis
is more suitable to delineate the cross spectrum and oscilla-
tions of two-time series (Huang et al. 2015). Cross-wavelet
analysis contains the continuous-wavelet transform (CWT)
and the cross-wavelet transform (XWT) (Jevrejeva et al.
2003; Grinsted et al. 2004). The relations between indices of
extreme precipitation and the ocean-atmospheric climate indi-
ces were analyzed using the XWT. In addition, the periodic
characteristics of extreme precipitation were calculated by the
XWT embedded in the CWT program.

The ocean-atmospheric climate indices contain the South
Asian Summer Monsoon Index (SASMI), the East Asian
Summer Monsoon Index (EASMI) and the Multivariate
ENSO Index (MEI). The EASMI and SASMI were obtained
from the Li Jianping research group, and the MEI was obtain-
ed from the Nat ional Oceanic and Atmospher ic
Administration of the USA (Wolter and Timlin 2011).

3 Results

3.1 Spatial change characteristics of extreme
precipitation indices

The duration of extreme precipitation indices increased in the
Sichuan plateau, whereas the indices’ duration remained sta-
tionary in the Sichuan basin. Moreover, the intensity and fre-
quency of extreme precipitation indices decreased in the
Sichuan basin and increased in the Sichuan plateau.

3.1.1 Precipitation days indices

The trends were slightly decreasing in the middle of the
Sichuan basin, whereas slightly increasing trends and station-
ary trends are observed in the southwest Sichuan plateau and
northwest Sichuan plateau, respectively. This demonstrates
that the duration of extreme precipitation indices will possibly
decrease in the middle of the Sichuan basin. The 48.6% of
precipitation day indices exhibited stationary trends, including
CWD, R20, and R25. This suggests that the duration of ex-
treme precipitation will not change. Moreover, the ratio of
statistically significant trends in the precipitation day indices
was 6%, which indicates that the changes in precipitation day
indices were obvious in the Sichuan province (Fig 2).

The CDD had slightly increasing trends which cover a
large part of the Sichuan province. Ten stations located in
the outermost area of the northwest Sichuan plateau exhibited

Table 2 Descriptions of extreme
precipitation indices
recommended by the World
Meteorological Organization

Category Indices Unit Full name

Precipitation days indices CDD d Consecutive dry days

CWD Consecutive wet days

R10 Heavy precipitation days

R20 Very heavy precipitation days

R25 Extremely heavy precipitation days

Precipitation indices RX1day mm Highest precipitation amount of maximum 1 day

RX5day Highest precipitation amount of maximum 5 days

R95 Precipitation on very wet days

R99 Precipitation on extremely wet days

PRCPTOT Annual total wet day precipitation

SDII mm/d Simple daily intensity index
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slightly decreasing trends. Four stations located in the middle
of Sichuan province had stationary trends. The increasing
trends ranged from 0.3 to 3.33 d/10a and the decreasing trends
ranged from − 0.22 to − 4.29 d/10a. Two stations, Emeishan
station and Shiqu station, exhibited statistically significant
trends of 1.21 and − 4.29 d/10a, respectively. These results
show that the occurrence of drought will increase in this
region.

For CWD, the spatial distributions of trends were irregular.
Twenty-two stations had stationary trends in the Sichuan prov-
ince, five stations had slightly increasing trends from 0.27 to
1.37 d/10a, and ten stations exhibited slightly decreasing
trends from − 0.2 to − 0.69 d/10a in the Sichuan plateau.
Decreasing trends were observed in 16% of stations, from
0.24 to 0.69 d/10a. These results suggest that consecutive
wet days will not change in a large part of the Sichuan
province.

For R10, R20, and R25, the western Sichuan basin exhib-
ited slightly decreasing trends, and the trends in R10 were
mostly statistically significant. Consequently, the duration of
R10, R20, and R25 will decrease in this region.

For R10, the trends in the southwest Sichuan plateau are
stationary. Large parts of the northwest Sichuan plateau
showed slightly increasing trends. Three stations showed in-
creasing trends from 0.95 to 1.14 d/10a. Moreover, large parts
of the Sichuan basin exhibited negative slopes. Four stations
showed decreasing trends from − 0.91 to − 1.43 d/10a.

For R20 and R25, 67% of stations are stationary in large
parts of the Sichuan province, except for the middle of the
Sichuan basin. In case of R20, seven stations exhibited

slightly decreasing trends. Seven stations showed slightly in-
creasing trends. For R25, six stations exhibit slightly increas-
ing trends Four stations showed slightly decreasing trends,
including Yibin station with a trend of − 0.64 d/10a.

