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1.  INTRODUCTION 

Global warming has led to significant changes in 
the intensity, frequency, seasonality, and spatial dis-
tribution of climate variables, including temperature, 
humidity, wind, and snow (IPCC 2021). Global and 
regional extreme precipitation has received signifi-
cant attention and has become a crucial metric for 
monitoring and studying climate change (Zhai et al. 
2005, 2007, Min & Qian 2008, Tu et al. 2010, Ren et 

al. 2011, 2015, Donat et al. 2013, 2016, Westra et al. 
2013, Han et al. 2019, IPCC 2021). 

The Yangtze River Basin (YRB) is China’s para-
mount climate-response region, where the frequency 
of extreme precipitation and disasters caused by 
floods is higher than in other regions. Numerous 
studies have investigated extreme precipitation 
events in the YRB (J. M. Chen et al. 2014, Pan et 
al. 2017). Total precipitation in the Basin, especially 
in the middle and lower reaches (MLR), has signif-
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ABSTRACT: To better understand the characteristics of long-term change and variability in regional 
extreme precipitation and to examine possible regional responses to global climate warming, we 
analyzed temporal and spatial patterns of precipitation and extreme precipitation index changes 
in the Yangtze River Basin (YRB) over the last 120 yr. Based on the China Meteorological Admin-
istration’s daily precipitation data set of 60 city stations in mainland China from 1901−2020, we 
found that total annual precipitation and daily precipitation intensity of the Upper Reaches (UR) 
experienced a downward trend, but those of the Middle and Lower Reaches (MLR) showed an 
upward trend. Precipitation amount and intensity increased, while the number of precipitation 
days slightly decreased over the YRB during 1901−2020. Most extreme precipitation indices 
showed a decreasing trend in the first 60 yr that reversed after 1961 into slightly upward trends, 
except for consecutive dry days and wet days in the YRB during 1901−2020. There were signifi-
cant downward trends for consecutive dry days and maximum 1 and 5 d precipitation during the 
first 60 yr, and significant upward trends for maximum 1 d precipitation, total extreme heavy pre-
cipitation, and very heavy precipitation days in the last 60 yr. The trends for extreme precipitation 
in the UR were lower than those in the MLR during 1901−2020, particularly in the last 60 yr, 
whereas the trends in the UR were higher than those in the MLR during 1901−1960. The fluctua-
tions of extreme precipitation indices in the UR were more dramatic than those in the MLR, and 
the extreme precipitation indices all showed 5−10 or 20 yr periodic variabilities. The analysis also 
showed that observed changes in regional extreme events were directly related to rapid urbaniza-
tion around the stations and multi-decadal variability of the East Asian monsoon.  
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icantly increased in the last few decades (Yang et 
al. 2005, Huang et al. 2006, He et al. 2013), which 
is the main reason for the increasing intensity of 
precipitation events, especially in re cent years (Feng 
et al. 2011, Fu et al. 2013, He et al. 2013, Ren et 
al. 2015, Zhang et al. 2020). Additionally, most of 
the extreme precipitation indices show significant 
up ward trends, with the most remarkable high-
value areas located in Jiangxi, southeastern Hubei, 
and northeast Hunan provinces (Su et al. 2006, 
Wang et al. 2008, Wu et al. 2016). 

When showing increasing trends over recent de -
cades in the MLR, most of the indices exhibit periodic 
oscillations of 12−16 yr or longer (Wang et al. 2008, 
Ren et al. 2011, Zhang & Ma 2011). Although precip-
itation tends to be extreme as a whole in the YRB, it 
is not known if the recent trends are components of 
low-frequency variabilities. In order to better under-
stand whether the change observed is a half-cycle 
feature in the periodic fluctuations of multi-decadal 
to century scales, there is a need to collect and ana-
lyze century-long records of precipitation data. Such 
an analysis is important for not only the detection 
and attribution of regional total and extreme precipi-
tation change, but also for the development of 
decadal precipitation prediction techniques in the 
YRB. 

For precipitation change at the 100 yr scale in 
the YRB, Jian et al. (1986) used the regression re -
duction method and ratio method to extend monthly 
precipitation data from 9 stations, and Zhang (1993) 
estimated the inter-decade variability of precipi-
tation over the MLR in the 20th century. Li et al. 
(2012) collected and processed China’s nationwide 
monthly station observational precipitation data 
from 1901−2010; the data were tested for homo-
geneity, and the inhomogeneous part of the series 
was adjusted. According to Jian et al. (1986) and 
Li et al. (2012), precipitation in the YRB has shown 
upward trends and periodic oscillations, especially 
in the MLR; Zhan et al. (2018) verified this finding. 
However, the time periods of the aforementioned 
studies on the characteristics of ex treme precipita-
tion changes only encompass several recent de -
cades (1961−2020) and lack at tention to the 100 yr 
scale in the YRB. This is be cause the previously 
used data sets did not include daily precipitation 
data prior to 1951 (Ren et al. 2012, Jaffrés 2019). 

Although reanalysis and climate model data sets 
are important sources for analyzing precipitation and 
extreme precipitation values at the 100 yr scale, 
these reanalyses have the problem of incorporating 
errors from the assimilation processes, prediction 

models, and observation systems (Bengtsson et al. 
2004, Zhao et al. 2010, 2015, Zhou et al. 2018, Zhang 
et al. 2019, 2021). The climate model data sets need 
to be verified and evaluated due to the complexity of 
the global climate system, the representativeness and 
reliability of climate models, and the ability of global 
climate models to simulate climate change (Song 
& Zhou 2014, Xu & Xu 2012, X. C. Chen et al. 2014, 
Pendergrass & Hartmann 2014, Akinsanola et al. 
2020). In addition, the characteristics of the long-
term changes and variability in regional extreme 
precipitation are currently not clear, and there are 
questions about the regional response of extreme 
precipitation to global climate warming. Hence, it 
was necessary to analyze a daily precipitation data 
set at a 100 yr scale to assess the change in extreme 
precipitation. 

