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Abstract
Changes in surface runoff and its coupling relationship with atmospheric circulation have been an ongoing focus of climate 
change research. In this study, the Mann–Kendall test, Pettitt test, and quantile regression were used to analyze changes 
in surface runoff in the middle reaches of the Yangtze River Basin (MYRB) during 1902–2014 based on the global runoff 
reconstruction (GRUN) dataset. In addition, cross wavelet analysis was used to analyze the coupling relationships between 
four teleconnection indices from the National Oceanic and Atmospheric Administration (NOAA) website (i.e., East Central 
Tropical Pacific SST (El Niño 3.4), Pacific Decadal Oscillation (PDO), Eastern Pacific/North Pacific Oscillation Index (EP/
NP) and multivariate ENSO Index (MEI V2)), and monthly average surface runoff series in the MYRB. The study produced 
several important results: (1) Trends in the annual surface runoff, from 1902 to 2014, in the MYRB have changed signifi-
cantly, with the longest and most significant upward trend occurring from 1987 to 2000. (2) The annual series surface runoff 
mutation years varied across the MYRB (e.g., surface runoff in the central region changed abruptly around 1918, whereas 
surface runoff in the northern and southern regions changed abruptly around 2000). (3) Significant correlations (P < 0.05) 
between the surface runoff in the MYRB and the four representative teleconnection indices (e.g., El Niño 3.4, PDO, EP/
NP, and MEI V2) indicate that surface runoff has been strongly linked to the indices. The significance of this study lies in 
its revelation of relationships between water resources system changes and climate change.
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1  Introduction

Due to climate change, the melting of ice sheets has acceler-
ated, leading to global sea level rise (Trusel et al. 2018), and 
extreme weather events have led to severe droughts, floods, 
and storms (Kalisa et al. 2021). Thus, the impacts of climate 
change on environments are attracting increasing attention 
(Chen et al. 2019). Such changes affect not only precipitation 
and temperature but also the normal operation of the global 
water cycle (Meng et al. 2019).

Surface runoff is an extremely significant part of the 
global water cycle, and any changes in it can affect human 

production and life (Ding et al. 2014). For example, recently, 
in mainland China, biological habitat reduction, frequent 
droughts and floods, and environmental deterioration along 
dried rivers have seriously affected human safety and eco-
nomic development, with immeasurable losses (Ding et al. 
2014). In recent decades, under global climate change and 
human activities, alternating droughts and floods have 
occurred frequently in China, resulting in intense impacts 
on water and food security (Shan et al. 2018). Terrestrial 
water storage can also affect the hydrological cycle (Pokhrel 
et al. 2021). Prior studies have found that ocean circulation 
changes, as measured by the teleconnection indices (e.g., 
East Central Tropical Pacific SST (El Niño 3.4), Pacific 
Decadal Oscillation (PDO)), also seriously impact surface 
runoff in the East Asian monsoon region. For example, the 
Normalized Difference Vegetation Index (NDVI) and the El 
Niño–Southern Oscillation (ENSO) circulation index were 
found to be the factors most correlated with surface runoff, 
and the combined NDVI–TMP and ENSO–PDO had even 
stronger relations with surface runoff (Yang et al. 2021). 

 *	 Peng Yang 
	 806680403@qq.com

1	 School of Geography and Information Engineering, China 
University of Geosciences, Wuhan 430074, China

2	 State Key Laboratory of Water Resources and Hydropower 
Engineering Science, Wuhan University, Wuhan 430000, 
China

Theoretical and Applied Climatology (2022) 148:1513–1527

/ Published online: 18 March 2022

http://orcid.org/0000-0002-8225-9096
http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-022-04013-8&domain=pdf


	 W. Wang et al.

1 3

Therefore, to obtain a better understanding of the impact of 
climate change on surface runoff, it is important to study the 
relationships between surface runoff changes and telecon-
nection indices.

