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Abstract

Global warming has severely affected the climate in the Yangtze River Basin (YRB), resulting in complex and varying
meteorological and hydrological processes. Therefore, identifying the effects of climate change in the YRB is important
for characterizing the affected meteorological and hydrological processes. In this study, the characteristics of climate
equilibrium were analyzed and the natural drivers of climate change in the YRB were explored using precipitation and
temperature data from 1961 to 2018. The major findings can be summarized as follows. (1) Significant spatial and tempo-
ral differences in precipitation and temperature occurred. For example, annual precipitation showed a decreasing trend in
the middle reaches but a significant increasing trend in the headwaters area and lower reaches. Between 1981 and 2001,
annual precipitation and temperature exhibited overall increasing trends as well as abrupt changes. (2) Temporal changes
in precipitation were primarily low in the middle and lower reaches and high in the headwater region of the YRB, although
a low precipitation concentration degree (CD) occurred in summer in the upper reaches. High temperature changes over
time mainly occurred in the headwater region of the YRB, although a high temperature CD occurred in winter in the
northern parts. (3) Different teleconnection indices affected precipitation and temperature in different seasons. In particular,
the Nifio 3.4, North Atlantic Oscillation, and North Pacific Index had a significant influence on precipitation and tempera-
ture. This study provides critical information for revealing the changes in meteorological and hydrological processes and
potential influencing factors in the YRB.
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1 Introduction

Since before the industrial revolution, climate change has
affected the climate system worldwide and impacted the
atmosphere, ocean, and land, and its effects have increased
along with the warming trend (IPCC 2018; CMA 2020). For
example, thermodynamics can be used to explain the global
increase in atmospheric water vapor, which has increased
near the surface by approximately 7% per degree Celsius.
Global precipitation and evaporation, which are constrained
by the energy balance of the Earth, are increasing at a simi-
lar rate of 2-3% per degree Celsius under climate change
(Allan et al. 2020). The decline in terrestrial water storage
on the Qinghai—Tibet Plateau under the impact of climate
change has been pronounced and will lead to a reduction in
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runoff to major rivers in the vicinity (e.g., Amu Darya and
Indus basins), which will exacerbate the local water crisis
(Li et al. 2023). The water shortage in the Halil River Basin
in Iran is expected to increase with climate change-induced
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impacts on precipitation, which represents a great threat
to the sustainable development of this typically arid zone
(Rafiei-Sardooi et al. 2022). Extreme precipitation and
flooding events have intensified in all climate zones as water
availability has increased in both wet and dry areas (Tabari
et al. 2020).

Monsoon systems are a global earth climate pattern that
couples the forced response of the climate system to the
annual cycle of solar insolation (Wang et al. 2021a). Much
of the Earth’s surface, including areas and populations in
South Asia, East Asia, Africa, Australia and North Amer-
ica, are affected by monsoon events (Wang et al. 2021a).
However, monsoon regions are severely affected by climate
change worldwide (Wang et al. 2021a). For example, a
global downward trend in land-based monsoon precipitation
has occurred, mainly because of a decline in the output of
the Northern Hemisphere monsoon from the 1950 to 1980 s
(Wang and Ding 2006). The Summer Monsoon circulation
in South Asia has shown a clear downward trend since the
1950s, local meridional circulation has weakened, and pre-
cipitation has significantly decreased along the north-central
and west coasts of India (e.g., Roxy et al. 2015), and these
changes are attributable to the effects of anthropogenic aero-
sol forcing and equatorial Indian Ocean warming caused by
increased abundance of greenhouse gases (e.g., Bollasina et
al. 2011; Krishnan et al. 2016; Salzmann et al. 2014). The
Summer Monsoon in East Asia has presented multi-decadal
changes, with weakening circulation and a southern flood-
ing and northern drought pattern occurring from the late
1970s to the end of the 20th century (Zhou et al. 2009; Ding
et al. 2009). A re-greening has been observed in the Sahel
region since the 1980s because of increases in total rainfall
associated with positive trends in rainfall extremes (Panthou
et al. 2014), strong mesoscale convective system frequency
(Taylor et al. 2017), and average intensity (Lodoun et al.
2013; Taylor et al. 2017; Sarr et al. 2013). Over the past
century, continued global warming and urbanization have
led to significant increases in the characteristics of extreme
rainfall events in monsoon regions, thus highlighting the
importance of studying precipitation and temperature in the
context of climate change.