Zhan et al. (2022) developed a new data set that 
used the daily precipitation data of 60 cities in China 
from the National Meteorological Information Cen-
ter, China Meteorological Administration (CMA). This 
data set, which was subjected to strict quality control, 
data interpolation, and splicing in the early 20th cen-
tury, is considered the most suitable observation data 
for use in extreme precipitation change studies at the 
100 yr scale in China. However, owing to instru-
mentation changes, station relocations, and different 
periods of observations, the daily precipitation inho-
mogeneity of a few observational stations may lead 
to uncertainties in the study of trends during the 20th 
century (Alexandersson 1986, Liu & Sun 1995, Dai et 
al. 1997, Wu 2005, Li et al. 2008, Wang et al. 2012, 
Yang & Li 2014). 

In this study, we analyzed extreme precipitation 
in the YRB, extending the precipitation time series 
back to 1901, with an objective to better under-
stand the total and extreme precipitation changes, 
including inter-decadal, multi-decadal, and cen-
tury-scale variabilities, and the possible associa-
tion be tween regional extreme precipitation and 
global climate warming. Our analysis also makes 
up for the pau city of research stemming from a 
lack of observational data in the first half of the 
20th century. 

2.  DATA AND METHODS 

2.1.  Data selection and station information 

We selected 17 national weather stations in the YRB 
from the daily precipitation data set of 60 city stations 
in mainland China from 1901−2020, which has been 
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strictly quality-controlled and interpolated (Zhan et 
al. 2022). This data set incorporated multiple sources 
of digital daily precipitation data before 1951 to sup-
plement the previously missing and erroneous data, 
and then combined the modern daily precipitation 
data from 1951 onward. Data processing, which in-
cluded metadata information supplementation, unit 
consistency check, quality control, and data merging, 
was implemented based on multiple sources of digi-
tized daily precipitation data from 1901−1950. In ad-
dition, the data set was supplemented with previously 
unrecorded ‘no precipitation’ and missing data. A 
quality control schedule was developed, and quality 
control measures (including threshold values, extreme 
values, time consistency, and internal consistency 
checks) were carried out, some missing and erroneous 
data were filled in, and the early period data was com-
bined with modern (since 1951) daily precipitation 
data. 

The data set of daily precipitation was thus estab-
lished for the past 120 yr (1901−2020) from 60 city sta-
tions in mainland China; 17 of those stations were in 
the YRB (which accounts for about 18.75% of the Chi-
nese mainland). Among the 17 stations, 7 had valid 
re cords for >100 yr. Additionally, 6 of the stations 
were located in the Upper Reaches (UR) of the Yangt -
ze River and 11 were located in the MLR (red and blue 
circles, respectively, in Fig. 1a). Fig. 1 and Table 1 
show the distribution and information ob tained from 
the 17 stations in the YRB from 1901−2020. 

2.2.  Precipitation and extreme precipitation  
index definition 

In this study, the precipitation values for 4 an -
nual total precipitation metrics and 8 extreme pre-

cipitation indices were calculated. The annual total 
precipitation metrics include precipitation amount 
(PREA), precipitation days (PRED), precipitation in -
tensity (PREI), and precipitation frequency (PREF). 
PREA is defined as the sum of precipitation in the 
PRED, PRED is defined as the number of days with 
daily precipitation of >1 mm, PREI is defined as 
the ratio of PREA to PRED, and PREF is defined as 
the ratio of each grade of PRED to total PRED. The 
ex treme precipitation index refers to the Expert 
Group on Climate Change Detection and Indicators 
website’s index definition (Alexander et al. 2006, 
Klein Tank et al. 2009, Zhang et al. 2011): maxi-
mum 1 d precipitation (Rx1day), maximum 5 d pre-
cipitation (Rx5day), total heavy precipitation (R95p), 
total ex treme heavy precipitation (R99p), heavy 
PRED (R20mm), very heavy PRED (R50mm), con-
secutive dry days (CDD), and consecutive wet days 
(CWD). These indices are listed in Table 2. 

2.3.  Statistical methods 

In this study, we selected 1901−2020 as the re search 
period. Based on the integrity of the data from 17 
 stations, we divided the 120 yr data set into 3 periods: 
1901−1960, 1961−2020, and 1901−2020. The ano m aly 
time series of extreme precipitation indices was cal-
culated, and the climate reference period was 30 yr 
(1981−2010) because of the high data integrity dur-
ing this period. Additionally, we used the area-
weighted regional average method, which uses the 
cosines of the mid-grid latitudes as weights, to calcu-
late the regional averages of all the indices and vari-
ables across the YRB. 

