Science of the Total Environment 897 (2023) 165326

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science o e
Total Environment

The quantitative attribution of climate change to runoff increase over the R

Qinghai-Tibetan Plateau

Check for
updates

Yunfei Wang, Aizhong Ye *, Yuhang Zhang, Fan Yang

State Key Laboratory of Earth Surface Processes and Resource Ecology, Faculty of Geographical Science, Beijing Normal University, Beijing 100875, China

HIGHLIGHTS

Annual runoff and runoff coefficient de-
crease from southeast to northwest
on QTP.

The annual runoff and runoff coefficient
exhibit significant increasing trends.
Precipitation  variation  contributes
72.08 % to the runoff increase.
Temperature  variation contributes
27.92 % to the runoff increase.

ARTICLE INFO

Editor: Ouyang Wei

Keywords:

The Qinghai-Tibetan Plateau
Runoff

Spatiotemporal changes
Climate change

Relative contribution

GRAPHICAL ABSTRACT

Runoff change and climate contribution during 1961-2019

a. Runoff simulating b. Runoff change

Hydrological DEM
observation
Soil types
Meteorological
forcing LULC

Calibration | Verification

9 mnv/10yr
runoff

| Runoff

Runoft coefficient

Precipitation 72.08%

ic. Precipitation and temperature contributions

ABSTRACT

Runoff from the Qinghai-Tibetan Plateau, a major global water tower, is crucial to regional hydrological processes and
the availability of water for a large population living downstream. Climate change, especially changes in precipitation
and temperature, directly impacts hydrological processes and exacerbates shifts in the cryosphere, such as glacier and
snow melt, leading to changes in runoff. Although there is a consensus on increased runoff due to climate change, it is
still unclear to what extent precipitation and temperature contribute to runoff variations. This lack of understanding is
one of the primary sources of uncertainty when assessing the hydrological impacts of climate change. In this study, a
large-scale, high-resolution, and well-calibrated distributed hydrological model was employed to quantify the long-
term runoff of the Qinghai-Tibetan Plateau, and the changes in runoff and runoff coefficient were analyzed. Further-
more, the impacts of precipitation and temperature on runoff variation were quantitatively estimated. The results
found that runoff and runoff coefficient decreased from southeast to northwest, with mean values of 184.77 mm
and 0.37, respectively. Notably, the runoff coefficient exhibited a significant increasing trend of 1.27 %/10 yr
(P < 0.001), while the southeastern and northern regions of the plateau showed a declining tendency. We further
showed that the warming and humidification of the Qinghai-Tibetan Plateau led to an increase in the runoff by
9.13 mm/10 yr (P < 0.001). And precipitation is a more important contributor than temperature across the plateau,
contributing 72.08 % and 27.92 % to the runoff increase, respectively. At the basin scale, the influence of precipitation
and temperature on runoff varies among basins, with the Daduhe basin and the Inner basin being the most and least
influenced by precipitation, respectively. This research analyses historical runoff changes on the Qinghai-Tibetan
Plateau and provides insights into the contributions of climate change to runoff.
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1. Introduction

The Qinghai-Tibetan Plateau (QTP) is a major source of many large riv-
ers, such as the Yangtze, Yellow, Yarlung Zangbo, Salween, Mekong, and
Indus, providing a significant portion of both natural and anthropogenic
water demands (Cui et al., 2023; Immerzeel and Van Beek, 2010; Yao
et al., 2019a). Cryospheric elements, such as glaciers, snow, and perma-
frost, are widely distributed in the southeastern and western parts of the
plateau (Immerzeel et al., 2020). Climate change has driven changes to
the cryospheric and hydrological processes, such as the surface runoff re-
sponse. The runoff coefficient, which is defined as the ratio of the runoff
to the precipitation over a given period (in this study, one year) in a
basin, is often used to quantify the runoff response (Merz et al., 2006;
Chen et al., 2019). It is a robust index that reflects the runoff generation ca-
pacity of a basin and is widely used in hydrological research. It has been
shown that the runoff coefficient is influenced by a variety of factors such
as precipitation, evapotranspiration, vegetation cover, and topographic fea-
tures (Chen et al., 2019; Xiong et al., 2022; Zheng et al., 2021). The re-
search on the runoff coefficient in a basin is helpful for understanding the
impact of climate change on runoff response and hydrological processes.