The Yangtze River Basin (YRB) is situated in a sub-
tropical zone in the low to mid-latitudes in China and rep-
resents a typical monsoon region of eastern China. It has
been heavily influenced by climate change and experience
significant anthropogenically influenced changes in precipi-
tation and temperature (Yang et al. 2022a, c). For example,
Jiang et al. (2008) demonstrated that the monthly precipita-
tion concentration in the YRB varied significantly between
1961 and 2000, with the strongest relative increase detected
in January and concentrated precipitation that causes sea-
sonal flood hazards observed from April to August. Wang
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et al. (2021b) revealed that the reference evapotranspiration
in the upper reaches of the YRB exhibited an increasing
trend of 3.3 mm/year between 1951 and 2020. Yue et al.
(2021) demonstrated that both precipitation and temperature
changed significantly under different projected scenarios in
the YRB. Considerable research has been conducted on the
drivers of climate change in the YRB. For example, Yang et
al. (2022a) found that teleconnection indices (e.g., Nifio 3.4,
Atlantic Multi-decadal Oscillation and North Pacific Index
[NPI]) had a significant impact on drought-to-flood transi-
tions in the YRB. Xiao et al. (2015) proposed that changes
in precipitation in the YRB in different seasons can be attrib-
uted to different teleconnection indices (i.e., Indian Ocean
Dipole, Pacific Decadal Oscillation [PDO], North Atlan-
tic Oscillation [NAO], and El Nifio/Southern Oscillation
[ENSO]). Nie et al. (2020) demonstrated that climatic vari-
ability played a dominant role in the variability of outflows
in most sub-basins. It should be noted that grey relational
analysis provides a favorable method for analyzing the driv-
ing factors of climate change and surface processes (Yang et
al. 2023). However, the focus in the YRB has been on pre-
cipitation, which is not distributed evenly in the region and
is accompanied by abrupt changes in temperature. Addition-
ally, previous studies have focused on the influence of only
one teleconnection index on precipitation and temperature
across the basin and neglected other teleconnection indices
affecting different regions of the basin.

Therefore, this study addresses the following questions.
(1) What are the characteristics of past climate change in
the YRB? (2) How are the equilibrium features of precipita-
tion and temperature manifested in the YRB? (3) What are
the main drivers of climate change and how do they behave
regionally in the YRB? This study is structured as follows.
Section 2 provides an introduction to the regional character-
istics of the YRB. Section 3 introduces the study data and
methodology. Sections 4 and 5 present the findings and dis-
cussion, respectively. Section 6 provides the conclusions of
the study.

2 Study area

The YRB is one of the most important economic and cul-
tural regions in China (Fig. 1) (Zhang et al. 2022a; Wang et
al. 2021b) and belongs to the subtropical monsoon climate
zone, which has clear seasonal and regional characteristics
defined by hot and humid summers and cold and dry winters
(Yang et al. 2022c; Zhang et al. 2022b). The climate has
a clear spatial distribution oriented in a north-south direc-
tion, with high temperatures and abundant precipitation in
the south and low temperatures and relatively low precipita-
tion in the north (Yang et al. 2022a; Liu et al. 2022). The
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temporal distribution of its climate types is characterized by
relatively high temperatures and high water vapor content in
the spring and summer months, which results in relatively
high precipitation, particularly from June to August, which
accounts for more than 60% of the annual precipitation.
Low temperatures and low water vapor content distinguish
the autumn and winter months, which experience low pre-
cipitation (Yang et al. 2022b; Jiang et al. 2008). However,
the climate has also been influenced by significant global
climate change in recent years, with increased precipitation
in summer, an increase in the number of hot days, and less
snowfall in winter (Zhao et al. 2022). In general, the YRB
exhibits a variety of climatic characteristics, with the mon-
soon climate and distribution aspects serving as the most
prominent features.

3 Materials and methods
3.1 Materials
3.1.1 Meteorological data

The meteorological data used in this study consisted of
daily precipitation and temperature data from 1961 to 2018
downloaded from the China Meteorological Administration
(http://www.nmic.cn/data), and they had a spatial resolution
of 0.25°. This meteorological raster dataset in NetCDF for-
mat was converted with a high level of accuracy from actual
measurements from 2,472 national weather stations, which
have been used extensively in previous scientific studies
(Yang et al. 2022c). Meteorological data were separated
into annual (ANN) and seasonal scales for analysis, with
spring, summer, autumn, and winter defined as March to
May (MAM), June to August (JJA), September to Novem-
ber (SON), and December to February (DJF), respectively.

3.1.2 Teleconnection indices

Based on previous studies (e.g., Yang et al. 2022a; Xiao
et al. 2015), we selected several teleconnection indices,
namely the Nifio 3.4, NPI, NAO, and PDO indices, as the
alternative factors for driver analysis (https://climatedatagu-
ide.ucar.edu/climate-data). The seasonally and annually
averaged values were then used as the seasonal and annual
timescale teleconnection indices, respectively.