The temporal features — in particular, the linear 
trend and inter-decadal variability — of the precip -
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Fig. 1 (a) Yangtze River Basin (YRB), showing the distribution of the 17 national weather stations used in this study. Red dots: 
stations in the Upper Reaches (UR) of the YRB; blue dots: Middle and Lower Reaches (MLR). (b) Number of stations with effec-
tive records (stations including missing data that can be used to calculate the annual extreme index). Black line: total number 
of stations with effective records across the YRB; red and blue lines: number of stations with effective records in the UR and  

MLR, respectively
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itation values and extreme precipitation indices 
were analyzed. The linear trend (Tr) is the regres-
sion coefficient obtained using the least-squares 
method, as shown in Eq. (1), where P represents pre-
cipitation factor variables, t represents years, and n 
represents the number of each variable. The signifi-
cance of the climate trend (S) represents the quanti-
tative degree of the rise and fall in precipitation val-
ues and indices under climate change, as shown 
in Eq. (2): 

                                                                               (1) 

 
 
 

                                                                               (2) 

To eliminate the influence of a linear trend, we 
eliminated the time-series trends of the extreme pre-
cipitation indices when examining inter-annual vari-
ability and periodic characteristics. We analyzed the 
inter-decade variability by averaging the extreme 
precipitation indices for every decade. Additionally, 
we used a wavelet to analyze the periodic character-
istics of the time series, as shown in Eqs. (3) and (4):  
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                                                            Yangtze River Basin 
Station               Latitude (° N)            Longitude (° E)               Years without data                                                              Area  
 
56778                        25.00                          102.65                      1901−1929                                                                              UR 
56290                        30.67                          104.07                      1901−1933, 1950−1959                                                         UR 
57516                        29.50                          106.55                      1920,1925                                                                              UR 
57816                        26.58                          106.72                      1901−1929, 1950                                                                    UR 
57127                        33.08                          107.06                      1901−1935, 1946−1950, 1968                                               UR 
57461                        30.73                          111.22                      1938−1951                                                                              UR 
57584                        29.38                          113.08                      1901−1909, 1921−1922, 1938−1952                                    MLR 
57493                        30.57                          114.33                      1921, 1929−1934, 1938−1947                                              MLR 
58606                        28.60                          115.91                      1901−1935, 1938−1950                                                        MLR 
58512                        29.75                          116.47                      1915, 1925, 1938−1940, 1942−1950                                    MLR 
58424                        30.61                          116.96                      1901−1931, 1937−1938, 1942−1950                                    MLR 
58321                        31.78                          117.30                      1901−1945, 1949−1951                                                        MLR 
58334                        31.38                          118.36                      1927−1928, 1932, 1936−1951                                              MLR 
58238                        32.05                          118.77                      1901−1906, 1913, 1920−1927, 1937−1948                          MLR 
58367                        31.25                          121.43                      1942−1949                                                                            MLR 
57871                        26.93                          112.78                      1901−1932, 1939, 1944−1949                                              MLR 
57679                        28.11                          113.08                      1901−1910, 1923, 1938−1939, 1941−1946, 1979                MLR

Table 1. Summary of the 17 national weather stations in the Yangtze River Basin (1901−2020). UR: upper reaches; MLR: middle  
and lower reaches

Values       Name                                              Definition                                                                                                      Units 
 
PREA         Precipitation amount                     Sum of precipitation in precipitation days                                                  mm 
PRED         Precipitation days                          Number of days with daily precipitation ≥1 mm                                        day 
PREI           Precipitation intensity                   Ratio of precipitation amount to precipitation days                                mm d−1 
PREF         Precipitation frequency                Ratio of each grade of precipitation days to total precipitation days         % 
Rx1day      Maximum 1 d precipitation          Highest precipitation amount in a 1 d period                                             mm 
Rx5day      Maximum 5 d precipitation          Highest precipitation amount in a 5 d period                                             mm 
R95p          Intense precipitation                     Precipitation due to very wet days (>95th percentile)                                mm 
R99p          Extreme intense precipitation      Precipitation due to extremely wet days (>99th percentile)                       mm 
R20mm      Heavy precipitation days              Count of days where daily precipitation amount ≥20 mm                         day 
R50mm      Rainstorm days                              Count of days where precipitation ≥ 50 mm                                               day 
CDD          Consecutive dry days                    Maximum length of dry spell (precipitation < 1 mm)                                 day 
CWD         Consecutive wet days                   Maximum length of wet spell (precipitation ≥ 1 mm)                                day

Table 2. Definition of precipitation and extreme precipitation indices
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                                                                               (4) 

where Wf (a,b) is the wavelet transform coefficient, a 
is the frequency parameter used to determine the 
width of the wavelet, and b is the time parameter 
used to reflect the displacement of the wavelet. This 
study uses the Mexican hat wavelet in Eq. (3) to de -
termine the frequency of a and the object of study 
sequence f(t), and the mother wavelet function ψ(t) in 
Eq. (4) to calculate the wavelet transform (Wei 2007). 

3.  RESULTS 

3.1.  Changes in precipitation values 

The time series and box plots of ano -
malies for annual precipitation values 
(PREA, PRED, and PREI) over the YRB 
from 1901−2020 are shown in Fig. 2. In 
the early 20th century, PREA rapidly in-
creased, followed by a downward trend 
from 1910−1930 and a trough in 1945. An 
upward trend in PREA occurred from 
1940−1955, forming an obvious peak. 
From 1961−2020, PREA fluctuated with al-
ternating high and low values. The highest 
PREA occurred in 1954 followed by 1912; 
the lowest was in 1978. The inter-decadal 
variability of PREA formed a trough in the 
1920s and 1940s and a peak in the 1910s, 
1950s, and 2010s. Abnormal PREA values 
mostly occurred in the 1910s and 1980s 
(Fig. 2a). The highest PRED oc curred in 
1912 followed by 1954. The inter-decadal 
variability of PRED was similar to that of 
PREA. The abnormally low values of PRED 
mostly occurred during the 1920s and 
1940s, 1980−1990s and the 2010s. Abnor-
mally high values occurred in the 1910s 
and 1950s (Fig. 2b). PREI ex hibited a down-
ward trend from 1900−1940, and thereafter 
showed a rising trend after 1950. Except 
for the 1940s, 1970s, and 2000−2010s, ab-
normally high PREI values mostly occurred 
during each decade (Fig. 2c). 