Runoff generation can be considered as the conversion of precipitation
into runoff, which is influenced by the balance between precipitation and
evapotranspiration, as well as human activities such as reservoir construc-
tion and water extraction (Zhang et al., 2001; Zheng et al., 2021). Given
that human interference has little influence on the runoff owing to the
high altitude of the QTP, runoff is mainly influenced by climate change
(Mahmood et al., 2020; Xu et al., 2021). Over the past few decades, the
QTP has undergone significant climate change, such as precipitation and
temperature (Yao et al., 2019a, 2019b, 2022). For instance, the significant
warming across the QTP, and precipitation increases in the northwest and
decreases in the south (Yao et al., 2022; Kuang and Jiao, 2016). These
changes have intensified surface hydrological cycles, influencing the
cryospheric processes, such as the increasing melting of glaciers and
snow, as well as permafrost degradation (Li et al., 2022a,b; Lin et al.,
2019; Zhang et al., 2019b; Zhao et al., 2019). And these changes conse-
quently lead to changes in surface runoff and affect the redistribution of
freshwater resources. Understanding the response of hydrological variables
such as runoff to climate change is essential for comprehending the hydro-
logical cycle and water resources management.
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Considerable advancements have been made in the study of the runoff
variations on the QTP. Lutz et al. (2014) utilized a cryospheric—
hydrological model to assess the runoff composition of the five major rivers
(Indus, Ganges, Brahmaputra, Salween, and Mekong rivers) that originate
on the QTP. They quantified the proportion of snow and glacier melt to run-
off and predicted changes in runoff under climate change scenarios. Wang
et al. (2021b) estimated the total river runoff of the 13 QTP rivers to be
6560 + 230 x 10® m® in 2018, which is the first estimate of its kind. Li
etal. (2022a, 2022b) utilized the product water efficiency method to calcu-
late the surface water resources of the QTP and analyzed the spatiotemporal
characteristics. The results demonstrated that the annual average surface
water resources have displayed a significant upward trend in the past
60 years due to the influence of climate change. Additionally, spatiotempo-
ral analyses of runoff at basin scales such as the Yellow River source (Chen
et al., 2007; Han et al., 2019; Wang et al., 2018), the Yangtze River source
(Yi et al., 2021; Shi et al., 2022) and the Yarlung Zangbo (Wang et al.,
2021a), indicate that climate, specifically altered precipitation and rising
temperature, is the primary factor affecting runoff.

Although significant progress has been made in the study of long-term
runoff dynamics, most studies have been limited to a single basin or admin-
istrative region and the comprehensive quantification of the entire QTP re-
mains scarce. It is still unclear to what extent precipitation and temperature
contribute to runoff variation, despite the fact that climate change is the pri-
mary cause of increased runoff. A comprehensive understanding of the
long-term historical runoff dynamics over the QTP and an accurate estima-
tion of the contributions of climate factors are essential for understanding
how runoff responds to climate change.

The primary aims of this study are (1) to model the hydrological pro-
cesses of the Qinghai-Tibetan Plateau over the past sixty years, utilizing a
large-scale, well-calibrated, and fully distributed hydrological model;
(2) to analyze the spatiotemporal changes of runoff and runoff coefficient
using statistical methods; and (3) to estimate the relative contributions of
precipitation and temperature to runoff changes.

2. Study region and data
The Qinghai-Tibetan Plateau, which has an average elevation exceeding

4000 m, is situated in the interior of the Asian continent, spanning from lat-
itude 26°N-39°N and longitude 73°E-104°E. It is the highest and largest
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Fig. 1. The spatial distribution of the 11 basins, mainstreams, glaciers, and hydrological stations of the QTP. The 11 basins are denoted by capital letters and their
corresponding full names are presented in Table 1. The numbers 1 to 14 represent the hydrological stations in these basins.
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Table 1
Names and attributes of the 11 basins in the QTP.
Abbreviation Full name Area Area Mean annual ~ Mean annual
(km?) percentage precipitation temperature
(%) (mm) Q9]
(1961-2019)  (1961-2019)
DD Daduhe 61,735 2.390 898.58 0.91
IN Inner 1,190,327 46.084 278.63 —4.33
JS Jinshajiang 231,523  8.963 559.67 —2.03
LC Lancangjiang 84,799  3.283 667.74 —0.09
MJ Minjiang 25,580 0.990 964.07 2.08
NJ Nujiang 109,103  4.224 693.18 -0.73
OF Outflow 95,939 3.714 683.70 5.39
QL Qilianshan 192,106  7.437 371.94 —2.48
YL Yalongjiang 107,083 4.146 818.37 0.80
YR Yellow River 198,042 7.667 564.37 —-0.91
YZ Yarlung Zangbo 286,729 11.101 601.49 0.89

plateau globally, covering an area of about 2.5 million km? and it is charac-
terized by a diverse topography and complex environment (Yao, 2019).
The climate of the plateau is complex and diverse, where the southeastern
region is relatively warm and humid, while the northwestern region is cold
and arid (Kuang and Jiao, 2016; Sun et al., 2015). The mean annual precip-
itation significantly varies in spatial distribution, decreasing from over
1000 mm in the southeast to <100 mm in the northwest (Fig. S1a). More-
over, the average annual temperature is below 0 °C in most regions, while
regions with an average annual temperature above 0 °C are primarily situ-
ated at lower elevations in the southern and eastern margins of the plateau
(Fig. S1b).