3.2 Methods

3.2.1 Temporal concentration degree of meteorological
factors

To reveal the temporal equilibrium of climate change,
this study was conducted using the information entropy
index, namely the concentration degree (CD). In general,
time series of climate factors are random, correlated, and
abruptly variable between different moments (Galappaththi
et al. 2019). Information entropy can demonstrate the occur-
rence of discrete random phenomena, with its value increas-
ing as the uncertainty increases and vice versa (Sohoulande
Djebou and Singh 2015). Information entropy can represent
an effective expression of the CD of a time series and is
calculated as follows (Li et al. 2017):

N
Q=1+ Z lnlN [C (%) In (z;)] (D)
i=1

,where i, N, x;, C(x;), and Q are the element number, total
number of elements, value of the ith element in the time
series, contribution rate of x; to the total amount, and CD
over a certain period, respectively. The value of Q usually
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ranges from 0 to 1, with lower values corresponding to a
greater balance in the time series.

3.2.2 Spatial equilibrium degree (SED) of meteorological
factors

SED is the proximity between any single element and the
average of all elements in an overall space, and it is com-
monly used to detect the spatial equilibrium (Partridge et al.
2012; Zuo et al. 2019). Zuo et al. (2019) proposed a method
of effectively specifying the spatial distribution of spatial
factors, known as the SED method. The first step was to
calculate the spatial equilibrium coefficient (SEC, 4) as
follows:

0,24 < 5:]- — Az
4y = T = Avgy S @y < 7 @

AL272+£] Tij -
Tip , Tj < Tij < Tj+ AIUQ

0, Tij > I]' + AIUQ

swhere x;, x;, i, j, Ax;;, and Ax;;, represent the data of the
jth element of the ith station, average value of the jth factor
over all stations, number of meteorological stations, num-
ber of climate elements, and increase or decrease compared

with x;, respectively. Owing to the large gap between the

max1mum and minimum values, we assume that Ax;;; =Ax;;,
=x; (Lietal. 2021).
Subsequently, the SED can be calculated by Eq. (3):
N
N g
Bj=>" o Aii 3)

i=1

.3.2.3 Cross-wavelet analysis

Both the degree of coherence between signals and the phase
relationship between different time-series can be revealed
via cross-wavelet analysis (Yang et al. 2022b), whereby the
regions with large coefficients of variation indicate signals
that are strongly correlated (Huang et al. 2015a, b, 2017).
In this study, we analyzed the relationship between cli-
mate change and teleconnection indices and their periodic
characteristics.

The spectral calculation between time series x(t) and y(t)
can be obtained from Eq. (4) (Yang et al. 2022b):

Wxy (047 T) =Cx (047 T) C)*/ <a7 7—) (4)
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,where C7 (o, 7) represents the complex conjugate and
Cx (a, T) represents the wavelet transform of x(t).

The coherence, namely wavelet consistency (WTC,
R?(a, 7)), can be expressed as follows:

2 (0 ) = |S (a ' Wxy ((1.,7))|2
et s(mwwx (a,T)|2)S(a*1|Wy (a,T)|2) )

,where S denotes the smooth operator.
3.2.4 Grey relational analysis

To analyze the degree of correlation between teleconnection
indices and climate change in the YRB based on raster data,
this study explored the drivers in regional areas across the
basin based on grey relational analysis, which can quantita-
tively describe the relative changes and associated factors
(Yang et al. 2023). Strong correlations indicate a largely
similar pattern of change with a high degree of variation
(Yang et al. 2023). The specific principles are as follows.

Assume that the system time series is X,, where X, =
(x4(9). For a given sequence of correlation factors X, there
are various time delays. For a given sequence of correlation
factors X; with different time delays, a sequence of corre-
lated factor behaviors with time delays X;, = (xi(t-1)), where
=0, I, 2, ..., k, is obtained, with X; and X;, constituting
the study set. The grey relational analysis method can be
expressed in the following computational steps:

Xo=(z(t),t=1,2,...,n(6).

Xir = (m; (t — 7'))7 =1,2,...k (7)

where 7 is the lag time of X relatlve to Xj.

First, we preprocessed XO and X, to determine the
average:

Xy =(ap () =" t=1, 2, .

X1 = (al, (¢ =7 = )f  t=
©) N

where 7, is the mean of sequence X, and 4, _represents
the mean of sequence X, .