Fig. 3 shows the time series and box 
plots of anomalies in annual precipitation 
values (PREA, PRED, and PREI) in the UR 
and MLR over the YRB during 1901−2020. 
The upward trend in PREA in the UR was 
higher than that in the MLR in the early 

20th century. A downward trend was present from 
1910−1930 and a trough occurred in 1942. There-
after, PREA in the MLR increased gradually after 
1970. The inter-decadal variability in PREA showed 
that the trough in the MLR was lower than that in the 
UR before the 1970s. Abnormal values of PREA 
mostly occurred during the 1900s−1930s, 1950s, and 
1970s−2010s (Fig. 3a). PRED in the UR rapidly 
increased in the 1900s and slowly decreased during 
1910−1920 before experiencing a trough in the 
1940s. A weak upward trend in PRED in the MLR 
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Fig. 2. Time series and box plots of anomalies in the precipitation values 
(a) precipitation amount (PREA), (b) precipitation days (PRED), and (c) 
precipitation intensity (PREI) over the Yangtze River Basin during 1901−
2020. Red lines: 5 yr moving average; shading: the range of the 5 yr mov-
ing average ± the 5 yr moving SD. The dots, lines, and triangles in box 
plots represent the average of the anomaly, the median of the anomaly, 
and the abnormal values in every decade, respectively. The top and bot-
tom of the box and the whiskers represent maximum, minimum, and the  

upper and lower quartiles, respectively
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occurred during 1900−2020 and fluctuated with 
alternating high and low values. The inter-decadal 
variability of PRED matched that of PREA. The 
abnormal values of PRED mostly oc curred in the first 
20 yr and the last 30 yr (Fig. 3b). PREI in the UR 
slowly increased during the early 20th century before 
fluctuating with alternating high and low values. 
PREI in the MLR showed a remarkable downward 
trend during 1900−1940, followed by a rising trend 
after 1950. The inter-decadal variability in PREI 
formed a trough in the 1930s in the MLR and a peak 
in the 1900s and 2010s. The number of abnormally 
high values for PREI exceeded the number of abnor-
mally low values (Fig. 3c). 

Fig. 4 shows the daily PREA and PREF 
distributions over the YRB, the UR, and 
the MLR during 1901−1960 and 1961−
2020. From 1901−1960, the daily PREA 
was concentrated between 1 and 10 mm 
and then decreased with the increasing 
precipitation categories in the YRB. PREF 
was concentrated between 1 and 10 mm 
and non-precipitation categories. From 
1961−2020, PREA was concentrated be -
tween 1 and 25 mm and was higher than 
that in 1901−1961, whereas the PREA 
over 25 mm was lower than that in 1901−
1961. In the most recent 60 yr, the fre-
quency of days with no precipitation 
decreased while the frequency of days 
with PREAs between 1 and 10 mm in -
creased. PREA and PREF concentrated 
be tween 1 and 10 mm in the UR was 
higher than that in the MLR. 

Fig. 5 shows the periodic characteris-
tic of precipitation values (PREA, PRED, 
and PREI) over the YRB, UR, and MLR 
during 1901−2020. PREA in the YRB 
had a 20 yr significant periodic charac-
teristic during 1920−1960, and the wave -
let power in the YRB was approxi-
mately 90 000. PREA in the YRB had a 
weak 2.5−5 yr periodic characteristic in 
the 1950s and 2000s. The powers of the 
PREA in the UR and MLR were higher 
than that in the YRB (Fig. 5a). The PRED 
had a slight 2.5−5 yr periodic character-
istic in the 1930s−1940s and 1970s. A 
significant 20 yr periodic characteristic 
occurred during 1920−1960. The wavelet 
power for the 20 yr periodic characteris-
tic of the PRED in the YRB reached 350. 
The power in the YRB for the 20 yr peri-

odic characteristic was higher than that in the UR 
and MLR. Additionally, the indices in the MLR for 
the 5 yr periodic characteristic were higher than 
that in the YRB and UR (Fig. 5b). The PREI had a 
slight 2.5 yr periodic characteristic in the 1950s and 
a significant 2.5−5 yr periodic characteristic in the 
1920s and 2000s. The powers in the MLR were 
greater than that in the UR and YRB (Fig. 5c). 

Fig. 6 shows the linear trends in precipitation val-
ues (PREA, PRED, and PREI) over the YRB, UR, 
and MLR during 1901−1960, 1961−2020, and 1901−
2020. The linear trends in PREA were not sig -
nificant over the last 120 yr, except in the UR. 
Most of the stations decreased weakly before 1961, 
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Fig. 3. Time series and box plots of anomalies for the precipitation values 
(a) precipitation amount (PREA), (b) precipitation days (PRED), and (c) 
precipitation intensity (PREI) over the Upper Reaches (UR), and Middle 
and Lower Reaches (MLR) of the Yangtze River Basin during 1901−2020. 
Red and blue lines: 5 yr moving average; shading: the range of the 5 yr 
moving average ± the 5 yr moving SD. Boxplot parameters as in Fig. 2
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whereas the stations in the MLR 
in creased significantly in the last 
60 yr, with a marked upward trend 
in the MLR (28.24 mm de cade−1) 
and YRB (17.62 mm decade−1) dur-
ing 1961−2020 (Fig. 6a). The PRED 
showed downward trends in the UR 
and up ward trends in the MLR over 
the 120 yr time series (Fig. 6b). PREI 
exhibited a re markable downward 
trend (ap proximately −0.16 mm d−1 
decade−1) prior to 1961 and an up -
ward trend (ap  proximately 0.17 mm 
d−1 de cade−1) after 1961 in the YRB, 
and a remarkable downward trend 
(ap  proximately −0.34 mm d−1 de -
cade−1) be fore 1961 and an up ward 
trend (approximately 0.23 mm d−1 
de cade−1) after 1961 in the MLR. 
The UR trend de clined significantly 
during 1901−2020 (Fig. 6c). Overall, 
the stations in the MLR showed 
upward trends during 1901−2020, 
especially in the last 60 yr. In con-
trast, the stations in the UR showed 
downward trends during 1901−2020, 
especially in the first 60 yr. 
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Fig. 4. Daily (a,c) precipitation amount (PREA) and (b,d) precipitation fre-
quency (PREF) distributions over the Yangtze River Basin (YRB), the Upper 
Reaches (UR), and the Middle and Lower Reaches (MLR) during 1901−1960  