3.1.2 Precipitation indices

Considering the precipitation indices, the Sichuan basin ex-
hibits slightly decreasing trends, as shown in Fig. 3. The
northwest Sichuan plateau showed obviously increasing
trends, except for R99. The southwest Sichuan plateau exhib-
ited both increasing trends and decreasing trends, except for
R99. Statistically significant trends of indices were observed
in 11% of stations.

The results of RX1day, RX5day, and SDII suggest that the
intensity of extreme precipitation decreased in the middle
Sichuan basin and a large part of the southwest plateau,
whereas extreme precipitation increased in the west and north-
east Sichuan province. The extreme precipitation indices (R95
and PRCPTOT) results reveal that the frequency of extreme
precipitation decreased in the Sichuan basin, whereas the fre-
quency of extreme precipitation increased in the Sichuan
plateau.

For RX1day, the west and northeast Sichuan province (24
stations) exhibited increasing trends of 0.05–5.03mm/10a and
other regions of the Sichuan province (22 stations) showed
decreasing trends, except for Wenjiang station. Four stations
showed statistically significant trends. Yibin station showed a
statistically significant trend of − 5.94 mm/10a, and Muli,
Kangding, and Litang stations showed statistically significant

Fig. 2 Trend changes in precipitation day indices in the Sichuan province from 1961 to 2017. The color indices distributions were computed and drawn
with ArcGIS 10.1 using the Kriging interpolation method
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trends of 1.84 mm/10a, 1.1 mm/10a, and 1.83 mm/10a,
respectively.

The spatial distributions of RX5day are similar to those of
the RX1day. Western and northeastern Sichuan province (22
stations) exhibited increasing trends of 0.04–11.31 mm/10a,
whereas the middle Sichuan basin and a large part of the
southwest plateau (15 stations) show decreasing trends of −
0.12–10.77 mm/10a. Five stations showed statistically signif-
icant trends, from − 10.77 to 4.47 mm/10a. Litang station
exhibited the maximum significantly increasing trend and
Emeishan station exhibited the minimum significantly de-
creasing trend.

For R95, the western and northeastern Sichuan province
(23 stations) exhibited increasing trends of 0.16–30.34 mm/
10a, whereas the middle Sichuan basin and a large part of the
southwest plateau (14 stations) showed decreasing trends of
0.25–37.71 mm/10a. The maximum increasing trend of
30.34 mm/10a was observed in Xichang station and this trend
is statistically significant. The maximum decreasing trend of
37.71 mm/10a was observed in Yibin station and this trend is
statistically significant.

For R99, the southwest Sichuan plateau showed obviously
increasing trends of 1.27–15.5 mm/10a and the trends of other
regions are mostly stationary. Stationary trends were observed
in 22 stations and increasing trends were observed in 13 sta-
tions. Decreasing trends of − 3.87 mm/10a and − 2.76 mm/
10a were observed at Emeishan and Leshan stations,
respectively.

For PRCPTOT, the eastern Sichuan province exhibited an
obviously decreasing trend of 9.02–60.31 mm/10a and the

western Sichuan province exhibited an obviously increasing
trend of 0.61–31.12 mm/10a. Twenty-four stations showed
increasing trends and the other stations have decreasing
trends. The northwest Sichuan plateau showed a significantly
increasing trend, and Kangding station showed the maximum
significantly increasing trend of 31.12 mm/10a. Moreover,
Dafu, Xiaojin, and Litang stations showed significantly in-
creasing trends of 15.94 mm/10a, 12.63 mm/10a, and
28.95 mm/10a, respectively. Dujiangyan, Emeishan, Leshan,
and Yibin stations along the Minjiang river in the Sichuan
basin showed significantly decreasing trends, with values
greater than 30 mm/10a.

For SDII, the trends of all stations are not statistically sig-
nificant. Most stations have slight increasing trends.

3.2 Regional trends in extreme precipitation indices

Temporally, the trends constitute slight changes in the Sichuan
province. The Sichuan basin exhibited mostly decreasing
trends, whereas the northwest and southwest Sichuan plateaus
showed slightly increasing trends. Concerning seasonal
changes in extreme precipitation, spring, summer, and winter
showed increasing trends, whereas autumn exhibited a de-
creasing trend. Sichuan province and three subregions expe-
rience notable climate change because abrupt change points
were observed in many indices of extreme precipitation. Most
indices have a characteristic 4–8-year period and passed the
95% confidence level. RX1day has long periods with a 6-year
oscillation signal and a 12-year oscillation signal, and R95 has
a long period with a 4–8-year signal.