The correlation between X, and X at ¢ can be expressed
as follows:

n(8)
1 .on =1,2, ...,k

T

minmax g (t) — i, (t —7)[ + maxmax |h (t) — 2 (t —7)]

vyl (t), 2 (t—7)) = (10)

|afy (t) — 2l (t —7)[+ maxmax |z (¢) — 2l (t—7)

.The grey relational correlation between X;; and X, can be
obtained using Eq. (11):

Y (X0, Xir) = LS00, (ah (6) 2l (= 7)), =1, 2, s
k, (11)

where y and 7y (Xo, Xi;) denote the grey correlation and
maximum correlation at the corresponding time lag periods
of X, and X, respectively.
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4 Results

4.1 Temporal and spatial variations in temperature
and precipitation in the YRB

Figure 2 displays the variations in precipitation in the YRB
from 1961 to 2018. The maximum precipitation in ANN in
the lower reaches of the YRB exceeded 2,000 mm, which
was significantly higher than that in the central and western
regions, whereas the minimum was close to 0 (Fig. 2a). In
addition, a clear upward trend was observed in the western
part, with a maximum trend of § mm/a, and a clear downward
trend was observed in the middle parts, with a maximum
trend of —4 mm/a (Fig. 2b). Precipitation in ANN showed
an overall upward trend from 1968 to 2018, with significant
abrupt changes (p <0.05) around 1985 and 2001 (Fig. 2c¢).
MAM precipitation was similar to that of ANN; for exam-
ple, more precipitation was observed in the east (i.e., maxi-
mum of approximately 600 mm) while less was observed in
the west (i.e., minimum of approximately 0 mm), and a sig-
nificant increase of up to 2 mm/a was observed in the west
while a significant decrease of up to —2 mm/a was observed
in the central region (Fig. 2d and e). Additionally, a signifi-
cant and abrupt change was observed in 2015 (Fig. 2f). In
contrast, the precipitation in JJA was significantly higher
throughout the YRB, with slightly lower values observed
in the source areas, significantly higher values observed in
the eastern regions (maximum near 800 mm), and scattered

values observed in the western regions, where precipitation
decreased significantly (p < 0.05) (Fig. 2g h). As for the time
series, abrupt changes occurred between 1981 and 1991 and
an upward trend occurred from 1961 to 2018 (Fig. 2i). The
spatial distribution of precipitation was less varied during
SON, with several scattered areas of significantly reduced
precipitation in the south-central region and significantly
increased precipitation in the sub-regions of the headwa-
ters area (Fig. 2j and k). Regarding the time-series vari-
ability, precipitation during SON varied little and did not
show abrupt changes from 1961 to 2018 (Fig. 21). However,
precipitation in DJF presented large spatial regional differ-
ences, with significantly more precipitation in the east than
that in the south-central and west regions and a scattered
distribution of significantly less precipitation in the center,
with several abrupt changes occurring before 1991 (Fig. 2m
and o).

Figure 3 shows the spatial and temporal characteristics
of temperature in the YRB from 1961 to 2018. The study
found that the ANN and seasonal temperatures in the YRB
were higher in the central-eastern region than those in the
western headwaters, with the lowest temperatures occur-
ring in the headwaters in winter and reaching — 15 °C and
the highest temperatures occurring in the eastern region in
summer and reaching 25 °C (Fig. 3a and d g, 3j, and 3 m).
Regarding spatial changes, the ANN, MAM, SON, and
DJF temperatures displayed significant increasing trends
(p<0.05) throughout the YRB, with a maximum increase
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Fig. 2 Temporal and spatial variability of precipitation in the YRB during 19612018
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Fig. 3 Temporal and spatial variability of temperature in the YRB during 19612018

of 0.06 °C/a. In JJA, precipitation only exhibited an obvi-
ous upward trend in the headwaters of the YRB (p <0.05),
whereas that in the other regions presented insignificant
change (Fig. 3b and e h, 3k, and 3n). For the temperature
time series, a significantly upward trend and abrupt changes
were observed for the ANN, MAM, JJA, SON, and DJF
periods in 1998, 2001, 2005, 1995, and 1985, respectively.