and 1961−2020
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c PREI

a PREA b PRED

Fig. 5. Wavelet analysis of (a) precipitation amount (PREA), 
(b) precipitation days (PRED), and (c) precipitation intensity 
(PREI) over the Upper Reaches (UR), Middle and Lower 
Reaches (MLR), and Yangtze River Basin (YRB) during 1901−
2020. Black dots indicate statistical significance (p < 0.05)
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3.2.  Variability and period of extreme 
 precipitation index 

Fig. 7 shows the time series and box plots of anom-
alies for extreme precipitation indices in the YRB 
during 1901−2020. The variability of Rx1day and 
Rx5day was highly consistent, with an obvious peak 
in the 1910s and a trough in the 1940s (Fig. 7a). 
Rx1day and Rx5day slightly in creased in the early 

20th century during the 1900s−1910s, decreased until 
the 1940s, and then increased again (Fig. 7b). Abnor-
mal values of Rx1day and Rx5day mostly occurred 
before 1960, with the highest abnormal values occur-
ring in the 1910s. The R20mm and R50mm indices 
fluctuated, alternating positive and negative values 
(Fig. 7c). R20mm and R50mm decreased with fluctu-
ation prior to the 1940s and then increased in the last 
60 yr. Abnormal values of R20mm and R50mm mostly 
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bution represent statistical significance (p < 0.05). The time range 01−60 represents the period 1901−1960, 61−20 refers to  

1961−2020, and 01−20 signifies 1901−2020
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occurred during 1910−1950  (Fig. 7d). The anomalies 
of R95p and R99p showed positive values that were 
higher than negative values (Fig. 7e). The highest 
annual index oc curred in 1953, followed by 1918, 
and the lowest index occurred in 1944. The abnormal 
values were mostly positive, except for the negative 

ab normal values in the last 20 yr (Fig. 7f). The CDD 
and CWD indices in  creased prior to the 1940s and 
slightly decreased during 1950−2020, with fluctua-
tions from the 1910s to the 1980s. The highest annual 
CDD and CWD indices occurred in 1977 and 1907, 
respectively, followed by 1918 and 1929. 
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Fig. 7. Time series and box plots of anomalies for the extreme precipitation indices (a,b) maximum 1 d precipitation (Rx1day) 
and maximum 5 d precipitation (Rx5day), (c,d) heavy precipitation days (R20mm) and rainstorm days (R50mm), (e,f) intense 
precipitation (R95p) and extreme intense precipitation (R99p), and (g,h) consecutive dry days (CDD) and consecutive wet days 
(CWD) in the Yangtze River Basin during 1901−2020. Shaded parts represent the range of the 5 yr moving average ± the 5 yr 
moving SD. The dots, lines, and triangles in box plots represent the average of anomaly, the median of anomaly, and the  

abnormal values in every decade, respectively



Clim Res 90: 59–76, 2023

Fig. 8 shows the box plots of anomalies for extreme 
precipitation indices in the UR and MLR of the YRB 
from 1901−2020. The variability of Rx1day in the UR 
and MLR was generally consistent, except during the 
early 20th century, from the 1900s−1920s (Fig. 8a). 

The UR index rapidly increased in the 1900s and 
decreased in the 1920s, forming an obvious peak in 
the 1910s, whereas Rx1day in the MLR decreased 
during the 1900s−1930s and then slightly increased. 
Although the variability of Rx5day was similar to that 
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Fig. 8. Box plots of anomalies for the extreme precipitation indices (a) maximum 1 d precipitation (Rx1day), (b) maximum 5 d 
precipitation (Rx5day), (c) heavy precipitation days (R20mm), (d) rainstorm days (R50mm), (e) intense precipitation (R95p), (f) 
extreme intense precipitation (R99p), (g) consecutive dry days (CDD), and (h) consecutive wet days (CWD) in the Upper 
Reaches (UR) and Middle and Lower Reaches (MLR) of the Yangtze River Basin during 1901−2020. Boxplots as in Fig. 2
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of Rx1day, the abnormal value of Rx5day and inter-
annual fluctuations were more dramatic (Fig. 8b). 
The abnormal values of Rx1day and Rx5day in the 
YRB are mainly affected by abnormal values in the 
UR. The R20mm and R50mm indices in the UR fluc-
tuated, alternating positive and negative values. In 
the MLR, R20mm and R50mm rapidly decreased 
be fore 1930 and slightly increased until 2020. The 
inter-annual fluctuations were more dramatic for 
R20mm, and the abnormal values were more evident 
(Fig. 8c,d). The fluctuations in R95p and R99p in the 
UR were more dramatic than in the MLR. The vari-
abilities of R95p and R99p were similar to that of 
R20mm  (Fig. 8e). The CDD index in the UR and MLR 
had an obvious peak and trough in the 1940s, respec-
tively. The CWD index in the UR and MLR formed an 
obvious peak and trough in the 1920s and 1940s, 
respectively (Fig. 8h). 