Recently, many studies have examined changes in sur-
face runoff as well as the correlation between surface run-
off and atmospheric circulation. Surface runoff is mainly 
affected by climate change and human activities (Farsi and 
Mahjouri 2019). At the same time, surface runoff impacts 
human society. For example, Resende et al. (2019) showed 
that an increase in extreme surface runoff would affect corn 
production in the Parana region of Brazil. In previous stud-
ies, a variety of trend testing methods (e.g., the Mann–Ken-
dall test, Pettitt test, and quantile regression) were used to 
analyze changes in surface runoff (e.g., Zhang et al. 2014; 
Papacharalampous et al. 2018; Grinsted et al. 2004). The 
advantages of such studies lie in their ability to use a variety 
of scientific methods to analyze the characteristics of surface 
runoff changes, the impacts of these changes, and their rela-
tionships with other environmental factors quantitatively and 
from different perspectives. However, although a variety of 
methods to detect surface runoff trends and verify the reli-
ability of the test results have been used, few studies have 
sought to analyze the teleconnection between atmospheric 
circulation and regional surface runoff. Furthermore, the 
influence of the underlying surface on runoff is frequently 
ignored, preventing comprehensive evaluation of the surface 
runoff.

The Yangtze River Basin (YRB) is among the river basins 
with the highest drought and flood risk in the world (Ye 
et al. 2017). Moreover, as the middle and lower reaches of 
the Yangtze River Basin (MYRB) are among the fastest-
growing regions in China, the area is especially vulnerable 
to droughts and floods (Zhang et al. 2008). Although both 
natural and anthropogenic factors impact surface runoff in 
the YRB, climate change is the main cause of its seasonal 
changes (Chai et al. 2019). Under the influence of inten-
sive human activities, the surface runoff in the YRB has a 
complex history (Kuang et al. 2014). The construction of 
the Three Gorges Dam, for example, altered downstream 
hydrological conditions and so directly affected the exchange 
of water between Dongting Lake and the Yangtze River (Sun 
et al. 2012). Meanwhile, excessive development and land 
utilization in the YRB have led to problems, such as declin-
ing ecosystem services (Chen 2020). The YRB should be 
used efficiently and protected effectively according to the 
characteristics of the country and basin (Wang et al. 2013). 
Regional studies such as those mentioned above can ana-
lyze trends in YRB surface runoff over multiple time scales, 
examine the ecological impacts of changes in surface run-
off, and explore relationships between such changes and the 
environment. However, the methods used to detect surface 
runoff trends have been relatively simple, and few studies 

have included analyses of the impacts of atmospheric cir-
culation and underlying surfaces. Therefore, this study had 
the following objectives: (1) analyze long-term surface run-
off changes from 1902 to 2014 based on the global runoff 
reconstruction (GRUN) dataset using the Mann–Kendall 
trend test, Pettitt test, and quantile regression methods and 
(2) study the coupling relationship between teleconnection 
indices and surface runoff using cross wavelet analysis.

2 � Study area

The MYRB between Yichang and Hukou comprises the 
main axis of the Yangtze River Economic Zones and is an 
important region of China (Yuan et al. 2012). The MYRB 
in central China comprises three sub-basins: the Dongting 
Lake Basin, Han River Basin, and Yichang–Hukou reaches 
(Zheng et al. 2021). Figure 1 shows the topography and 
water system distribution of the study area.

Most of the MYRB terrain is in the third step (the plain) 
of the three major topographic steps in China, whereas a 
small part is in the second step. The eastern part of the 
region is relatively low, whereas the western part is higher 
(Liu 2008). The overall elevation range is approximately 
100 m, and there is little fluctuation (Chen et al. 2020). The 
area is subtropical, with an annual precipitation of 1000 to 
1400 mm (Zhao and Mo 2020). The annual average tempera-
ture is 16–18 °C, the active cumulative temperature above 
10 °C, and the duration of such days has generally increased 
significantly (Li 2021). Rice is cultivated in most areas under 
a triple cropping system. The area is suitable for many types 

Fig. 1   Study area
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of crops, especially those with a short growth cycle and long 
growth period (Su et al. 2005). The MYRB has the highest 
density of river networks in mainland China; these include 
natural water systems and lakes and artificial crisscrossing 
channels (Lai et al. 2014).