4.2 Precipitation and temperature equilibrium in
the YRB under climate change

Figure 4 shows the spatial CD of temperature and precipita-
tion in the YRB. The CD of ANN, MAM, SON, and DJF
precipitation was small in the east, with a minimum close
to 0, and large in the northwest, with a maximum close to
0.4. This indicates that ANN and MAM precipitation in the
eastern region of the YRB was more uniform than that in
the west. The opposite was true in JJA, with the CD of pre-
cipitation being large in the east, with a maximum of 0.15,
and small in the west, with values close to 0. For the CD
of temperature in the YRB, larger ANN, MAM, JJA, SON,
and DJF values were located in the eastern regions, with a
maximum of 0.3, while smaller values were mainly located
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in the eastern regions, with a minimum close to 0. This indi-
cates that the temperature changes were more uniform in the
lower reaches. Regarding the time series of CD, significant
fluctuations in precipitation and temperature were observed
for ANN and seasons, with negative correlations observed
from 1961 to 1981 and 2001 to 2018 for the CD of ANN,
MAM, and SON values and positive correlations observed
from 1981 to 2001 (Fig. 4c and f, and 4 L). Precipitation and
temperature in JJA and DJF were positively correlated with
each other from 1961 to 2018 (Fig. 4i and o).

Figure 5 shows the SEC and SED of precipitation and
temperature in the YRB from 1968 to 2018. The study
found that the SEC of ANN, MAM, and DJF precipitation
was small in the headwaters and downstream, indicating
significant spatial variability in precipitation in the region,
whereas the SEC of precipitation was obvious high in the
middle reaches (Fig. 5a and d, and 5 m). However, the SEC
of precipitation in JJA and SON was small, demonstrat-
ing that precipitation in these periods was spatially consis-
tent, with both representing rainy seasons (Fig. 5g and j).
Regarding the SEC of temperature, large ANN, MAM, JJA,
and SON values were concentrated in the Sichuan Basin and
its surrounding areas, with a maximum of approximately
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Fig.5 Spatial and temporal characteristics of the SED of precipitation and temperature in the YRB during 19612018
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Fig. 6 Wavelet coherence (WTC) analysis of precipitation with tele-
connection indices in the YRB during 1961-2018

0.8, while small values were concentrated in the headwa-
ters, with a minimum of approximately 0 (Fig. 5b and e h,
and 5k). For temperature in DJF, large SEC values were
mainly concentrated in the northern part of the YRB, indi-
cating that the SED of ANN, MAM, JJA, and SON tem-
perature was balanced in the middle and lower reaches and
presented small differences regionally but large differences
in the headwaters. For the ANN time series of the SED, the
SED of temperature varied significantly less than that of
precipitation. The SED of precipitation and temperature in
MAM, JJA, and DJF exhibited a significantly negative cor-
relation between 1961 and 2018, whereas that in SON dis-
played a negative correlation between 1961 and 1985 and
positive correlation between 1981 and 2018. These findings
illustrate the significant spatial variation in precipitation and
temperature occurred in the YRB across seasons and years.

4.3 Response of climate change to teleconnection
indices in the YRB

Figure 6 presents the WTC for the precipitation and telecon-
nection indices (e.g., PDO, NAO, Nifio 3.4, and NPI) in the
YRB from 1968 to 2018. The ANN precipitation was sig-
nificantly correlated with the Nifio 3.4 on a 1-2-year scale
from 1971 to 1981, with the NAO on a 10-year time period
from 1971 to 2011 (coefficient> 0.8), and with the NPI on
a 2—6-year scale from 1971 to 1981. Precipitation in MAM
was obviously correlated with the Nifio 3.4 on a 1-4-year
scale between 1961 and 1985 and consistent with the PDO
on a 6-9-year scale between 1975 and 1985 and 2—5-year
scale between 2001 and 2011. Precipitation in JJA was con-
sistent with the NAO on a 5—6-year scale between 1991 and
2001 and significantly correlated with the NPI on a 5—7-year
scale from 1965 to 1981 and 8—16-year scale from 1981 to
2005. Precipitation in SON was significantly correlated with
the Nifio 3.4 on a 2—4-year scale from 1981 to 2005 (corre-
lation coefficient of 0.8 or greater) and with the NPI on a
3—5-year scale from 1981 to 2001. Precipitation in DJF was
significantly correlated with the four teleconnection indices
PDO, Nifo 3.4, NAO, and the NPI on a 2—4-year scale from
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Fig. 7 Cross wavelet transform (XWT) analysis of precipitation with
teleconnection indices in the YRB during 1961-2018

1995 to 2001, 10—-16-year scale from 1991 to 2001, 8-10-
year scale from 1971 to 1985, 8—10-year scale from 1981 to
1985, and 1-2-, 4-6-, 8-9-, and 10-year scale from 1971 to
1985, with correlation coefficients > 0.8.