Fig. 9 shows the periodic characteristics of the ex -
treme precipitation indices in the YRB, UR, and MLR 
during 1901−2020. The Rx1day and Rx5day indices 
had 2.5−10 yr significant periodic characteristics in 
the 1920s, and the wavelet power in the YRB was ap -
proximately 1800 (Fig. 9a,b). The powers of Rx1day 
and Rx5day in the UR (Rx1day: 1500; Rx5day: 2000) 
and MLR (Rx1day: 2000; Rx5day: 3500) were lower 
and higher than those in the YRB, respectively. 
R20mm and R50mm had slight 2.5−5 yr periodic 
characteristics in the 1910s, 1930s−1950s, and the 
1990s (Fig. 9c,d). The significant 20 yr period oc -
curred during 1920−1960. The wavelet power for a 
20 yr periodic characteristic of R20mm and R50mm in 
the YRB was 30 and 5, respectively. The indices in 
the YRB for the 20 yr period were higher than those 
in the UR and MLR. Additionally, the MLR indices for 
the 5 yr period were higher than those for the YRB 
and UR. The R95p and R99p indices had significant 
2.5−5 and 5−10 yr periods in the 1910s and the 1950s, 
respectively (Fig. 9e,f). The power in the MLR was 
higher than in the UR and YRB. The CDD had 2.5 yr 
significant periodic characteristics in the 1970s and 
2.5−5 yr slightly periodic characteristics in the 1920s 
and 1950s. The CWD had 2.5−10 yr significant peri-
odic characteristics in the 1920s−1940s. The CDD 
and CWD in the UR were higher than those in the 
MLR and YRB (Fig. 9g,h). 

3.3.  Trends in the extreme precipitation index 

The box plots of linear trends for extreme precipi-
tation indices (Rx1day, Rx5day, R20mm, and R50mm) 
during 1901−2020 (Fig. 10) show significant upward 

trends (p < 0.05) for Rx1day (2.12 mm decade−1), 
R20mm (0.34 d decade−1), and R50mm (0.16 d 
decade−1) during 1961−2020 and significant down-
ward trends (p < 0.05) for Rx1day (−2.40 mm 
decade−1) and Rx5day (−7.94 mm decade−1) during 
1901−1960 in the YRB. Fig. 10a,b shows that the 
trends of Rx1day and Rx5day in the first 60 yr were 
lower than those in the last 60 yr, which was 
impacted by the downward trends in the MLR. 
Although the rates of change of Rx1day and Rx5day 
in the past 120 yr were non-significant, there were 
remarkable upward trends in the MLR and down-
ward trends in the UR. The linear trends of R20mm 
and R50mm were similar to those of Rx1day and 
Rx5day. However, in both periods of 1901−1960 and 
1901−2020, the trends of R20mm were not significant 
(Fig. 10c,d). 

Fig. 11 shows the box plots of the linear trends for 
the extreme precipitation index (R95p, R99p, CDD, 
and CWD) during 1901−2020. There were significant 
upward trends (p < 0.05) for R99p (7.28 d decade−1) 
during 1961−2020 and significant downward trends 
(p < 0.05) for CDD (−0.97 d decade−1) and CWD (0.10 d 
decade−1) during 1901−1960 and 1901−2020, respec-
tively in the YRB. Fig. 11a,b shows that the average 
trends for R95p and R99p in the 20th century for the 
first 60 yr were lower than those in the last 60 yr, 
which was impacted by the downward trends in 
the MLR. The linear trends of R95p and R99p were 
similar to those of the extreme precipitation indices 
R20mm and R50mm, as shown in Fig. 9. Downward 
trends were shown for the CDD and CWD for differ-
ent periods in the 120 yr. Most stations showed a 
downward trend in the YLB, except for the MLR dur-
ing 1901−1960 (Fig. 11c,d). 

To quantify the trend characteristics of the 
extreme precipitation index in different regions of 
the YRB, Fig. 12 shows linear trends for the ex -
treme precipitation index during 1901−1960, 1961−
2020, and 1901−2020 in the UR and MLR. From 
1901−1960, there were downward trends (p > 0.05) 
for most of the UR and MLR indices. Rx1day and 
Rx5day showed significant downward trends (−7.93 
and −10.53 d decade−1) in the MLR (Fig. 12a). 
From 1961−2020, most indices showed significant 
upward trends (p < 0.05) in the MLR — except 
CDD (−0.84 d decade−1) and CWD (−0.08 d de -
cade−1) — and non-significant upward trends (p > 
0.05) in the UR (Fig. 12b). From 1901−2020, most 
of the indices showed non-significant trends. The 
greatest difference in trend for the index was ob -
served for CDD, R95p, and R99p between the UR 
and MLR (Fig. 12c). 
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Fig. 9. Wavelet analysis of the extreme precipitation indices (a) maximum 1 d precipitation (Rx1day), (b) maximum 5 d precip-
itation (Rx5day), (c) heavy precipitation days (R20mm), (d) rainstorm days (R50mm), (e) intense precipitation (R95p), (f) ex-
treme intense precipitation (R99p), (g) consecutive dry days (CDD), and (h) consecutive wet days (CWD) in the Upper Reaches 
(UR), Middle and Lower Reaches (MLR), and the Yangtze River Basin (YRB) during 1901−2020. Black dots indicate statistical  

significance (p < 0.05)
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4.  DISCUSSION 

This study examined changes in precipitation 
values and extreme precipitation indices in the 
YRB from 1901−2020. The significant findings are 
that the precipitation values (PREA, PRED, and 
PREI) and extreme precipitation indices showed 
substantial fluctuations in the early 20th century 
and that the linear trends for most values and in -
dices showed a downward trend before 1961 and 

a significant up ward trend after 1961, especially in 
the MLR. 