3 � Materials and methods

3.1 � Materials

3.1.1 � Surface runoff data

The surface runoff data used in the study were from the 
GRUN (Do et al. 2018; Gudmundsson et al. 2017), which 
was not the measurement data from the gauging stations. 
This dataset contains global monthly time series surface 
runoff from 1902 to 2014. The spatial resolution of the 
dataset using the WGS1984 coordinate system is 0.5°. The 
dataset can be obtained from https://​www.​resea​rch-​colle​
ction.​ethz.​ch/​handle/​20.​500.​11850/​324386?​show=​full. 
Using the Global Soil Moisture Project Phase 3 (GSWP3) 
meteorological forcing dataset, historical precipitation and 
temperature data were used to predict monthly surface run-
off (Kim 2015). The dataset reproduces well the dynam-
ics of surface runoff on a global scale, and the accuracy 
of this reconstruction was assessed by cross-validation and 
compared with independent discharge observation datasets 
from large watersheds (Ghiggi et al. 2019). Its agreement 
with streamflow observations is on average better than the 
combination of 13 state-of-the-art global hydrological model 
surface runoff simulations (Ghiggi et al. 2019).

3.1.2 � Teleconnection index

In this study, four teleconnection indices were applied: the 
East Central Tropical Pacific SST (El Niño 3.4), Pacific Dec-
adal Oscillation (PDO), and Eastern Pacific/North Pacific 
Oscillation Index (EP/NP) from January 1959 to Decem-
ber 2014 and the multivariate ENSO Index (MEI V2) from 
January 1979 to December 2014. The teleconnection indi-
ces were taken from the National Oceanic and Atmospheric 
Administration (NOAA) website (available at: https://​psl.​
noaa.​gov/​data/​clima​teind​ices/​list/) (Qian 2012).

3.2 � Methods

This study used a variety of trend analysis methods, specifi-
cally the Mann–Kendall test, Pettitt test, quantile regression, 
and cross wavelet analysis, to test surface runoff trends in 
various time series and their relationship with atmospheric 
circulation.

3.2.1 � Mann–Kendall test

The Mann–Kendall test method was first proposed by Mann 
(1945) and Kendall (1955). It is a nonparametric statistical 
test method that is used to detect, diagnose, and predict cli-
matic trends in variables such as precipitation and surface 
runoff.

Assuming that the sample size of a set of time series X is 
n, its order is determined by

where Sk is the cumulative number when xi is greater than xj.
Under the assumption that the set of time series are ran-

domly independent, it can be defined statistically as

where UF1 = 0, E(Sk), and Var(Sk) are the mean and variance 
of Sk respectively, and UFk conforms to the standard normal 
distribution, which is calculated according to the positive 
sequence x1,x2,…,xn. The formula is also used to calculate 
UBk using the inverse sequence xn,xn-1,…,x1 of the sample X.

When UFk is greater than 0, it indicates that the original 
sequence is on an upward trend. When UFk is less than 0, the 
original sequence is on a downward trend. If UFk exceeds 
a given confidence level, the sequence is deemed to have 
a significant upward or downward trend. If curve UB and 
curve UF intersect within the confidence interval, then the 
time at which intersection occurs is the time when a sudden 
change in trend begins.

3.2.2 � Pettitt test

The Pettitt test, also a nonparametric test, was originally 
proposed by Pettitt (1979). It can accurately find the location 
of a mutation and indicate its significance.

Assuming that the sample size of a set of surface runoff 
sequences x1,x2,…,xn is n and that its order is r1,r2,…,rn, then 
the statistics is determined as

where Sk is the test result, and E is the time point at which 
the mutation occurred. A sudden change at a certain point 
in time is indicated bySE =

max

1 ≤ k ≤ n||Sk|| 

(1)Sk =

k∑

i=1

ri, ri =

{
+1, xi > xj
0, xi ≤ xj

, j = 1, 2,⋯ , i

(2)UFk =

[
SkE

(
Sk
)]

√
Var

(
Sk
) , k = 1, 2,⋯ , n

(3)Sk = 2

k∑

i=1

ri − k(n + 1), k = 1,… , n(j = 1,⋯ , i)

(4)SE = max
1≤k≤n

||Sk||
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3.2.3 � Quantile regression

Quantile regression was proposed by Koenker and Bassett 
(1978). It is a regression fitting method that quantitatively 
analyzes the linear relationship between independent vari-
able X and dependent variable Y. Estimating the regression 
relationship between variables X and Y at different quantile 
levels provides a more comprehensive understanding of the 
global conditional distribution of variable Y. The quantile 
regression method has an advantage over least squares esti-
mation because the latter only reflects the average level of 
the variable, which causes a certain amount of information 
loss. The regression coefficient values at different quantile 
levels are closely related to the degree of fit between vari-
ables X and Y, expressed mathematically as

where y is a continuous random variable and τ is the prob-
ability of its i quantile y(�) . In the study of climatic time 
series trends, especially trends of hydrological elements, the 
change characteristics near the end of the distribution are 
particularly important. This could be significant in study-
ing the development trend of surface runoff. Thus, several 
representative high quantiles of 0.75, 0.85, and 0.95 and low 
quantiles of 0.05, 0.15, and 0.25 were used to analyze the 
evolution of surface runoff in different monthly time series.