Accurate information about the basin is essential for precise hydrologi-
cal simulation, as the basin is the key component of the hydrological model.
The QTP was precisely divided into 10,937 sub-basins using a 500 m reso-
lution digital elevation model (DEM) and subsequently integrated into 11
basins based on actual topographic features and river networks. To extract
the sub-basins, we utilized the automatic extraction method for the drain-
age network (AEDNM). The flow direction was initially determined using
the D8 method, which compares the elevation values of each pixel with
those of its 8 surrounding neighboring pixels to determine the direction
of flow (Jenson and Domingue, 1988). And then a step-by-step upstream
search was performed from the basin outlet to establish a continuous
river network. Subsequently, the sub-basins of the QTP were extracted
based on the established river network (Du et al., 2017; Ye et al., 2005).
The 11 basins are named as follows: the Daduhe basin (DD), the Inner
basin (IN), the Jinshajiang basin (JS), the Lancangjiang basin (LC), the
Minjiang basin (MJ), the Nujiang basin (NJ), the Outflow basin (OF), the
Qilianshan basin (QL), the Yalongjiang basin (YL), the Yellow River basin
(YR) and the Yarlung Zangbo basin (YZ). Fig. 1 displays the spatial distribu-
tion of the 11 basins, hydrological stations, glaciers, and mainstreams of the
QTP, and the attributes of the 11 basins are summarized in Table 1.

The study utilized various types of data, including meteorological, hy-
drological, topographic, land surface, and digital elevation model (DEM)
data. The details are listed in Table 2. Precipitation data was obtained
from the 0.5° X 0.5° grid point dataset (V2.0) of daily precipitation on
the land surface of China, and temperature data was collected from

Table 2
Data are used in this study.

Type Variable Description Data sources

Meteorological Precipitation Daily precipitation
(mm)
Temperature Daily temperature (°C)
Glacier Distribution and
attribute
Land use/cover

http://data.cma.cn/

http://data.cma.cn/
Guo et al., 2015

Land surface LULC https://www.resdc.cn/

Soil Type http://globalchange.bnu.
edu.cn/research/soil2/
Hydrological ~ Discharge Daily and monthly Hydrological yearbook and

runoff discharge (m®/s)
Digital elevation model

hydrological bureau

Topographical DEM https://www.usgs.gov/
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Table 3
The attributes of hydrological stations, and the time scales and periods of hydrolog-
ical data.

Station Basin D Time Calibration Verification
scale period period
Yingluoxia Qilianshan 1 Daily 1990-1995 1996-1999
Lazi Yarlung 2 Daily 1980-1990 1991-1999
Nugesha Zangbo 3 Daily 1961-1990 1991-1999
Yangcun 4 Daily 1961-1990 1991-1999
Nuxia 5 Daily 1961-1990 1991-1999
Lasa 6 Daily 1973-1990 1991-1999
Tuotuohe Jinshajiang 7 Monthly 1961-1990 1991-1999
Zhimenda 8 Monthly 1961-1990 1991-1999
Huangheyan Yellow River 9 Daily 1961-1990 1991-1999
Maqu 10 Monthly 1961-1990 1991-1999
Tangnaihai 11 Daily 1961-1990 1991-1999
Ganzi Yalongjiang 12 Daily 1980-1990 1991-1999
Zipingpu Minjiang 13 Daily 1961-1990 1991-1999
Xiangda Lancangjiang 14 Monthly 1961-1990 1991-1999

meteorological stations. Glacier data was sourced from the Second Glacier
Inventory Dataset of China (Version 1.0) (Guo et al., 2015). The DEM,
land use/cover, and soil type data with a spatial resolution of approxi-
mately 1 km were used to characterize the spatial variability of the land sur-
face and to set up the hydrological model. Daily and monthly discharge
records from 14 hydrological stations covering a long-term period, primar-
ily between 1961 and 1999, were used to calibrate and verify the model.
The relevant summary of these discharge records is presented in Table 3.

3. Methods

Fig. 2 provides an overview of this study. Firstly, we set up, calibrated,
and verified the Distributed Time-Variant Gain Hydrological Model
(DTVGM) from 1961 to 2010. Subsequently, we simulated the long-term
runoff of the QTP and calculated the runoff coefficient. Secondly, we di-
vided the study period into two periods based on the results of the
mutation test for the runoff coefficient and systematically analyzed the
spatiotemporal changes in runoff and runoff coefficient. Finally, we quanti-
tatively estimated the relative contributions of precipitation and tempera-
ture to changes in runoff.

3.1. Trend analysis based on linear regression

The linear regression and the F-significance test were utilized to detect
and analyze the long-term trends of the runoff and runoff coefficient during
1961-2019. Linear regression is a statistical method that models the associ-
ation between the independent variable X = {x;, 3, ..., X, } and the depen-
dent variable Y = {y,,¥,,...,¥, }, and the F-test is used to evaluate the
significance of the trend obtained from linear regression (Box, 1953). The
calculation for linear regression is expressed by Eq. (1):

Y =By + 81X 1)

The parameters f3, and 3, are usually determined using the least squares
method to achieve the best fit to the data, calculated as follows:

. 1 i=n i=n
=n ) — .
Do Xi Y *E Xi - E Yi
n« n
i=1 i=1

S N B
X=-Yxy=->y (4)
ni:l ni:l

where X is the mean observed value; y is the mean predictor variable at
which the observations were taken. The coefficient 3; denotes the change
degree of Y along with X.
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Fig. 2. Flowchart of this study. The Nash-Sutcliffe efficiency (NSE), relative bias (Bais), and correlation coefficient (r) were used as evaluation metrics. The period 1 represents
1961-1999 and the period 2 represents 2000-2019. The variables used in this study include precipitation (Pre), temperature (Tem), precipitation change (AP), potential
evapotranspiration change (APET), glacier melt change (ARgcier), Snow melt change (ARgqoy), and runoff change (AR).