Fig. 3 Trends in extreme precipitation indices in the Sichuan province from 1961 to 2017. The color indices distributions were computed and illustrated
with ArcGIS 10.1 using the Kriging interpolation method
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3.2.1 Precipitation days indices

For the indices of precipitation days, the regional trends of five
indices are small, and even R10, R20, and R25 exhibit sta-
tionary slopes. This demonstrates that the indices of precipi-
tation days did not change from 1961 to 2017 (Fig. 4)
(Table 3).

The CDD showed a slightly increasing trend of 0.47 d/10a.
The CDD in 2013 exhibited the maximum anomaly of
78.08 days and the CDD in 1961 showed the minimum anom-
aly of 32.28 days. The average regional anomaly was
52.32 days in the Sichuan province. The CDD is an indicator
of the dry season length, according to the predominance of the
regional monsoonal climate.

The CWD exhibited a slightly decreasing trend of − 0.02 d/
10a in the precipitation day indices. The average regionally
anomaly was 9.29 days from 1961 to 2017. The maximum
anomaly of 11.3 days was observed in 2011 and has the min-
imum anomaly of 7.62 days was observed in 1964.

The trends of R10 and R25 were 0.01 d/10a, and the R20
showed a stationary trend. The maximum anomalies of R10,
R20, and R25 were observed in 1998. The maximum anom-
alies of R10, R20, and R25 were 30.32 days, 11.92 days, and
8.84 days, respectively. The R10 showed the minimum anom-
aly of 21.65 days in 1969. The R20 and R25 showed the
minimum anomalies of 7.38 and 4.92 days in 1972 and
1997, respectively.

3.2.2 Precipitation indices

R95 and R99 showed clearly increasing trends of 2.2 and
2.91 mm/10a, respectively. Other indices of precipitation ex-
hibited slightly positive slopes, which were less than 1 mm/
10a. Most precipitation indices were not statistically signifi-
cant (Fig. 5; Table 4).

RX1day showed a regional trend of 0.26 mm/10a. The
average anomaly was 65.6 mm from 1961 to 2017. The
RX1day showed the maximum anomaly of 88.29 mm in
2013 and the minimum anomaly of 48.91 mm in 1976.

The regionally increasing trend of RX5day was 0.51 mm/
10a. The average anomaly was 114.95 mm. The RX5day of
2013 showed a maximum anomaly of 149.25 mm and a min-
imum anomaly of 93.84 mm in 2006. The regional trends of
RX1day and RX5day are similar.

R95 and R99 showed similarly increasing trends of 2.2 and
2.91mm/10a, respectively. The average anomalies of R95 and
R99 were 288.35 and 95.85 mm, respectively. For R95, 1998
exhibited themaximum anomaly of 380.68mm, and 1972 had
the minimum anomaly of 210.29 mm. For R99, 2013 showed
the maximum anomaly of 140.19 mm, and 1976 showed the
minimum anomaly of 33.9 mm.

SDII exhibited a slightly increasing trend of 0.11 mm/10a.
The SDII showed a maximum anomaly of 10.46 mm in 2013
and a minimum anomaly of 8.93 mm in 1977. The average
anomaly was 10.46 mm/10a.

Fig. 4 Temporal changes in trends for precipitation day indices (CDD, CWD R10, R20, and R25). The black line is an indices data series from 1961 to
2017. The red line is the linear trend slope of extreme precipitation indices
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PRCPTOT exhibited a positive slope of 0.18 mm/10a. The
average anomaly was 882.45 mm/10a. For PRCPTOT, 1998
had the maximum anomaly of 1018.01 mm and 2006 had the
minimum anomaly of 749.85 mm.

3.2.3 Regional trend differences in extreme precipitation
indices

In order to highlight the spatial differences and regional
characteristics, we divided the Sichuan province into three
subregions according to the specification of China’s me-
teorological and geographical regionalization (Table 5).
For the 11 extreme precipitation indices, the average
anomalies in the northwest Sichuan plateau are generally
the smallest, except for CDD, CWD, and SDII. This indi-
cates that the change magnitude of extreme precipitation
is not obvious in the northwest Sichuan plateau. The
changes in extreme precipitation indices are increasing,
except for RX5day in the northwest and southwest
Sichuan plateau. This demonstrates that the duration in-
tensity and frequency of extreme precipitation increased

in the three subregions. In addition, increasing trends and
decreasing trends were observed in the Sichuan basin.
Statistically significant ratios of indices occurred in 12%
of the three subregions.