3.2.4 � Cross wavelet analysis

In this study, the cross wavelet transform (XWT) and wave-
let coherence (WTC) were used to analyze the character-
istics of the coupling relationship between the changes in 
surface runoff in the MYRB and the four teleconnection 
indices representing atmospheric circulation. XWT was used 
to focus on correlations between the time series surface run-
off and teleconnection indices in the high-energy area of 
the time and frequency scales in the study area, whereas 
WTC was mainly used to analyze the correlation between 
the time series surface runoff and teleconnection indices in 
low-energy areas. Assuming that the functions constructed 
by two time series samples are f(t) and g(t), the definition 
of the cross wavelet spectrum (Hudgins and Huang 1996) is

where 
(
Wf (s, �)Wg(s, �)

)
 is the time scale decomposition of 

the two time series functions f(t) and g(t).
The significance level of XWT comes from the square 

root of the product of two X2distributed wavelet spectra 
(Torrence and Compo 1998). Cross wavelet analysis can 
effectively analyze the correlation between different signals 

(5)T = P(y ≤ y(�)) = F(y(�))

(6)Cf ∙g(s) = ∫ Wf (s, �)Wg(s, �)d�

and quantitatively represent the phase change of the signal 
on the time and frequency scale. In Fig. 10, the black thin 
solid line is the wavelet boundary effect influence cone, and 
the arrow within the thick black line has passed the noise 
test with a significance level of 0.05. The direction of the 
arrow indicates the phase relationship between the two. An 
arrow to the right indicates that the two series are in the 
same phase, that is, there is a certain intensity of positive 
correlation. An arrow to the left indicates that the two series 
are in reverse phase; that is, there is a certain intensity of 
negative correlation.

4 � Results

4.1 � Analysis of surface runoff trend in the MYRB

The Mann–Kendall test was used to analyze the monthly 
time series of surface runoff in the MYRB from 1902 to 
2014, as shown in Fig. 2. The surface runoff series in Janu-
ary, February, and March abruptly changed around 1980 
and showed a significant downward trend around 1930 
(Fig. 2a–c). The difference was that the surface runoff in 
January showed a significant upward trend (P < 0.05) around 
1920, whereas the time series surface runoff in February and 
March showed a significant upward trend (P < 0.05) around 
2010. Moreover, the surface runoff curves in both Febru-
ary and March intersected many times during 1960–2000 
(Fig. 2b–c), indicating that the surface runoff trends of the 
2 months changed drastically. Although the curves in April 
and May intersected at around 1915 and 2000, indicating 
that the trends in April and May around these two years 
changed, these changes were not significant (Fig. 2d–e). 
The difference was that the surface runoff in April had a 
significant downward trend during 1920–1940 and changed 
drastically in 1950, whereas the surface runoff in May had 
a significant upward trend around 1950. The trend of sur-
face runoff in June was exceptional (Fig. 2f), with drastic 
changes from 1902 to 2014 and a significant upward trend 
(P < 0.05) in 2010. The common feature of the time series 
surface runoff from July to December was that all months 
showed a significant upward trend (P < 0.05) around 2010 
(Fig. 2g–l). Although July had a significant upward trend 
(P < 0.05) during 1920–1960, the surface runoff in July and 
August changed drastically from 1990 to 2010, and the sur-
face runoff in September increased significantly (P < 0.05) 
from 1985 to 2014 (Fig. 2g–i). The surface runoff curves 
in October and November also changed substantially and 
intersected many times from 1960 to 2000 (Fig. 2j–l). The 
surface runoff trend in the December time series was rela-
tively gentle, with little change.