3.2. Variation point analysis based on Pettitt test

The Pettitt test, a non-parametric method, is commonly used to identify
abrupt changes in hydroclimatic variables, such as runoff and precipitation
(Pettitt, 1979). A mutation year indicates that the variable has changed sta-
tistically around that year (Petrone et al., 2010; Mallakpour and Villarini,
2016; Zhang et al., 2019a).

3.3. Distributed time-variant gain hydrological model

The Distributed Time-Variant Gain Hydrological Model (DTVGM) that
was first proposed by Xia et al. (2003) is used to simulate the long-term run-
off of the QTP. The DTVGM is a large-scale, high-resolution model that uses
a daily time step with 10,937 sub-basins in this study. Moreover, it is a fully
distributed model and has been successfully applied in various basins (Xia
et al., 2005; Ye et al., 2010; Zhang et al., 2021). The DTVGM can simulate
all major hydrological and cryospheric processes, including the glacier and
snow melt.

The DTVGM calculates evapotranspiration, soil water content, soil
flow, base flow, glacier melt, snow melt, and surface runoff for each
sub-basin. The kinematic wave model is used for routing calculating
(Ye et al., 2013). The water balance equation for each sub-basin is as
follows:

P; + Wi + Rsnow + Rglacier = Wi+1 + Rs; + E; + Rss; + Rgi (5)
where P represents precipitation (mm); W represents soil moisture con-
tent (mm); R0 represents snow melt (mm); Rgqcier Tepresents glacier
melt (mm); Rs represents surface runoff (mm); E represents evapotrans-
piration (mm); Rss represents subsoil water (mm); Rg represents
groundwater runoff (mm); i represents the number of periods.

The calculation of surface runoff at each sub-basin is as follows:

AW,

&
Rs =g, <m> - (P + Rsnow + Rglacier) (6)
u

where Rs is surface runoff at the sub-basin (mm); AWu is the upper soil
moisture at the sub-basin (mm); WM,, is the upper saturated soil moisture
(mm); P is precipitation (mm); Ry is sSnow melt (mm); Rgqcier is glacier
melt (mm); g; and g, are parameters (0 < g; < 1, 0 < g»); g is the runoff co-
efficient when the soil is saturated; g, is the soil moisture parameter; C is the

land cover parameter; Ry and Rgcier are calculated using the degree-day
factor model with the following formula:

DDF snow glacier * (Tav - Tmlt): Tay=Tre

Rsnaw_glacier = { 0, Ty < T

(7)

where, Rgnow glacier is snow or glacier melt (mm); DDF g, giacier is the degree-
day factor for snow or glacier (mm-°C~ Ld™1); Ty is the daily mean temper-
ature (°C); Tpy is the critical temperature of snow or glacier melting (°C).

The model performance is evaluated by three metrics: Nash-Sutcliffe ef-
ficiency (NSE), correlation coefficient (1), and relative bias (Bias). Higher
values of the NSE and r indicate better model performance, whereas
lower values of the Bais indicate better model performance. In the calibra-
tion process, we aimed for a good combined performance of the NSE, r, and
Bias. The NSE, r, and Bias are calculated as follows:

NSE — 1 - =@ =Q)" (Qs_%)z (®)
Z (QO_QO)
VX (@-2)Y (@-Q)
Bias = <§8§ - 1) x 100% (10)

where Q; represents the simulated value m3/s); Q, represents the observed
value (m®/s); Q, represents the average observed value (m®/s); Q, repre-
sents the average simulated value (m%/s).

3.4. Attribution of the runoff change

The runoff coefficient, which reflects the relationship between precipi-
tation and runoff in the basin, is defined as the ratio of runoff depth to
the precipitation depth during a given period (a year in this study), and is
calculated using Eq. (11):

Re=—

5 (1)

where R is the runoff (mm), and P is the precipitation (mm).
The annual runoff difference is used to quantify the magnitude of
runoff change on the QTP, and is calculated using Eq. (12). The impact
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of precipitation and temperature on runoff change can be calculated
using Egs. (13)—(15):

Rehange = R=Ri o0% (12)
AQ; = AQp + AQr = Qups — Qpase (13)
AQp = Qops — Qsim = Qops2 —P2'RC (14)
AQr = Qsim — Qpase = P2 RC1 — Qopsi (15)

where, R hang. is the runoff difference between the two periods; R; is the
mean annual runoff of the period 1; R, is the mean annual runoff of the
period 2; AQ;, is the total runoff change; AQp is the runoff change due to
precipitation; AQy is the runoff change due to temperature; Q;, repre-
sents the simulated runoff calculated by precipitation and runoff coeffi-
cient; Qs represents the actual runoff, which is directly from the results
of the hydrological model; Q,ps; represents the runoff of the period 1;
Qops> represents the runoff of the period 2; Qp, represents the runoff
of the period 1, which is directly from the results of the hydrological
model; P, is the precipitation of the period 2; RC; is the runoff coefficient
of the period 1.

The relative contributions of precipitation (1) and temperature () to
runoff change can be quantified using Egs. (16) and (17). A positive value of
n indicates that a change in precipitation (temperature) increases runoff,
whereas a negative value implies that a change in precipitation (tempera-
ture) leads to a decrease in runoff.