For precipitation day indices, slightly decreasing trends
from − 0.11 to − 0.44 d/10a were observed, except for
CDD in the Sichuan basin. The northwest and southwest
Sichuan plateau exhibited slightly increasing trends from
0.05 to 0.65 d/10a. CWD in the Sichuan basin exhibited a
trend of − 0.23 d/10a. For R20 and R25, the average
anomalies from high to low belong to the Sichuan basin,
the southwest Sichuan plateau, and the northwest Sichuan
plateau. For CDD, the northwest Sichuan plateau showed
the maximum average anomaly of 68.93 mm and the av-
erage anomalies of the Sichuan basin and the southwest
Sichuan plateau are 28.61 and 61.77 mm, respectively.
For CWD, the average anomalies of the three regions
are similar and ranged from 6.86 mm to 12.79 mm. For
R10, the average anomalies from high to low belong to
the southwest Sichuan plateau, the Sichuan basin, and the
northwest Sichuan plateau.

Table 3 Decadal trend rates
(d/10a) of precipitation day
indices in the Sichuan province

Index Trend Average anomalies Max. anomalies Max. year Min. anomalies Min. year

CDD 0.47 52.32 78.08 2013 32.28 1961

CWD − 0.02 9.29 11.3 2011 7.62 1964

R10 0.01 25.91 30.32 1998 21.65 1969

R20 0.00 9.81 11.92 1998 7.38 1972

R25 0.01 6.70 8.84 1998 4.92 1997

Fig. 5 Temporal changes in trends of precipitation indices (RX1day, RX5day, R95, R99, SDII, and PRCPTOT)
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For the precipitation indices, PRCPTOT exhibited the
largest trends of the three regions. The PRCPTOT of the
northwest Sichuan plateau, the southwest Sichuan plateau,
and the Sichuan basin exhibited slopes of 13.99 mm/10a,
7.73 mm/10a, and − 15.47 mm/10a, respectively. The
trend of the northwest Sichuan plateau is statistically sig-
nificant. Three decreasing trends and three increasing
trends were observed in the Sichuan basin; however, they
are not statistically significant. In the northwest Sichuan
plateau, the precipitation indices exhibited increasing
trends from 0.16 to 13.99 mm/10a. Those of R95, R99,
and PRCPTOT are statistically significant. In the south-
west Sichuan plateau, increasing trends were observed in
precipitation indices except for RX5day. R99 exhibited
statistically significant trends of 9.72 mm/10a. For
RX1day, RX5day, and PRCPTOT, the average anomalies
from high to low were observed in the Sichuan basin, the
southwest Sichuan plateau, and the northwest Sichuan
plateau. For R95 and R99, the average anomalies from
high to low are from the southwest Sichuan plateau, the
Sichuan basin, and the northwest Sichuan plateau. The
average anomalies of SDII of the three subregions vary
only slightly (Table 5).

3.2.4 Seasonal change characteristics of extreme precipitation
indices

We choose the RX1day and RX5day indices to observe the
seasonal change characteristics of extreme precipitation.
Increasing trends were observed in spring, summer, and win-
ter, whereas decreasing trends are observed in autumn, as
shown in Table 6. However, these trends are not statistically
significant. From spring to winter, except for autumn, the
trends first increase and then decrease. The maximum increas-
ing trends of RX1day and RX5day were 1.33 and 2.3 mm/
10a, respectively. The maximum decreasing trends of RX1day
and RX5day were − 0.94 and − 2.49 mm/10a, respectively.

Table 7 presents the seasonal changes in indices in the three
subregions. Concerning the northwest Sichuan plateau, in-
creasing trends were observed in each season. Statistically
significant trends of RX1day or RX5day were detected in
spring. The maximum trends of RX1day and RX5day were
1.48 and 2.8 mm/10a, respectively. For the southwest Sichuan
plateau, the spring and summer of RX1day and RX5day ex-
hibited increasing trends from 0.28–3.67 mm/10a, whereas
the autumn and winter showed decreasing trends from −
0.14 to − 0.73 mm/10a. RX5day exhibited a statistically

Table 4 Decadal trend rates (mm/
10a) of extreme precipitation
indices in the Sichuan province