Figure 7 shows the cross-wavelet analysis of the precipi-
tation and teleconnection indices during 1968-2018. ANN
precipitation showed a significantly negatively correlation
with the Nifio 3.4 on a 2—4-year scale from 1971 to 1981,
a significantly positive correlation with the NAO on a 6-8-
year scale from 1975 to 1995, and a negative correlation
with the NPI on a 2—4-year scale from 1978 to 1985. The
precipitation in MAM showed a significantly negative cor-
relation with the Nifio 3.4 on a 2—4-year scale from 1965 to
1975 and with the PDO on a 3—4-year scale from 1978 to
1985; however, it exhibited a significantly positive correla-
tion with the NPI on a 2-3-year scale from 1965 to 1975.
Precipitation in JJA showed a significantly negative corre-
lation with the Nifio 3.4 on a 2—4-year scale from 1991 to
2001, with the NAO on a 5-7-year scale between 1971 and
1981, and with the PDO on a 1-5-year scale between 1991
and 2001, and it exhibited a significantly positive correla-
tion with the NPI on a 1-3-year scale between 1985 and
1995 and 5—7-year scale between 1971 and 1981. Precipi-
tation in SON was significantly positively correlated with
the Niflo 3.4 on a 2—-5-year scale between 1981 and 2001,
with the NAO on a 1-2-year scale between 1965 and 1971,
with the PDO on a 1-2-year scale between 1971 and 1975
and 5—6-year scale between 1985 and 1995, and with the
NPI on a 3—5-year scale between 1985 and 1995. Precipita-
tion in DJF was positively correlated with the Nifio 3.4 on a
2—-4-year scale between 1991 and 1995 and on a 10—14-year
scale between 1985 and 2001, with the PDO on a 1-3-year
scale between 1991 and 1995 and 9-12-year scale between
1991 and 2001, and consistent with the NPI on a 2-3-year
scale between 1981 and 1985 and 4—6-year scale between
1985 and 1991.

Figure 8 shows the WTC analysis of the temperature and
teleconnection indices. Temperature in ANN was signifi-
cantly positively correlated with the Nifio 3.4 on a 1-8-year
scale between 1961 and 1971 and 3—4-year scale between
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Fig.8 Wavelet coherence (WTC) analysis of temperature with telecon-
nection indices in the YRB during 1961-2018

Fig. 9 Cross wavelet transform (XWT) analysis of temperature with
teleconnection indices in the YRB during 1961-2018

1995 and 2005 (coefficient of approximately 0.8), signifi-
cantly positively correlated with the NAO on a 3—4-year
scale between 1968 and 1975, and significantly related to
the NPI on a 1-2-year scale between 2007 and 2011. Tem-
perature in MAM was significantly positively correlated
with the Nifio 3.4 on a 1-4-year scale between 1991 and
2001, with the NAO on a 5-7-year scale between 1971 and
1981 and 3—6-year scale between 1995 and 2001, and was
significantly related to the PDO on a 1-2-year scale between
1968 and 1973 and 2—-3-year scale between 1981 and 1985.
Temperature in JJA was significantly correlated with the
NAO on a 8-10-year scale between 1975 and 1985, with
the PDO on a 1-6-year scale between 1961 and 1985 and
3—6-year scale between 1981 and 1991, and with the NPI
on a 6—10-year scale between 1961 and 1991, and 5-7-year
scale between 1991 and 2011. Temperature in SON was sig-
nificantly correlated with the Nifio 3.4 on a 1-3-year scale
between 1981 and 1991 and 1-2-year scale between 1995
and 2001, with the NAO on 1-2-year scale between 1988
and 1991 and 6-8-year scale between 1991 and 2018, and
with the PDO on a 1-3-year scale between 2005 and 2015.
Temperature in DJF was significantly correlated with the
Nifio 3.4 on a l-year scale between 1969 and 1972, with
the NAO on a 6-9-year scale between 1965 and 1985 and
1-2-year scale between 1981 and 1985, with the PDO on a
1-3-year scale between 1995 and 2001, and with the NPI on
a 8—10-year scale between 1971 and 1985.