AQp

== . 100% 16
e |AQr| + |AQp| ! (16)
AQr
= 100% 17
r |AQr| + |AQp| ! a7
4. Results

4.1. Model calibration results

Fig. 3 displays the observed and simulated discharge as well as precipi-
tation for 14 hydrological stations during both the calibration and valida-
tion periods. Owing to data availability constraints of observed discharge,
the selected period varies slightly across hydrological stations, mostly
from 1961 to 1999.

Most of the hydrological stations have NSE values exceeding 0.7 during
both calibration and verification periods. For example, the NSE values dur-
ing the verification period are 0.89, 0.87, and 0.85 for Maqu, Xiangda, and
Tangnaihai, respectively (Table 4). Additionally, all correlation coeffi-
cients for calibration and verification periods are above 0.7, with
some stations having correlation coefficients above 0.9. Moreover, all
Bias values were within 10 %. The agreement between simulated and
observed discharge is good, and the relationship between discharge
and precipitation is found to be relatively stable. These results suggest
that the hydrological model has sufficient accuracy to achieve long-
term runoff simulations.

4.2. Spatial variations of runoff and runoff coefficient

Fig. 4 shows the spatial distribution of the mean annual runoff and
runoff coefficient on the QTP during 1961-2019. The mean annual
runoff ranges from 1.76 mm (e.g., desert areas in the Inner basin) to
1605.97 mm with a mean value of 184.77 mm. The runoff spatial pattern
shows a decreasing trend from southeast to northwest (Fig. 4a). Similarly,
the spatial distribution of precipitation is also high in the southeast and
low in the west of QTP (Fig. Sla). The regions with high runoff are
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primarily distributed in the southeastern and eastern areas of the plateau,
such as the downstream of the YZ and the NJ. Meanwhile, the low runoff
areas are widespread in the central and western parts of the plateau,
which are arid regions with scarce precipitation.

Fig. 4b shows the spatial distribution of the mean annual runoff coeffi-
cient across the QTP during 1961-2019. The mean annual runoff coeffi-
cient ranges from 0.02 (e.g., in the northwestern desert region of the
QTP) to 0.94, with a mean value of 0.37. Similar to the runoff, the runoff
coefficient also exhibits a spatial pattern of high in the southeast and low
in the northwest. The regions with high runoff coefficients are mainly lo-
cated in the southern and eastern regions of the plateau, as well as the QL
in the north, indicating a significant capacity for surface runoff conversion
in these areas. Conversely, the northwestern and central regions of the pla-
teau, which are mainly dry sandy areas with little rainfall and runoff, have
low values of runoff coefficient. In particular, the annual runoff coefficient
exceeds 0.6 along the southern border of the QTP, the NJ, and the JS, while
most of the northwestern part of the plateau exhibits a runoff coefficient
below 0.2.

4.3. Temporal changes of runoff and runoff coefficient

4.3.1. Variation points in runoff coefficient

We applied the Pettitt test to detect variation points in the annual runoff
coefficient series across the QTP and 11 basins. The results showed that the
runoff coefficient of the QTP experienced a variation point in the year 1999,
and the 11 basins also experienced variation points around the year 2000
(Fig. 5). Consequently, the year 2000 was used as the boundary to split
the period 1961-2019 into two periods, namely the reference period
(1961-1999, referred to as the first period, or period 1) and the change pe-
riod (2000-2019, referred to as the second period, or period 2). The numer-
ical subscripts 1 and 2 are used to differentiate the first and second periods
respectively. For instance, the average annual runoff coefficient for the first
period of 1961-1999 is represented as RC;.

4.3.2. Trends of runoff and runoff coefficient

Fig. 5 shows the interannual variations of the runoff coefficient, precip-
itation, and temperature across the QTP and 11 basins from 1961 to 2019.
The mean annual runoff and runoff coefficient of the QTP show significant
increasing trends with rates of 9.13 mm/10 yr (P < 0.001) and 1.27 %/
10 yr (P < 0.001), respectively. Additionally, the QTP displays significant
increasing trends in precipitation and temperature, with rates of
7.65 mm/10 yr (P < 0.001) and 0.37 °C/10 yr (P < 0.001), respectively.
The runoff coefficients of basins demonstrate increasing trends, but the
rate of increase varies. The MJ and the YL show the highest rate of increase,
with rates of 2.40 %/10 yr (P < 0.001) and 2.35 %/,/10 yr (P < 0.001), re-
spectively. Both the QTP and basins exhibit a highly significant increas-
ing trend in temperature (P < 0.001), although the magnitude of the
increase varies. However, the basins show both increasing and decreas-
ing trends in precipitation, with the increasing trend dominating. At the
basin scale, the NJ showed a significantly decreasing trend of
15.44 mm/10 yr (P < 0.05), whereas the LC and the YZ showed non-
significant decreasing trends of —3.81 mm/10 yr and — 3.05 mm/
10 yr, respectively.