The Mann–Kendall test results on the seasonal and annual 
time series surface runoff in the MYRB are shown in Fig. 3. 
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An important feature is that the surface runoff of the four 
seasons as well as the annual surface runoff all showed a sig-
nificant upward trend (P < 0.05) around 2010. The difference 
was that the spring, winter, and annual time series had signif-
icant downward trends (P < 0.05) around 1930 (Fig. 3a,d,e). 
There were also two substantial changes in spring and sum-
mer from 1902 to 2014 (Fig. 3a–b). The trends of surface 
runoff in autumn and winter changed greatly from 1975 to 
2000, whereas the annual surface runoff changed strongly 
from 1987 to 2000 (Fig. 3c–e). In general, there were sig-
nificant changes in the trends of both seasonal and annual 
surface runoff series from 1902 to 2014 in the MYRB.

4.2 � Analysis of abrupt changes of surface runoff 
trend in the MYRB

Figure 4 displays the results of the Pettitt test for surface 
runoff in different months in the MYRB. Except for Feb-
ruary, March, May, and July, changes occurred relatively 
early in the MYRB, with abrupt changes in most subareas 
before 1950 (Figs. 4a,d,f,h–l). A small number of subar-
eas had abrupt changes around 1980. Among these, the 

earliest was the abrupt change in overall regional surface 
runoff in September, although only a small part of the north-
west and central areas had an abrupt change around 1998 
(Fig. 4i). The surface runoff in October changed significantly 
(P < 0.05) around 1966 in most parts of the northeast. In 
contrast, abrupt changes in the time series surface runoff 
of February, March, May, and July occurred in later years; 
some areas changed around 2014 (Fig. 4b,c,e,g). For the 
February time series surface runoff, only the central region 
changed around 1920, whereas most of the northern and 
southern regions changed abruptly around 1985 (Fig. 4b). 
There were no overall changes in the time series surface 
runoff trends in February in the MYRB from 1902 to 2014. 
Compared with surface runoff in other months, surface run-
off in March most changed abruptly in about 2014, mainly 
in the northern and central regions (Fig. 4c). The south-
ern region had a significant abrupt surface runoff change 
in 1990. The distribution of abrupt changes in the surface 
runoff sequence in May differed significantly from north to 
south (Fig. 4e). The surface runoff to the north of the central 
area changed abruptly around 1940, but the surface runoff 
in the south changed abruptly after 1998. It is evident in 

Fig. 2   Mann–Kendall test chart of monthly series runoff in the MYRB (a–l represent the Mann–Kendall test results from January to December, 
respectively)
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the monthly data that most of the northwestern and south-
western regions changed abruptly (P < 0.05). In July, most 
areas changed abruptly around 1990, but a small number 
of areas in the north and southeast changed around 1965. 
The northwest surface runoff sequence shows a significant 
abrupt change in 1990. In general, the distribution of years 
of abrupt surface runoff change in each monthly time series 
in the MYRB was different. In addition, the degrees the 

significance of the abrupt changes in surface runoff in dif-
ferent time series in the MYRB were also different.

Figure 5 represents the distribution of mutations among 
the surface runoff years in each seasonal and annual 
sequence in the MYRB. The results show that the distribu-
tions of spring and summer surface runoff mutation years 
were relatively consistent and that the changes all occurred 
around 1940 (Fig. 5a,b). In the seasonal and annual time 

Fig. 3   Mann–Kendall test chart of seasonal and annual runoff in the MYRB (a–e represent the Mann–Kendall test results from Spring to Winter 
and Annual, respectively)
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series surface runoff mutation year distribution map, only 
the mutations in the spring and summer surface runoff 
series reached the level of significance. Abrupt changes in 
the autumn, winter, and annual series occurred relatively 
early (Fig. 5b,d,e). Only a few grids in the MYRB, in each 
month, reached the significance level (P < 0.05), indicating 
that while surface runoff in the MYRB changed from 1902 
to 2014, only a few regions had significant changes.

4.3 � Quantile regression analysis of surface runoff 
series in the MYRB

Figure 6 shows the quantile regression results for surface 
runoff time series of different months. Except for January, 
February, and May, the fitted time series surface runoff 
trends at the high quantiles of 0.85 and 0.95 were quite dif-
ferent (Figs. 6c,d,f–l). Surface runoff in March, April, June, 
and July changed slowly at the 0.95 quantile level, whereas 
the absolute values of the slopes of the straight lines at the 
0.75 and 0.85 quantile levels were large and negative and the 
trends were obvious (Fig. 6c,d,f,g). The absolute values of 