Figure 9 shows the cross-wavelet transform (XWT) of
the temperature and teleconnection indices for the YRB dur-
ing 1968-2018. Temperature in ANN was consistent with
the Niflo 3.4 on a 3—6-year cycle during 1985-2005, with
the NAO on a 4-5-year cycle during 1992-1997 and 3-5-
year cycle during 2005-2011, and with the NPI on a 3-5-
year cycle during 1985-1995. Temperature in MAM was
consistent with the Nifio 3.4 on a 2—4-year cycle during
1965-1971 and 3—4-year cycle during 1995-1999, and with
the PDO and NPI on a 2—4-year cycle during 1965-1970.
Temperature in JJA was consistent with the Nifio 3.4 and
NAO on a 2-3-year cycle during 2008-2011 and with the
PDO on a 2—3-year cycle during 1985-1993. Temperature
in SON was correlated with the Nifio 3.4 on a 2—5-year cycle
during 1992-2001, with the NAO on a 2—4-year cycle dur-
ing 1995-2005, and with the PDO on a 1-3 year time cycle
during 19721976 and 1-6-year cycle during 1992-2005.
Temperature in DJF was connected with the Nifio 3.4 on a
3—4-year cycle during 1971-1975 and on a 2-3 cycle dur-
ing 2005-2008, with the NAO over a 7-9-year cycle during
1975-1981 and 2—4-year cycle during 2005-2011, with the
PDO over a 1-3-year cycle during 1995-2001, and with the
NPI over a 2—4-year cycle during 1975-1985 and 2—4-year
cycle during 2005-2008.

Figure 10 depicts the grey relation analysis between pre-
cipitation/temperature and teleconnection indices during
1968-2018. For the ANN temperature in the YRB, almost
the entire basin was influenced by the NAO, while the other
teleconnection indices did not demonstrate much influence
(Fig. 10a). For precipitation in MAM, the middle and lower
reaches were mainly influenced by the Nifio 3.4, whereas
the middle and upper reaches were mainly influenced by the
NPI. The alternative PDO did not have much influence on
precipitation in MAM (Fig. 10c). Regarding precipitation
in JJA, SON, and DIJF, respectively, the entire YRB was
mainly influenced by the NPI, Nifio 3.4, and NPI, respec-
tively. Regarding the ANN temperature, the entire basin was
mainly influenced by the NAO, whereas the other alterna-
tive teleconnection indices were insignificant (Fig. 10b).
For temperature in MAM, the vast majority of the YRB was
influenced by the Nifio 3.4 while only a small section in the
headwater region was affected by the NPI (Fig. 10f). For
temperature in SON, the YRB was mainly influenced by the
PDO, with a few scattered grids in the headwaters showing
the influence of the Nifio 3.4. Precipitation in DJF in the
YRB was mainly influenced by the NPI, with only a few
scattered grids being influenced by the Nifo 3.4 (Fig. 10h
and j). In summary, precipitation and temperature in the
YRB were influenced by different teleconnection indices
during different seasons.
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Fig. 10 Grey relation analysis of precipitation and temperature with remote correlation indices in the YRB at grid scale

5 Discussion
5.1 The evidence about climate change in the YRB

The climate of the YRB has changed considerably since
the past (Yang et al. 2022a, b). In the time series, ANN and
seasonal precipitation in the YRB showed an upward trend
from 1961 to 2018 and across the basin. SimilarlyYang et
al. (2022a, b) observed a clear trend of increasing precipita-
tion and temperature in the YRB under changing environ-
mental conditions. Furthermore, Hu et al. (2021) found a
downward trend in trace precipitation and an upward trend
in extremely heavy precipitation in the YRB, which is con-
sistent with the results of Chen et al. (2020), thus revealing a
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gradual increase in extreme precipitation from the middle to
the lower reaches. A significant upward trend in temperature
was observed, which was also demonstrated by Niu et al.
(2020), who observed an increasing rate of approximately
0.15-0.38 °C/decade. All temperature extremes in the YRB
changed considerably (Niu et al. 2020; Shi et al. 2021a),
with an extremely significant trend of increasing tempera-
tures. The dry—wet alternation in the YRB also showed sig-
nificant changes under climate change (Yang et al. 2022a),
which correlated with an increased occurrence of natural
disasters, such as floods and droughts (Jiang et al. 2008;
Yang et al. 2022a), and altered temperatures of water bod-
ies and ecological characteristics of vegetation in the YRB
(Yang et al. 2011; Tao et al. 2020; Shi et al. 2021b; Gemmer
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et al. 2008; Zhang et al. 2019). Studies have also suggested
that precipitation and temperature in the YRB will be more
complex under continued climate change (Tao et al. 2012).

Therefore, it is necessary to address climate change in the
YRB.