Fig. 6 displays the runoff and runoff coefficient of the QTP and 11 basins
for the years 1961-2019 and the two periods. At the basin scale, the median
value of the mean annual runoff is highest in the MJ, the NJ, and the DD, by
568.27 mm, 365.93 mm, and 359.20 mm, respectively. Conversely, the me-
dian value of the mean annual runoff is lowest in the IN, the QL, and the JS,
by 79.29 mm, 121.96 mm, and 129.65 mm, respectively. The most notable
change between the two periods occurred in the YL, where the median
value increased from 280.92 mm to 389.92 mm. The runoff coefficient
also exhibits differences at the basin scale. The MJ, the NJ, the LC, and
the YZ have the highest runoff coefficients, with median values of 0.63,
0.56, 0.51, and 0.51, respectively. The JS and the IN have the lowest runoff
coefficients, with values of 0.24 and 0.31, respectively. Similar to the run-
off, the YL has the most prominent change in the runoff coefficient, with
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Fig. 3. Long-term hydrographs for calibration and verification periods at 14 hydrological stations.

median values of 0.37 and 0.50 in periods 1 and 2, respectively. Comparing
the two periods, both the QTP and the 11 basins have higher runoff and
runoff coefficient in period 2 than in period 1.

Fig. 7 shows the spatial pattern of the interannual rate of the runoff and
runoff coefficient across the QTP during 1961-2019. The interannual trend
of annual runoff ranges from —10.10 mm/yr (e.g., downstream of the YZ)



Y. Wang et al.

Table 4

Model calibration and verification for runoff simulation at 14 hydrological stations.
Station Calibration Verification

Period NSE r Bias (%) Period NSE r Bias (%)

Yingluoxia  1990-1995 0.70 0.90 0.80 1996-1999 0.70 0.87 3.23
Lazi 1980-1990 0.50 0.72 9.36 1991-1999 0.69 0.86 9.11
Nugesha 1961-1990 0.69 0.84 -—1.40 1991-1999 0.80 0.90 1.94
Yangcun 1961-1990 0.73 0.86 5.00 1991-1999 0.81 0.91 2.36
Nuxia 1961-1990 0.71 0.85 —4.00 1991-1999 0.76 0.88 —6.23
Lasa 1973-1990 0.60 0.81 6.00 1991-1999 0.64 0.82 217
Tuotuohe 1961-1990 0.55 0.76 —1.00 1991-1999 0.55 0.79 1.15
Zhimenda 1961-1990 0.86 0.93 -—2.00 1991-1999 0.81 0.91 3.25
Huangheyan 1961-1990 0.87 0.93 —2.00 1991-1999 0.70 0.86 1.09
Maqu 1961-1990 0.90 0.96 —9.00 1991-1999 0.89 0.95 -0.24
Tangnaihai 1961-1990 0.88 0.95 —9.00 1991-1999 0.85 0.92 1.10
Ganzi 1980-1990 0.72 0.90 -—9.60 1991-1999 0.75 0.91 -9.34
Zipingpu 1961-1990 0.79 0.89 —4.00 1991-1999 0.51 0.85 —9.48
Xiangda 1961-1990 0.85 0.92 0.00 1991-1999 0.87 0.94 -0.66

to 11.34 mm/yr. There is an overall increasing trend of the runoff, with a
mean value of 0.89 mm/yr. And the increasing tendencies are found in all
11 basins, although the magnitudes of the trends vary. The DD and the
MJ have the highest increasing trends with median values of 2.73 mm/yr
and 2.20 mm/yr, respectively, whereas the NJ has the lowest with a median
value of 0.11 mm/yr (Fig. S2a). However, the southwestern border and
northern areas of the QTP, as well as the downstream of the YZ and the
NJ, show decreasing trends.

The trend of the annual runoff coefficient varies from —1.74 %/yr
(e.g., downstream of the YZ) to 1.18 %/yr (Fig. 7b). The annual runoff coef-
ficient across the QTP also shows an overall increasing trend with a mean
value of 0.13 %/yr. At the basin scale, the runoff coefficient all show increas-
ing trends (the median of the runoff coefficient trend is all greater than
zero). Among them, the DD, the YL, and the MJ have the most significant in-
crease, with median values of 0.25 %/yr, 0.25 %/yr, and 0.22 %/yr, respec-
tively, while the YZ has the lowest increase with median value of 0.07 %/yr
(Fig. S2b). However, in the north-central QTP and the downstream of the YZ
and the NJ, the runoff coefficient show decreasing trends, indicating that the
transformation of precipitation into surface runoff has weakened.

4.4. Attribution of the runoff increase

Fig. 8 shows the spatial pattern of the magnitude of runoff variation
across the QTP over the two periods. The variation ranged from
—38.60 % to 606.27 % (notably, desert areas in the northwestern QTP
have the highest magnitude of runoff variation). Due to the low annual run-
off in desert areas, even a slight change in the runoff can result in a variation
several times higher than the original value. As an example, if R1 = 2 mm,
and R2 = 8 mm, Repange Would be 300 %. At the basin scale, the runoff in-
crease rate varies. Among them, the IN and the QL have the largest runoff
change of 42.14 % and 41.64 %, respectively. These two regions have a

(@)

Mean annual runoff (mm)
L 1 1 1 1
0 100 200 300 400 500 600 700 8OO
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very low annual runoff, and a slight change in runoff can lead to significant
variability, especially in the IN. In contrast, the NJ has the lowest variation
in runoff at only 8.98 %.