the linear slopes of the surface runoff in June, September, 
October, and November at the 0.95 quantile level were large 
and negative, whereas the changes were gentle at the 0.75 
and 0.85 quantile levels (Figs. 6f,h–j). The analysis above 
indicates that over time, climate change has had a certain 
degree of impact on surface runoff at high quantiles levels. 
However, at low quantile levels, except for June, trends in 
months were not obvious. The overall quantile distribution 
in June showed a convergent pattern, and the changing trend 
of the low quantile level was opposite that of the high quan-
tile level, which indicated that climate change had a particu-
larly obvious impact on surface runoff in June time series 
(Fig. 6f). No obvious trend change was observed via least 
squares fitting over the 12 months, indicating that climate 
change had little effect on average surface runoff. At the later 
stages of the distribution, the monthly quantile regression 
results were not significant, but there were certain changes 
in the fitted trend.

The results of further analysis of the slopes of the 
quantile regressions of different months are shown in 
Fig. 7. Except for May, June, September, and November, 

Fig. 4   Distribution of abrupt changes in monthly runoff in the MYRB (The significance test was performed, and the grids that reached the sig-
nificance level were distinguished by “*”)
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a significant feature was that the slopes of the quantile 
regression estimates of surface runoff fluctuated within 
the significance interval of the least squares regression 
(Figs. 7a–d,g,i,k). This showed that the impact of climate 
change on surface runoff was relatively constant through-
out the distribution in most monthly time series. The 
quantile regression slopes in May, June, September, and 
November had larger changes than in other months, at the 
tails of the distributions (Figs. 7e–f,i,k). The impact of sur-
face runoff at the high and low quantile levels was greater 
than the impact at median quantile levels. From January 
to December, the slopes of the regression estimates for 
each quantile were relatively small, and the changes were 
mainly concentrated at the tails of the distributions (i.e., 
the high quantiles and low quantiles), which is consistent 
with the results obtained in Sects. 4.1 and 4.2.

Figure 8 shows the quantile regression results for surface 
runoff in the seasonal and annual time series. Spring had a 
significant upward trend at the 0.05 and 0.95 quantile regres-
sion levels (Fig. 8a), summer had a greater upward trend at 
the 0.95 quantile regression level (Fig. 8b), autumn had an 
obvious downward trend at the 0.95 quantile regression level 
(Fig. 8c), and winter had a clear upward trend at the 0.85 
quantile regression level (Fig. 8d). The annual surface runoff 
series had some downward trend in the 0.85 quantile level 
regression, but there was a clear upward trend at the 0.95 
quantile level (Fig. 8e). The analysis verified that climate 
change had a greater impact on the tail end of the time series 
surface runoff. Generally, no obvious surface runoff trends 
were obtained by least square regression The curves tended 
to be horizontal, and the fitting was poor. However, the quan-
tile regression of seasonal and annual surface runoff showed 

Fig. 5   Distribution map of sea-
sonal and annual runoff abrupt 
changes in the MYRB (the 
significance test was performed, 
and the grids that reached the 
significance level were distin-
guished by “*”)
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that different quantile levels had different trends. Although 
the regression fitting results of each season and the annual 
quantile analysis did not reach the level of significance, the 
distribution of quantile values in the different seasons still 
reflected certain changes in surface runoff trend.

The slope distribution of the seasonal and annual surface 
runoff quantile regressions is shown in Fig. 9. The regres-
sion trends of spring, summer, and winter surface runoff 
at the middle and low quantile levels are not obvious, with 
their slopes fluctuating around 0 (Fig. 9a,b,d). The surface 
runoff results in the spring, summer, and annual time series 
have larger and positive slopes at the high quantile level 
(Fig. 9a,b,e). The regression trends for the middle and low 
quantile levels of the autumn time series are not obvious, 
but they are different from those other seasons in that the 
absolute value of the slope is larger and negative at the high 
quantile level (Fig. 9c), indicating that the high quantile 
autumn surface runoff has been decreasing over time. This is 
consistent with the analytical conclusions obtained through 
Fig. 8, which showed that climate had a greater influence 
on seasonal and annual time series surface runoff at high 

quantile levels. The quantile regression analysis of the time 
series surface runoff, at different quantile levels, provides a 
more comprehensive and accurate understanding of surface 
runoff trends in the MYRB and the impact of climate change 
on those trends.