Index Trend Average anomalies Max. anomalies Max. year Min. anomalies Min. year

RX1day 0.26 65.60 88.29 2013 48.91 1976

RX5day 0.51 114.95 149.25 2013 93.84 2006

R95 2.20 288.35 380.68 1998 210.29 1972

R99 2.91 95.82 140.19 2013 33.90 1976

SDII 0.11 10.46 12.28 2013 8.93 1997

PRCPTOT 0.18 882.45 1018.01 1998 749.85 2006

Table 5 Decadal trend rates of indices in three subregions

Category Index Sichuan basin Northwest Sichuan plateau Southwest Sichuan plateau

Average anomaly Trend Average anomaly Trend Average anomaly Trend

Precipitation day indices CDD 28.61 0.65 68.93 0.23 61.77 0.65

CWD 6.86 − 0.23 9.88 0.05 12.79 0.06

R10 29.02 − 0.44 21.03 0.53 30.84 0.19

R20 14.43 − 0.21 4.50 0.14 12.73 0.16

R25 10.94 − 0.11 2.20 0.08 8.51 0.25

Precipitation indices RX1day 106.98 − 0.32 31.15 0.49 61.60 0.81

RX5day 169.64 0.58 69.06 1.05 110.45 − 0.18
R95 356.92 − 2.38 126.30 4.61 521.59 10.63

R99 120.78 0.34 36.35 2.24 181.82 9.72

SDII 10.91 0.06 10.34 0.16 9.83 0.15

PRCPTOT 1106.66 − 15.47 658.29 13.99 946.38 7.73

Italic values indicate that the trends of indices are statistically significant at the 5% level
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significant trend of 3.67 mm/10a in spring. For the Sichuan
basin, increasing trends and decreasing trends were observed
in each season; however, they are not statistically significant.
The maximum increasing trends of RX1day and RX5day
were 1.41 and 4.06 mm/10a, respectively, both in summer.
The maximum decreasing trends of RX1day and RX5day
were − 1.79 and − 3.93 mm/10a, both in autumn. In addition,
the average values from high to low occurred in the Sichuan
basin, the northwest Sichuan plateau, and the southwest
Sichuan plateau.

3.3 Other temporal change characteristics
in the extreme precipitation indices

3.3.1 Mutation characteristics of extreme precipitation

To further determine the temporal variation features of ex-
treme precipitation, themutation characteristics were analyzed
by utilizing the heuristic segmentation method in the Sichuan
province and three subregions. Figure 6 shows the segmenta-
tions and change points of the representative index CDD.
Three abrupt change points in 1962, 1989, and 2008 were
detected by the heuristic segmentation method, where the
P(tmax) and the segment length l0 are larger than 0.95 and
30, respectively. The change point results of the indices are
shown in Table 8. R20, R25, CWD, and SDII did not demon-
strate abrupt change points in the Sichuan province. The
abrupt change point of SDII was not detected in the Sichuan

province. In the Sichuan province and the three subregions,
most of the break points occurred in 1979 and 1991. The
Sichuan province and the three subregions experienced nota-
ble climate change because abrupt change points were ob-
served for most of the indices. More than five abrupt change
points were observed in RX1day for the Sichuan basin, R95
for the southeast Sichuan plateau, PRCPTOT for the Sichuan
province and subregions, and PRCPTOT for the Sichuan
province and southeast Sichuan plateau.

3.3.2 Periodic characteristics of extreme precipitation

Figure 7 shows the continuous wavelet power spectrum of
RX1day, R95, and CWD in the Sichuan province. Multiple
cycles are apparent in the extreme precipitation indices.
Extreme precipitation is fluctuation processes in the Sichuan
province. RX1day and R95 have a 4–8-year period, which
passes the 95% confidence level. Figure 7a shows that
RX1day has three strongly significant periods with a 1–2-year
signal from 1995 to 1998, a 6-year oscillation signal from
1972 to 1976, and a 12-year oscillation signal from 1998 to
2003. Figure 7b shows that R95 has a strongly significant
period with a 4–8-year signal from 1969 to 1980, and a slight-
ly significant period with a 1–20-year signal from 1993 to
1998. Figure 7c shows that CWD has a strongly significant
period with a 4-year oscillation signal from 1991 to 1995, and
a 3–5-year signal from 2007 to 2010.