Fig. 9 shows the spatial pattern of relative contributions of precipitation
and temperature to runoff change, and Fig. 10 illustrates the contributions
at the basin scale. Precipitation is a more important contributor than tem-
perature across the QTP, contributing 72.08 % and 27.92 % to the runoff
change, although the contribution has a spatial difference. At the basin
scale, the degree of influence by precipitation and temperature varies.
Among them, the IN is almost equally influenced by precipitation and tem-
perature, while the DD, the YR, and the YL are dominated by the influence
of precipitation.

The nj is positive in most regions, suggesting that precipitation leads to
an increase in runoff in the majority of the plateau. However, in the down-
stream YZ, the downstream NJ, the northeastern IN, and the southwestern
QL, np is negative, which suggests that precipitation has resulted in a de-
crease in runoff (Fig. 9a). This can be attributed to the significant and con-
tinuous decrease in precipitation over the past 60 years in these regions
(Fig. S3a). The mediann, for 11 basins is positive (Fig. 10), with the highest
in the DD (7, = 99.03 %) and the lowest in the IN (7, = 54.25 %), suggest-
ing that changes in precipitation increase runoff at the basin scale.

The relative contribution of temperature to runoff change varies spa-
tially, as shown in Fig. 9b. Specifically, then; is negative along the southern
and eastern border of the QTP, the downstream NJ, and the YZ, indicating
that the temperature change decreases the runoff. At the basin scale, the ef-
fect of temperature on runoff is both positive and negative. In the DD, the
LC, the MJ, the NJ, the OF, and the YL, the values of 777 are —0.97 %,
—3.99 %, —10.7 %, —30.97 %, —9.65 %, and — 3.99 %, respectively, im-
plying that temperature decreases runoff. Conversely, the 77 of the IN, the
JS, the QL, the YR, and the YZ are positive, indicating that temperature
leads to an increase in runoff. Additionally, the basins with the highest
and lowest influence of temperature are the IN and the DD, with values of
7t of 45.75 % and —0.97 %, respectively.

5. Discussion

The QTP has experienced significant climate change, such as precipita-
tion change and warming. The spatial pattern of precipitation change on
the QTP is variable, with some regions experiencing an increase, while
the eastern and southern parts of the plateau are becoming drier (Gao
et al., 2015; Kuang and Jiao, 2016; Yao et al., 2022). The studies have
shown a significant increase in temperature on the QTP, with a warming
rate ranging from 0.16 to 0.67 °C/10 yr (Peng et al., 2021; Han et al.,
2019). Climate change not only directly influences the surface runoff re-
sponse, but also indirectly affects the runoff through glacier and snow
melt (Yao et al., 2012; Zhao et al., 2019). Numerous studies have investi-
gated the dynamic changes and attribution of the historical runoff on the
QTP in the context of climate change. Surface water resources on the QTP
significantly increased at a rate of 388.85 x 10® m®/10 yr from 1956 to

(b)

i

Mecan annual runoff cocfficicnt
[ T I T I
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Fig. 4. Spatial distribution of the mean annual runoff (a) and runoff coefficient (b) of the QTP during 1961-2019.
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Fig. 5. Interannual changes of mean annual runoff coefficient, precipitation, and temperature of the QTP and 11 basins during 1961-2019. The blue bars indicate the
precipitation, the black line indicates the runoff coefficient, the red line indicates temperature and the vertical black dashed line indicates the variation point year of the
runoff coefficient. The shadow region of inserted the QTP boundary on the top-left corner denotes the geographical location of each basin. (a)-(1), the QTP (a), the
Daduhe basin (b), the Inner basin (c), the Jinshajiang basin (d), the Lancangjiang basin (e), the Minjiang basin (f), the Nujiang basin (g), the Outflow basin (h), the
Qilianshan basin (i), the Yalongjiang basin (j), the Yellow River basin (k) and the Yarlung Zangbo basin (1).



Y. Wang et al. Science of the Total Environment 897 (2023) 165326

1600 R T
[ 1Rl -
1 R2 T
800
£
£ 6001
=
o
c
£ 4001 é%é
200 | @é
P DD N 1S LC MJ NJ OF QL YL YR Y7
(b) Basins
L0

0.4 1

Runoff coefficient
(=1 (=]
[} oe
= Z
sl al
N =
]
1
1
1
k {
|
L 1
T 1
|
1
]
1
]
1

0.2 1

0.0 T T T T T T r
TP DD IN IS LC MiJ NJ

Basins

Fig. 6. Runoff (a) and runoff coefficient (b) of the QTP and 11 basins during 1961-2019. R represents the mean annual runoff (mm) during 1961-2019, R1 represents the
mean annual runoff (mm) of period 1 (1961-1999) and R2 represents the mean annual runoff (mm) of period 2 (2000-2019). Rc represents the mean runoff coefficient
during 1961-2019, Rcl represents the mean runoff coefficient of period 1 (1961-1999) and Rc2 represents the mean annual runoff coefficient of period 2 (2000-2019).
The 11 basins are the Daduhe basin (DD), the Inner basin (IN), the Jinshajiang basin (JS), the Lancangjiang basin (LC), the Minjiang basin (MJ), the Nujiang basin (NJ),
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Fig. 7. Spatial pattern of runoff (a) and runoff coefficient (b) trends on the TP during 1961-2019.
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Fig. 8. Spatial distribution of the magnitude of change in mean annual runoff over the two periods.
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Fig. 9. Spatial distribution of the relative contributions of precipitation 1, (a), and temperature n; (b) to runoff change.