The conclusion that precipitation and extreme 
precipitation increased after 1961 is consistent with 
previous research (Jian et al. 1986, Yang et al. 2005, 
Huang et al. 2006, Feng et al. 2011, Li et al. 2012, 
Fu et al. 2013, He et al. 2013, Ren et al. 2015, Zhang 
et al. 2020) and also, to a certain extent, confirmed 
the accuracy of the daily preci pitation data set in 
this study. Furthermore, the analysis of the change 
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Fig. 10. Box plots and spatial distributions of linear trends for the extreme precipitation indices (a) maximum 1 d precipitation 
(Rx1day), (b) maximum 5 d precipitation (Rx5day), (c) heavy precipitation days (R20mm), and (d) rainstorm days (R50mm) in the 
Yangtze River Basin during 1901−1960, 1961−2020, and 1901−2020. Green dots, red lines and small red dots: average of linear 
trends, median of linear trends and the abnormal values for the 17 stations, respectively; top and bottom of box and whiskers: 
maximum, minimum, and upper and lower quartiles, respectively; green and yellow squares represent statistical significance 
(p < 0.05) and non-significance (p > 0.05), respectively; solid blocks in the spatial distribution represent statistical significance 
(p  < 0.05). The range 01−60 represents the period 1901−1960, 61−20 refers to 1961−2020, and 01−20 signifies 1901−2020
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in  extreme precipitation in dices makes up for the 
shortage of research due to the lack of observa-
tional data in the first half of the 20th century, which 
can help us understand the multi-decadal variabil-
ity in the river basin and, at the same time, provide 
a  reference for verifying the model and reanalysis 
data. 

The extreme precipitation increase in the past 
60 yr occurred under the background of global cli-
mate warming and rapid urbanization in mainland 

China. However, in the period of global and regional 
warming hiatus during 1998−2013, the extreme pre-
cipitation events showed a decreasing trend, with 
R99p (extreme intense precipitation) exhibiting a 
significant downward trend (Table 3). This implies 
that changes in global and regional temperature may 
have an effect on extreme precipitation changes in 
the YRB. Additionally, the change in regional ex -
treme precipitation is also directly related to the 
multi-decadal climate variability in East Asia, espe-
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Fig. 11. Box plots and spatial distributions of linear trends for the extreme precipitation indices (a) intense precipitation (R95p), 
(b) extreme intense precipitation (R99p), (c) consecutive dry days (CDD), and (d) consecutive wet days (CWD) in the Yangtze 
River Basin during 1901−1960, 1961−2020, and 1901−2020. Green dots, red lines and small red dots: average of linear trends, 
median of linear trends and the abnormal values for the 17 stations, respectively; top and bottom of box and whiskers: maxi-
mum, minimum, and upper and lower quartiles, respectively; green and yellow squares represent statistical significance (p < 0.05) 
and non-significance (p > 0.05), respectively; solid blocks in the spatial distribution represent statistical significance (p < 0.05).  

The range 01−60 represents the period 1901−1960, 61−20 refers to 1961−2020, and 01−20 signifies 1901−2020
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cially to the variability in the East Asian summer 
monsoon (Ding et al. 2020, Zhou et al. 2022). How-
ever, the possible causes of the observed changes in 
total precipitation and extreme precipitation still re -
quire further investigation. 

The results reported here contain 
uncertainties, especially for the period 
of the early 20th century. First, al -
though the Chinese 60 city daily pre-
cipitation data set has undergone 
strict quality-control and data interpo-
lation for records prior to 1951 (Zhan 
et al. 2022), compared to the daily pre-
cipitation data after 1961, there are 
obvious differences in the data quality 
in the early 20th century. The existing 
record was larger than the effective 
record prior to 1960, with 17 effective 
stations after 1960 and only 6 effective 
stations in 1901. Although the effec-
tive number of stations slowly in -
creased until 1937, there was a data-
blank period from 1940−1950 (there 
were no data collected during 1942−
1945 in the MLR of the YRB) (Fig. 1, 
Table 1). Additionally, al though the 
in homogeneities caused by station re -
locations and different  periods of 
observation records of individual sta-
tions cannot affect regional climate 
change results, the daily precipitation 
inhomogeneity of certain stations may 
lead to uncertainties in the study of 
station trends during the 20th century 
(Alexanders son 1986, Liu & Sun 1995, 
Dai et al. 1997, Wu 2005, Li et al. 
2008, Yang & Li 2014). Future studies 
should further interpolate the early 
daily precipitation data but also adjust 
for the inhomogeneities caused by sta-
tion relocation to establish the city 
daily precipitation sequence. 