4.4 � Analysis of teleconnection between surface 
runoff and atmospheric circulation in the MYRB

XWT and WTC were used to study the coupling relationship 
between regional surface runoff and atmospheric circulation. 
Figure 10 shows the results of the application of XWT and 
WTC the surface time series surface runoff and four rep-
resentative teleconnection indices in the middle and lower 
reaches of the Yangtze River. It can be seen from Fig. 10 
that the distribution of the high-energy region of XWT is 
roughly the same as the distribution of the WTC low-energy 
region. Among the indices, El Niño 3.4, PDO and EP/NP 
from January 1950 to December 2014 have a higher agree-
ment with the time series surface runoff in the XWT high-
energy region and the WTC low-energy region (Figs. 10a–c, 

Fig. 6   Quantile regression distribution of monthly runoff series in the 
MYRB (the red solid line in the figure was the result of least squares 
fitting, the gray dashed line was the regression result of different 

quantiles, from bottom to top were 0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 
0.65, 0.75, 0.85, and 0.95 quantile regression fitting results)
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e–g). Meanwhile, the phase relationship between time series 
surface runoff and teleconnection indices can be determined 
using the directional arrows of the cross wavelet transform 
and wavelet coherence. In the XWT analysis of surface run-
off and El Niño 3.4, the results show high-energy areas with 
arrows mainly pointing to the right, indicating that the two 
series at 1–2 a (1950s–1975s), 1–2 a (1990s), and 1–2 a 
(2010s–2014s) had a significant and strong positive correla-
tion (Fig. 10a). In the WTC results, the low-energy region 
also has arrows pointing to the right, indicating a significant 
positive correlation (P < 0.05) between the two sequences 
at 1–2 a (1960s–1970s) (Fig. 10e). In the analysis of sur-
face runoff and PDO, the XWT results indicate the same 
change periods as in the first XWT result, but the distribu-
tion years are different (Fig. 10b). In the WTC results, the 
low-energy zone is more dispersed (Fig. 10f). In the analysis 
of surface runoff and EP/NP, the XWT results show that 
the high-energy area has mainly leftward-directed arrows, 
indicating a significant negative correlation (P < 0.05) at 
1–2a (1950s–1960s) and 1–2a (1970s–1980s and 2000s) 

between the two sequences (Fig. 10c). The low-energy area 
also showed a significant negative correlation (P < 0.05) 
(Fig. 10g). There was a strong positive phase correlation 
between the time series surface runoff and MEI V2 from 
January 1979 to December 2014, but the periodic changes 
were longer, mainly at 1–4a (1980s), 2–3a (1985s–1990s), 
1–4a (1990s–2000s), and 1–4a (2010s) (Fig. 10d). In gen-
eral, a strong correlation exists between the various cli-
matic teleconnection indices and time series surface runoff 
in this region, indicating a significant coupling relationship 
(P < 0.05) between atmospheric circulation and surface run-
off in the MYRB.

5 � Discussion

5.1 � Data availability

A limitation of this study was that the data came from 
machine learning simulations, rather than actual observation 

Fig. 7   Distribution of quantile regression slopes of monthly runoff 
series (the black solid lines in the figure were the slope corresponding 
to the 10 quantile regression estimates used in this study. The black 
dashed line was the 95% significance interval corresponding to the 

slope of the quantile regression estimate, the red solid line was the 
slope of the least squares regression estimate, and the red dashed line 
was its significance interval)
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data, and these may be different from real surface runoff 
conditions. However, the sample data used to train the 
machine learning model, and hence, the related factor data, 
are real observations (Do et al. 2018; Gudmundsson et al. 
2017). Therefore, the data used in this study are believed to 
approximate true surface runoff trends and changes. In any 
further research, different methods may be appropriate for 
investigation of correlations between influencing factors and 
changing surface runoff.

5.2 � Study methods of surface runoff changes 
in the MYRB

This study used a variety of methods to test time series data 
trends (Mann–Kendall test, Pettitt test, and quantile regres-
sion) allowing the trend results to be verified mutually. The 
Mann–Kendall test is a classic trend test method and has 
been widely used with long-term climatic series (Mann 
1945; Kendall 1955). To understand the changes in surface 
runoff in the MYRB from 1902 to 2014, the Pettitt test was 
applied to the gridded data to identify abrupt changes (Pettitt 

1979). Trend analyses of the various time series surface run-
off results in the MYRB improved understanding of the sur-
face runoff characteristics and the change laws of the study 
area, whereas quantile regression assessed the surface runoff 
trends over different quantiles (Koenker and Bassett 1978). 
Assessing the changes of surface runoff under different 
quantiles allows a more comprehensive understanding of 
the surface runoff information. This removes the deficiency 
of analyzing surface runoff evolution by using only mean 
values and also avoids the influence of outliers on the overall 
trends (Benoit and Van den Poel 2009). The combined use 
of these methods on different aspects of the surface runoff 
trends in the MYRB makes these results richer and more 
credible than those of previous studies using individual 
methods.