Table 6 Decadal trend rates (mm/10a) of indices in the Sichuan province

Index Spring Summer Autumn Winter

Average value Trend Average value Trend Average value Trend Average value Trend

RX1day 51.44 1.01 135.33 1.33 66.47 − 0.94 10.87 0.21

RX5day 86.10 1.21 241.29 2.30 126.46 − 2.49 19.43 0.08

Table 7 Decadal trend rates (mm/
10a) of precipitation indices in
three subregions

Season Index Sichuan basin Northwest Sichuan plateau Southwest Sichuan plateau

Average value Trend Average value Trend Average value Trend

Spring RX1day 73.37 0.38 30.67 1.19 42.86 1.48

RX5day 114.93 − 1.03 57.94 2.80 76.53 3.67

Summer RX1day 193.68 1.41 71.17 0.89 130.29 2.17

RX5day 314.56 4.06 155.97 1.48 244.47 0.28

Autumn RX1day 87.47 − 1.79 44.31 0.31 62.77 − 0.14
RX5day 160.77 − 3.93 89.77 0.10 121.43 − 0.73

Winter RX1day 16.10 0.17 5.51 0.26 9.65 − 0.40
RX5day 28.05 0.05 11.84 0.30 14.91 − 0.40

Italic values indicate that the index trend is statistically significant
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Relationships between indices of extreme precipitation and
indices of the ocean-atmospheric climate from 1961 to 2017

The ocean-atmospheric circulation of SASMI, EASM, and
ENSO events exhibit strong correlations with the indices of
extreme precipitation in the Sichuan province. The ENSO
events have the longest and strongest relations with extreme
precipitation in the Sichuan province. The extreme precipita-
tion indices are influenced more by EASM than SASMI in
this region. Moreover, both SASMI and EASM have a statis-
tically positive correlation with R95 from 1994 to 1995 and
with CWD from 1990 to 1995.

3.4 Connection between SASMI/EASM and extreme
precipitation indices

The Sichuan province is a typical monsoon climate region
influenced by the SASM and EASM. In Figs. 8 and 9, we

depict the relationships between the SASM/EASM and
RX1day/R95/CWD by using the CWT. Here, the dura-
tion, intensity, and frequency of extreme precipitation
are represented by RX1day, R95, and CWD, respectively.

The spectrum of CWT between SASM and extreme
precipitation indices is shown in Fig. 8. Figure 8a shows
that RX1day has a 1–2-year signal of negative correlation
from 1995 to 1997 and a 1–2-year signal of statistically
significant positive correlation with SASM from 1972 to
1977. Figure 8b shows that R95 has a 1–2-year signal of
positive correlation and a 4–5-year signal of statistically
significant negative correlation with SASM from 1990 to
1995, and a 1–2-year signal and a 7-year oscillation signal
from 1970 to 1972. Figure 8c shows that CWD displays a
statistically significant negative correlation with SASM
with a 3–5-year signal from 1990 to 1994 and a 1.5-year
oscillation signal from 1976 to 1978. These results

Fig. 6 Representative
segmentations and change points
of CDD indices

Table 8 Abrupt change points in the Sichuan province and three subregions

Extreme precipitation
index

Sichuan province Sichuan basin Northeast Sichuan
plateau

Southeast Sichuan plateau

R10 (d) 2013 1968, 1990 1974, 1975, 2001 1964, 1969, 2004, 2014

R20 (d) – 1986, 1988 – 1964

R25 (d) – – – 1983

CDD (d) 1962, 1989, 2008 1986, 1989 1962, 1989, 2008 1981, 2008

CWD (d) – 1966 1974, 1975, 2011 2012

RX1day (mm) 1978, 2009, 2004, 2015 1988, 1991, 1944, 1996, 1997, 2004,
2015

1979 1983

RX5day (mm) 1979, 1991, 2009 1985, 2008 1970, 2005, 2010 1969, 1989

R95 (mm) 1979, 1991, 2011, 1991, 2010, 2014 1979, 2011 1964, 1969, 1997, 2003,
2013

R99 (mm) 1979, 1985, 2009 1991, 2009, 2015 1965, 1992 1983, 2011

PRCPTOT (mm) 1979, 1993, 1997, 2005,
2011

1990 1974, 2005, 2011 1964, 1969, 1983, 2008,
2013

SDII (mm/d) – – – –
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indicate that the variations in the duration, intensity, and
frequency of extreme precipitation are significantly asso-
ciated with the SASM, irrespective of the extent of posi-
tive or negative correlations in the Sichuan province.