Second, studies have demonstrated 
that the observation records of urban 

stations contain significant urbanization biases, espe-
cially since the mid-20th century in China (Ren et al. 
2007, 2008, Ren & Ren 2011, Wang & Ge 2012, Ren & 
Zhou 2014, Zhang et al. 2019, 2021, 2022, Tysa & Ren 
2022). Urbanization can not only cause changes in 
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Fig. 12. Linear trends of the extreme precipitation indices maximum 1 d pre-
cipitation (Rx1day); maximum 5 d precipitation (Rx5day); intense precipita-
tion (R95p); extreme intense precipitation (R99p); heavy precipitation days 
(R20mm); rainstorm days (R50mm); consecutive dry days (CDD); and consecu-
tive wet days (CWD) for the Upper Reaches (UR) and the Middle and Lower 
Reaches (MLR) of the Yangtze River Basin during 1901–1960, 1961–2020, and 
1901–2020. Solid bars indicate statistical significance (p < 0.05); hollow bars  

indicate statistical non-significance (p > 0.05)

Region                        Rx1day           Rx5day         R20mm           R50mm           R95p             R99p         CDD             CWD 
 
YRB                            −4.55               −7.76             −2.40               −0.55               −1.25             −0.97*       −59.35           −13.50 
UR                              −8.65               −8.01             −1.68               −0.06               −2.55             −0.92*       −42.53            −3.75 
MLR                           −2.32               −7.62             −2.80               −0.82               −0.55             −0.99*       −68.53           −18.81

Table 3. Linear trends in extreme precipitation indices during 1998−2013 in the Yangtze River Basin. See Table 2 for abbreviation  
definitions and units. Asterisks indicate statistical significance (p < 0.05)
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temperature at urban weather stations through the 
en hanced urban heat island effect (Ren & Zhou 2014) 
but also result in changes in radiation, water vapor 
levels, and cloud cover (Zhang et al. 2022). Studies 
have shown that the evapotranspiration and PREF in 
urban areas are smaller than those in rural areas (Var-
quez & Kanda 2018, Ren et al. 2021, Yang et al. 2021, 
Zhang et al. 2022); meanwhile, urbanization leads to a 
reduction in light precipitation and an increase in 
short-duration intense precipitation at urban stations 
(Yang et al. 2017, 2021, Tysa & Ren 2022, Yu et al. 
2022). Fig. 12 shows a more significant upward trend 
of intense precipitation over the last 60 yr in MLR 
than that in the UR. This may have been partially re-
lated to the rapid urbanization around the observa-
tional sites in central and eastern China over the last 
half a century. Therefore, the possible influence of ur-
banization bias on the estimate of extreme precipita-
tion trends in the study region cannot be  ignored. It is 
also necessary to further adjust for urbanization bias 
in the daily precipitation data in the future. 

In this study, we only used 17 city stations to repre-
sent changes in extreme precipitation in the YRB. Since 
1951, the ground meteorological observation net work 
has gradually been developed in China. In 2020, the 
National Reference Climate Network and National 
Basic Meteorological Network in the YRB had 658 
observation stations, representing good coverage in 
terms of temporal and spatial resolution. Table 4 com-
pares the linear trends in the extreme precipitation in-
dices at all 658 stations and the 17 stations in the YRB 
during 1961−2020. Most of the ex treme indices for the 
17 stations were higher than those for the 658 stations, 
except for the CDD. This larger trend may indicate 
the influence of urbanization on total and extreme 
precipitation changes and also shows that the trend 
estimates based on a denser observational network 
may to some extent reduce the uncertainty in the esti-
mates of extreme precipitation trends in the YRB. 

5.  CONCLUSIONS 

Applying a data set of daily precipitation from 17 
stations over the past 120 yr (1901−2020), we ana-

lyzed the long-term changes and variabilities in total 
and extreme precipitation in the YRB. The primary 
conclusions drawn in this study are as follows: 

(1) The precipitation values have slightly increased 
over the past 120 yr in the YRB, with upward trends 
in the MLR and downward trends in the UR. Down-
ward and upward trends occurred in the YRB during 
1901−1960 and 1961−2020, respectively. The non-
precipitation frequency has generally decreased and 
the light precipitation frequency increased over the 
last 120 yr. 

(2) Most of the extreme precipitation indices 
showed a decreasing trend in the first 60 yr but re -
versed after 1961, with slightly upward trends for the 
whole period of 1901−2020. The trends in extreme 
precipitation in the UR were lower than those in the 
MLR during 1901−2020, particularly in the last 60 yr. 
The upward trends in extreme precipitation in the 
MLR over the last 60 yr may have been partially 
related to the influence of rapid urbanization around 
the observational sites in central and eastern China. 

(3) The precipitation and extreme precipitation 
indices showed clear inter-decadal to multi-decadal 
and periodic variability. The variability of the most 
extreme precipitation indices formed a trough in the 
1920s and 1940s and a peak in the 1910s, 1950s, and 
2010s. There were mainly quasi-periodicals of 5−10 
or 20 yr. The upward trend of extreme precipitation 
may also be a half-cycle feature in the multi-decadal 
periodic fluctuations. 

(4) The observed change in regional extreme 
precipitation in the MLR of the YRB could be well 
ex plained by an urbanization effect around the 
observational stations and multi-decadal climate 
variability. These influences may have surpassed 
the signal from anthropogenic global and regional 
warming. 
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Stations                      Rx1day           Rx5day         R20mm           R50mm           R95p             R99p         CDD             CWD 
 
658 Stations               1.48*               1.75               0.25*               0.10*               10.68*           5.72*         −0.27             −0.12* 
17 Stations                 2.11*               2.86               0.33*               0.13*               11.28             7.25*         −0.42             −0.10

Table 4. Linear trends for extreme precipitation indices during 1961−2020 at 658 and 17 national weather stations. See Table 2  
for abbreviation definitions and units. Asterisks indicate statistical significance (p < 0.05)
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