5.2 Precipitation and temperature equilibrium in
the YRB

CD and SED are typically introduced to explore the equi-
librium properties of climate change, and they indicate that
climate change mainly depends on the degree of spatial and
temporal equilibrium of both precipitation and temperature
(Martin-Vide 2004; Zhang et al. 2003). CD mainly reflects
the temporal concentrations of precipitation and tempera-
ture, whereas SED mainly denotes the spatial concentra-
tions of precipitation and temperature (Zuo et al. 2019; Wu
et al. 2022). Although differences have been observed, Liu
et al. (2022) observed a CD threshold ranging from 0.1 to
0.3 and SED values ranging from 0.4 to 0.7, which is consis-
tent with the results of this study. Although limited research
has been performed on the spatiotemporal balance of pre-
cipitation and temperature in the YRB, changes in other
indicators effectively reflect the spatiotemporal character-
istics of climate change. For example, Yang et al. (2022a)
revealed similarities between the dry-wet changes and the
features of precipitation and temperature change. Further-
more, Yang et al. (2022c) demonstrated that the spatial and
temporal characteristics of the flood potential index and soil
moisture in the YRB were similar to those of the precipita-
tion and temperature equilibrium. Notably, precipitation and
temperature do not always vary positively or negatively in
the YRB, particularly because the interrelationship between
precipitation and temperature in some specific seasonal time
series is not always consistent over a given period. For a
typical monsoon basin, the CD/SED values and their vari-
ability in terms of precipitation and temperature represent
the spatial and temporal distribution and variability of water
resources in the basin (Zuo et al. 2019). Therefore, explor-
ing the changes in the CD and SED values of precipitation
and temperature in the basin is important for managing and
planning water resources.

5.3 Impacts of teleconnection indices on climate
changein the YRB

In this study, precipitation and temperature in the YRB were
influenced by a variety of teleconnection indices, which
affected precipitation and temperature in different regions
and seasons. For example, ANN precipitation and tempera-
ture changes were influenced by the NAO, whereas precipi-
tation and temperature in other seasons were influenced by

the NPI and Nifio 3.4. This result was confirmed by Xiao et
al. (2015), who found that the dominant factor for seasonal
precipitation was the ENSO, which was also influenced by
the PDO and NAO. Moreover, Ouyang et al. (2014), Peng
et al. (2018), and Wei et al. (2020) found that the ENSO
and PDO not only affected changes in precipitation but
also changes in runoff in the YRB, especially in non-ENSO
years, when the PDO played a significant role (Dong 2016).
Tang et al. (2021) revealed that the temperature in the mid-
dle reaches of the YRB was also influenced by the ENSO
through the western Pacific circulation. Shi and Cui (2022)
argued that El Nifio had a more pronounced effect on pre-
cipitation than that on temperature and had a greater effect
on seasonal temperatures and precipitation in the YRB than
La Nifia, which is consistent with our findings. Furthermore,
Blender et al. (2011) demonstrated the long history of the
impact of the ENSO on precipitation, temperature, and run-
off in the YRB. Moreover, dry-wet variations in the YRB
are also evident based on the teleconnection indices (Yang
et al. 2022a). Overall, teleconnection indices had a signifi-
cant impact on climate change in the YRB, and studies on
climate change in this region need to focus on teleconnec-
tion index changes and oceanic oscillations.

6 Conclusion

Climate change has important implications for eco-hydro-
logical processes in the YRB. We detected the characteris-
tics of climate equilibrium and explored the natural drivers
of climate change based on the features of precipitation and
temperature in the basin from 1961 to 2018. The major find-
ings are as follows.

(1) Significant spatial and temporal differences in pre-
cipitation and temperature occurred in the YRB. ANN pre-
cipitation showed a decreasing trend, mainly in the middle
reaches, a significantly increasing trend in the headwater
area and lower reaches, and an overall increasing trend with
abrupt changes between 1981 and 2001. The entire YRB
displayed an increasing trend for ANN temperature, with
abrupt changes between 1991 and 2001.

(2) With the exception of the CD of precipitation in JJA,
which was low in the upper reaches of the YRB, precipita-
tion was low in the middle and lower reaches and high in the
upper reaches during other temporal periods. The high con-
centration of temperature was mainly focused in the upper
reaches of the YRB, except for the CD of temperature in
DIJF, which was distributed in the northern parts of the YRB.
In terms of time series, the CD of precipitation and tempera-
ture in MAM showed a negative correlation from 1996 to
2018 but fluctuated consistently in terms of both precipita-
tion and temperature over the other time series.
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(3) Precipitation and temperature in the YRB were
influenced by different teleconnection indices in different
seasons. In particular, the Nifio 3.4, NPI, and NAO had sig-
nificant effects on precipitation and temperature in the YRB.
Grey rational analysis indicated that the NAO showed sig-
nificant correlations with ANN precipitation and tempera-
ture over the entire YRB, whereas the NPI was significantly
associated with MAM precipitation and temperature in the
middle and upper reaches and with JJA and DJF precipita-
tion and temperature over the basin. The Nifio 3.4 index was
significantly associated with MAM precipitation and tem-
perature in the middle and lower reaches of the YRB.
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