Figure 9 displays the spectrum of cross-wavelet trans-
forms between the EASM and extreme precipitation indi-
ces. Three statistically significant positive correlations be-
tween the EASM and RX1day are depicted in Fig. 9a,
which are an obvious 1–3-year signal from 1993 to
2000 and 2008–2010, and an 8–10-year signal from
1980 to 1987. Figure 9b shows five statistically signifi-
cant positive correlations between the EASM and
RX1day, which include an obvious 1–2-year signal from
1994 to 2000, a 2–3-year signal from 1980 to 1983, a 4–
5-year signal from 1986 to 1990, a 5–6-year signal from
1970 to 1977, and a long 8–11-year signal from 1981 to
1988. Figure 9c shows that the EASM has a 1–4-year
signal of statistically significant positive correlation with
the EASM from 1978 to 2000. These statistically signifi-
cant positive correlations indicate that the EASM in the
Sichuan province is significantly associated with changes
in the duration, intensity, and frequency of extreme
precipitation.

According to the distribution of wavelet energy shown
in Figs. 8 and 9, the influence of the EASM on extreme
precipitation is stronger than that of the SASMI. This
demonstrates that the extreme precipitation is influenced
more by the EASM than the SASMI in the Sichuan
province. Moreover, both SASMI and EASM have a sta-
tistically positive correlation with R95 from 1994 to
1995 and with CWD from 1990 to 1995.

3.5 Connection between indices of extreme
precipitation and ENSO events

As precipitation decreases during warm phase periods of El
Niño events and increases during cool phase periods of La
Niña events in the Sichuan province (Ouyang et al. 2014),
we reveal that ENSO events have the longest and strongest
correlations with the duration, intensity, and frequency of ex-
treme precipitation compared with the SASM and EASM.
Figure 10a shows that ENSO events display statistically sig-
nificant negative correlations with RX1day with a 2-year os-
cillation signal from 1996 to 1998, a 5–6-year signal from
1988 to 1991, a strong 10–13-year signal from 1995 to
2003, and a positive correlation with a 2-year oscillation sig-
nal from 2008 to 2010. Figure 10b shows that ENSO events
display a statistically significant positive correlation with R90,
with a long and strong 2–7-year signal from 1970 to 2000.
Moreover, the 2–7-year signal changes to a 5–6-year signal in
the boundary year of 1976. Figure 10b shows that ENSO
events display statistically significant negative correla-
tions with R90, with a 3–4-year signal from 1984 to
1986, a 1–2-year signal from 1995 to 1996, and a strong
12-year oscillation signal from 1998 to 2001. Figure 10c
shows that ENSO events display statistically significant
positive correlations with CWD, with a long 2–5-year
signal from 1980 to 2000 and a 5–6-year signal from
1988 to 1991. Compared with the cross-wavelet spectra
for the SASMI and EASM, the ENSO events have the
longest and strongest association with the duration, inten-
sity, and frequency of extreme precipitation in the Sichuan
province.

Fig. 7 The CWT power spectrum of aRX1day, bR95, and cCWD in the
Sichuan province. Significant relations are denoted by the thick black
contour, which is at the 5% level. The lighter shades indicate the cone

of influence, which is explained in previous work (Grinsted et al. 2004).
Wavelet energy is expressed by the color bar on the right
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4 Discussion

The discussion will cover the two aspects of this research.

(1) The regional differences in extreme precipitation indices
were influenced by the complex local geography, dra-
matically increased human activity, and source transpor-
tation of water vapor.

Table 9 shows the changes in 11 extreme precipitation
indices in the Sichuan province, the central Himalayas,
southwestern China, and the Hengduan mountains.
Comparison of the trends of each region showed that
there are regional differences in the higher and lower

altitudes. In our case, the northwest Sichuan plateau
and the southwest Sichuan plateau (higher altitudes) ex-
hibited increasing trends. However, the Sichuan basin
(lower altitude) exhibited decreasing trends. Therefore,
it is reasonable to conclude that regional differences exist
in higher altitudes and lower altitudes in Sichuan. These
results may be affected by the special geographical posi-
tion and complex local geography and monsoons, corre-
sponding with previous studies (Zhang and Ma 2011;
Yuan et al. 2014; Zhou and Lei 2018). The eastern part
of Sichuan is a basin with an average elevation of
500 m, whereas the average elevation exceeds 3000 m
in the northwest Sichuan plateau and southwest Sichuan
plateau. The geographic elevation variation is the direct

Fig. 8 The CWT spectrum of the SASMI and representative indices of
extreme precipitation (RX1day, R95, and CWD) in the Sichuan province.
Significant relations are denoted by a thick black contour, which is at the
5% level of significance. The lighter shades indicate the cone of
influence, which is explained in the previous work (Grinsted 2004).