5.3 � Practical significance of surface runoff changes 
in the MYRB

From ancient times to the present, human activities have 
greatly changed the human–land relationship in the middle 

Fig. 8   Quantile regression distribution of seasonal and annual runoff 
series in the MYRB (the red solid line in the figure was the result 
of least squares fitting, the gray dashed line was the regression result 

of different quantiles, from bottom to top were 0.05, 0.15, 0.25, 
0.35, 0.45, 0.55, 0.65, 0.75, 0.85, and 0.95 quantile regression fitting 
results)

1523



	 W. Wang et al.

1 3

reaches of the YRB (Cui et al. 2013). While the YRB has facil-
itated the economic development of coastal areas, it has also 
brought threats to the survival of people (Huang et al. 2009). 
In this study, various methods were used to detect changes in 
surface runoff in the MYRB. The surface runoff trends of dif-
ferent monthly, seasonal, and annual series were found to be 
different (Jiang et al. 2007). This suggests that changes in cli-
matic factors have specific impacts on surface runoff changes. 
Other research has found that climate change and human activ-
ities are important factors affecting surface runoff (Farsi and 
Mahjouri 2019). Surface runoff in the MYRB experienced a 
noteworthy and drastic increase in July 1998 linked to a major 
historical flood disaster (Zong and Chen 1998). Generally, 
surface runoff in the MYRB is decreasing, and this is closely 
related to the background of global warming (Fig. 6g, h).

5.4 � Analysis of teleconnection between surface 
runoff in the MYRB and atmospheric circulation

This study sought a better understanding of the relation-
ship between surface runoff trends and atmospheric circu-
lation as reflected in teleconnection indices. A significant 
correlation was found between the surface runoff changes 
in the study area and four indices (El Niño 3.4, PDO, EP/
NP, and MEI V2), indicating that atmospheric circulation 
has had a significant influence on surface runoff in the 
MYRB (Sun and Cheng 2008). Other studies found that 
surface runoff in the MYRB decreased both before and 
after the summer drought in 1980. This is also believed 
to have been closely related to global warming (Li et al. 

Fig. 9   Distribution of quantile regression slopes of seasonal and 
annual runoff series in the MYRB (the black solid lines in the figure 
were the slope corresponding to the 10 quantile regression estimates 
used in this study. The black dashed line was the 95% significance 

interval corresponding to the slope of the quantile regression esti-
mate, the red solid line was the slope of the least squares regression 
estimate, and the red dashed line was its significance interval)
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2016). Of the indexes, the PDO is the most significantly 
related to surface runoff trends (Fig. 10b,f).

6 � Conclusion

This study adopted the quantile regression method and the 
cross wavelet method, which have been widely used in many 
fields. Relationships between the change of surface runoff 
in the MYRB and four teleconnection indices were stud-
ied from different aspects, and the results were relatively 
rich and comprehensive. The specific conclusions were as 
follows:

(1)	 The trends in surface runoff annual series from 1902 
to 2014 in the MYRB have changed significantly. The 
longest and most significant upward trend occurred 
from 1987 to 2000. Spring, winter, and the annual data 
showed significant downward trends (P < 0.05) around 
1930.

(2)	 The annual series surface runoff mutation years varied 
across the MYRB (e.g., surface runoff in the central 
region changed abruptly around 1918, whereas surface 
runoff in the northern and southern regions changed 
abruptly around 2000). The mutation years of adjacent 
regions were more consistent, reflecting continuities 
across the underlying surface. There was also a degree 

of correlation between surface runoff changes and the 
distribution of water systems

(3)	 A significant correlation (P < 0.05) exists between time 
series surface runoff in the MYRB and the four repre-
sentative teleconnection indices of atmospheric circula-
tion (El Niño 3.4, PDO, EP/NP, and MEI V2).
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