2018 according to Li et al. (2022a, 2022b). Our study also found a substan-
tial increase in runoff, at a rate of 9.13 mm/10 yr from 1961 to 2019
(P < 0.001), consistent with the results of Li et al. According to Wang
et al. (2018), an analysis of the runoff changes in the Yellow River source
using the Budyko framework revealed that precipitation is the primary fac-
tor influencing runoff variation. And our findings are consistent with earlier
research (Li et al., 2022a, 2022b; Liu et al., 2020), as we observed a de-
crease in runoff from the southeastern to northwestern regions of the pla-
teau, while a significant increase occurred over the decades.

The attribution results indicate that precipitation is a more important
contributor than temperature across the QTP, with relative contributions
of 72.08 % and 27.92 %, respectively. Changes in precipitation can directly
influence the surface runoff generation process, leading to significant in-
creases or decreases in surface runoff. As shown in Fig. S4a, the decreasing
runoff in the downstream NJ and YZ is consistent with the decline in precip-
itation. Warming can affect the surface evapotranspiration processes and
lead to the melting of glaciers and snow, indirectly influencing surface run-
off. With increasing temperatures, there is an increase in water
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Fig. 10. Relative contributions of precipitation and temperature to runoff change in the QTP and 11 basins. The 11 basins are the Daduhe basin (DD), the Inner basin (IN), the
Jinshajiang basin (JS), the Lancangjiang basin (LC), the Minjiang basin (MJ), the Nujiang basin (NJ), the Outflow basin (OF), the Qilianshan basin (QL), the Yalongjiang basin

(YL), the Yellow River basin (YR) and the Yarlung Zangbo basin (YZ).
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evapotranspiration from land surfaces, resulting in a deduction of surface
runoff. Conversely, warming leads to more glaciers and snow melt, which
increases the runoff. Research studies have shown that glacier melting con-
tributes to only a small proportion of runoff (Han et al., 2019; Lutz et al.,
2014; Wang et al., 2021a, 2021b), indicating that warming has a minimal
influence on the increase in runoff. Although the temperature has a lesser
influence on runoff variation compared to precipitation, it plays a regula-
tory role in runoff change on the QTP.

There are also some limitations in our study. This study has not consid-
ered the impact of human activities on runoff, as some studies have shown
that changes in the QTP are mainly caused by climate change (Shi et al.,
2022; Wang et al., 2018; Wang et al., 2021a, 2021b; Xu et al., 2021; Yi
etal., 2021). Our results may slightly overestimate the contributions of pre-
cipitation and temperature to runoff change, and future research could con-
sider the effect of human activities to obtain a more accurate attribution of
runoff change. Despite these limitations, this study provides a comprehen-
sive analysis of long-term runoff changes in the QTP over decades and offers
insight into the attribution of runoff change.

6. Conclusions

This study conducted a systematic analysis of long-term changes in run-
off and runoff coefficient on the QTP during 1961-2019 based on DTVGM
and statistical methods. Furthermore, the study quantitatively estimated
the relative contributions of precipitation and temperature to runoff
change. The main findings of this study are as follows:

(1) The mean annual runoff over the QTP has a mean value of 184.77 mm
(1961-2019), decreasing from the southeast (southern boundary of the
plateau, 1605.97 mm) to the northwest (desert areas in the Inner basin,
1.76 mm). At the basin scale, the MJ, the NJ, and the DD have the
highest mean annual runoff (median is 568.27 mm, 365.93 mm,
and 359.20 mm, respectively), while the IN, the QL, and the JS
have the lowest runoff (median is 79.29 mm, 121.96 mm, and
129.65 mm, respectively). Similarly, the mean annual runoff coeffi-
cient is high in the southeast and low in the northwest, with a mean
value of 0.37. At the basin scale, the MJ has the highest runoff coef-
ficient (median value is 0.63), while the JS and the IN are the low-
est, with median values of 0.24 and 0.31, respectively.
Interannual variations of runoff and runoff coefficient on the QTP
both show significant increasing trends at rates of 9.13 mm/10 yr
(P < 0.001) and 1.27 %/10 yr (P < 0.001), respectively. While the
runoff on the QTP generally increases, the downstream YZ, the
downstream NJ, and the northeastern IN show a decreasing trend.
Similarly, the runoff coefficient shows declining trends in the down-
stream YZ, the downstream NJ, and the northeastern IN.

The precipitation is a more important contributor than temperature,
contributing 72.08 % and 27.92 % to the runoff change. At the basin
scale, the influence of precipitation and temperature on runoff varies
among basins. The IN is the least influenced by precipitation (7, =
54.25 %), while the DD, the YR, and the YL are dominated by the influ-
ence of precipitation (the values of 77, are 99.03 %, 97.99 % and
96.01 %, respectively).
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