The relationship of the relative phase can be justified by the right-hand
screw rule. The thumb pointing to the outside/inside of the paper indicates
the positive/negative relationship. Wavelet energy is expressed by the
color bar on the right
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cause of extreme precipitation changes (Liu and Xu 2016;
Krishnan et al. 2018). Moreover, the Sichuan province has a
population of 83.02 million RMB and a total GDP of 3698.02
billion RMB according to the 2017 statistical bulletin for
Sichuan’s national economic and social development. The
population and economy differ greatly between the western
Sichuan province and the Sichuan basin. Therefore, those
regions suffer from more serious soil erosion, landslides,
floods, and droughts to varying extents. In addition, the source
transportation of water vapor is different in western Sichuan
and the Sichuan basin. Western Sichuan is more influenced by
the SASMI, whereas the Sichuan basin is more influenced by
the EASM (Li et al. 2009; Zhou and Lei 2018). Overall, the
regional differences in extreme precipitation indices are influ-
enced by the complex local geography, dramatically increased
human activity, and source transportation of water vapor
(Tandon et al. 2018).

(2) Extreme precipitation indices will slightly increase and
decrease in the Sichuan plateau and Sichuan basin, re-
spectively. However, extreme precipitation events in the
future will increase sharply under the influence of the
ocean-atmospheric climate, such as ENSO events.

According to the China Meteorological Administration,
the average precipitation is 521.7 mm from May to July in
the Sichuan province, which is higher than the average
precipitation of 421 mm from May to July 1961–2017.
The daily precipitation at the Pengzhou and Qingchuan
stations were 232.9 and 225 mm, respectively, on
July 10, 2018, which is higher than the records of each
station. Extreme precipitation events during May–July
2018 caused the loss of 3 billion RMB. However, our
result and a related reference (Zhou and Lei 2018) show

Fig. 9 The CWT spectrum of the EASM and representative indices of extreme precipitation (RX1day, R95, and CWD) in the Sichuan province

Variation patterns of extreme precipitation and relation to ocean-atmospheric climate in Sichuan province... 3023



the intensity and frequency of extreme precipitation will
decrease but their duration will not change in the Sichuan
basin. This indicates that the ocean-atmospheric climate
clearly influenced extreme precipitation in the Sichuan
province in 2018. From the indices of extreme precipita-
tion and climate circulation, ENSO events have the stron-
gest and longest correlation with extreme precipitation.
Furthermore, 2018 is a year in which La Niña occurs
(Shi et al. 2018b). Therefore, it is reasonable to conclude
that ENSO events were the dominant factor influencing
May–July 2018 extreme precipitation in the Sichuan ba-
sin. This result indicates that the extreme precipitation
events in some years will increase dramatically under
the influence of the ocean-atmospheric climate, such as
ENSO events. Although the 2018 extreme precipitation
occurred in the Sichuan province, the spatiotemporal var-
iations of extreme precipitation indices will not funda-
mentally change.

5 Conclusions

In this research, the spatiotemporal variations in extreme
precipitation indices were determined in the Sichuan
province. In general, the values of regional trends consti-
tute slight changes from − 0.02–2.91. This indicates that
the changes in extreme precipitation should be minor in
the future. The Sichuan province and the three subregions
experienced notable climate change indicated by the mu-
tation technique because abrupt change points were ob-
served for most indices. Additionally, the change in ex-
treme precipitation is a fluctuating process. Spatially,
there may be contrary trends in extreme precipitation in-
dices in the higher altitude and lower altitude regions of
the Sichuan province. The northwest and southwest
Sichuan plateau (higher altitudes) showed increasing
trends. However, the Sichuan basin (lower altitudes) ex-
hibited decreasing trends. Our results also show that the

Fig. 10 The CWT spectrum of ENSO events and representative indices of extreme precipitation (RX1day, R95, and CWD) in the Sichuan province
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ocean-atmospheric circulation of SASM, EASM, and
ENSO events exhibited good correlations with extreme
precipitation in the Sichuan province. This demonstrates
that indexes of ocean-atmospheric climate may be utilized
to substantially improve the management of extreme wa-
ter hazards and prediction of extreme precipitation in the
Sichuan province.
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