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Analyzing runoff variation characteristics and quantifying the impact of different
factors on the runoff variation in the source area of Lancang River, are of
significance for scientific response to the ecological protection of the region
and Lancang River. The Budyko method is adopted to quantitatively calculate the
contribution rate of human factors and climate factors to runoff change in the
source area of Lancang River. The results show that: 1) the annual runoff at Qamdo
hydrological station decreased significantly during 1961-2018. 2) 1966 is the
mutation year of runoff at Qamdo hydrological station from 1961 to 2018. 3)
At the Qamdo hydrological station, the contribution rates of precipitation P) to the
runoff change are 16.92-72.8% before 1990 and -1.91~-53.61% after 1990, the
contribution rates of potential evaporation (ETo) to the runoff changes are
0.14-39.19%. The contribution rates of human factors w) to the runoff changes
are between 26.9% and 114.42%. This study has important theoretical reference
and practical significant for maintaining the integrity and sustainable development
of the ecosystems of the Lancang River.
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1 Introduction

The Qinghai-Tibet Plateau provides essential water resources for more than two billion
people and is known as the “Water Tower of Asia” (Immerzeel et al., 2010). Due to global
warming, the glacier patterns, water resources and ecosystems of the Qinghai-Tibet Plateau
change dramatically and imbalancedly (Chen et al., 2015; Qingzhu et al., 2016; Yao et al., 2019),
with effects on downstream water resources (Qiudong et al., 2019; Tang et al., 2019). Climate
change and water resources issues cover natural, political, economic and other fields, and have
become the focus of water security conflicts among countries. It is necessary to study of the
changing characteristics of water resources in the Lancang River, especially as Mekong River
drought is of great concern due to extreme weather events and has become an important topic of
water diplomacy in China (Zhang and Lu, 2016).

Over the past 4 decades, precipitation in the Lancang River has shown downward trend due
to climate change (Li et al,, 2017), and the annual runoff in the lower reaches of Lancang River has
shown downward trend, and the impact of climate change is greater in the upper reaches of
Lancang River than in the lower reaches (Li et al,, 2021). In the context of global warming, it is
necessary to conduct research on the water resources characteristics in the source area of Lancang
River. On the one hand, we can grasp the water resources changes in the Lancang River at
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different time scales and understand the impact of climate change on
water resources from a scientific perspective by analysing the
characteristics of water resources in the source area of Lancang
River. On the other hand, the Lancang River can exploit the joint
optimal dispatch of the Lancang River’s group of terraced power
stations by analysing the hydrological patterns. This can provide
green and clean energy for country to achieve the dual carbon
strategic goal. Therefore, monitoring the dynamics of runoff and
quantifying the impact of climate and human factors on runoff
changes are important in formulating reasonable management
measures and maintaining the sustainable development of water
resources use and ecosystems in the Lancang River.

The methods for quantifying the impact of climate and human
factors on runoff changes include hydrological model and the Budyko
hypothesis method. The hydrological models include the Soil and Water
Assessment Tool (SWAT) (Li et al., 2009; Mango et al., 2011), distributed
time-varying gain model (Wang et al., 2009), hydrological model based
on geomorphology (Ma et al,, 2010), precipitation-runoff simulation
system (Qi et al,, 2009), ABCD hydrological model (Ji et al., 2021a) and
variable infiltration capacity (VIC) model (Xu et al., 2013). Hydrological
models can calculate the effect of a climate or human factor on runoff by
changing one parameter and fixing other factors. The contribution of
climate and human factors to runoff changes is calculated by comparing
difference between observed and simulated runoff during base period
and change period (Gelati et al., 2018; Ehsan Bhuiyan et al.,, 2019; Jaiswal
et al, 2020).The Budyko hypothesis method considers coupling and
balance relationship between water and energy in hydrological processes.
The input data are average value of many years of hydro-meteorological
data that are easily accessible and calculated (Donohue et al., 2010).
Therefore, the Budyko hypothesis method has been widely used to
quantify effect of different factors including vegetation, climate and
human factors on runoff changes in long periods (Caracciolo et al,, 2018;
Zhang et al., 2019; Yan et al,, 2020; Ji et al., 2021a; Ji et al., 2021b; Ji et al,,
2022; Wang et al,, 2022). Several scholars have studied the impact of
vegetation, climate and human factors on runoff changes in the Lancang
River (Tang et al,, 2014; Sun et al,, 2015; Zhai et al,, 2016; Zhang et al,,
2017; Zhao et al., 2017; Han et al., 2019; Bibi et al., 2021; Sun et al., 2022;
Liu et al, 2023). However, few studies have used Budyko method to
calculate the dynamic change of impact of climate and human factors on
runoff changes in the source area of Lancang River.

In this study, the impact of climate and human factors on runoff
changes in the source area of Lancang River during 1961-2018 was
quantified through three steps: 1) the trends of runoff, precipitation
and potential evaporation were analyzed by using the Mann-Kendall
method, 2) the Pettitt method was used to identify mutation year of
runoff, and 3) the Budyko method was used to calculate the
contribution of climate factors (i.e., precipitation and potential
evaporation) and human factors to runoff changes respectively.
This study is important for scientific management and optimal
scheduling of water resources in the Lancang River.

2 Study area and data
2.1 Study area

The Lancang River originates from northeast side of Tanggula
Mountain in Qinghai and flows through Qinghai, Tibet and Yunnan
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in China, with a total length of 2,179 km, natural drop of 4,583 km
and catchment area of 165,000 km®. The climate varies greatly in the
Lancang River Basin, with temperature and precipitation generally
increasing from north to south, the higher the altitude, the lower the
temperature and the lower the precipitation. The source area of
Lancang River is located in the south of Qinghai Province with low
temperature, low precipitation and an alpine climate with an average
annual temperature of -3-3°C, an average temperature of 6°C-12°C
in the hottest months, and an annual precipitation of 400-800 mm.
In this study, we took the control area of the Qamdo hydrological
station as the study area (Figure 1).

2.2 Data source and pretreatment

The data used in this study include: 1) the annual runoff
observation data of the Qamdo hydrological station in
1961-2018 were obtained from the China Hydrologic Data
Yearbook, 2) the meteorological observation data of the source
area and surrounding areas of Lancang River in 1961-2018 from
the China Meteorological Data Service Center (http://data.cma.cn/).
Firstly, the Penman-Monteith formula was used to calculate the
daily-scale potential evaporation data of 10 meteorological stations,
and then the monthly-scale precipitation and potential evaporation
data of 10 meteorological stations were obtained by summing the
daily-scale data of 10 meteorological stations. Finally, the monthly
precipitation and potential evaporation data were interpolated using
Kriging method in ArcGIS software, the annual precipitation and
potential evaporation were obtained by summing the monthly-scale
data of 10 meteorological stations.

3 Methods

3.1 Trend analysis and mutation analysis
method

The Mann-Kendall method, which is non-parametric test that
does not require assumption of normality of the data and can be
used to determine whether there is a trend of data.

The Pettitt mutation analysis method is based on the Mann-
Whitney non-parametric test (Pettitt, 1979). This method uses
conforming rank-sum sequence to detect mutation points, which
allows mutation analysis of hydro-meteorological element
sequences to obtain mutation points and quantify the significance

level of mutation points (Zhang and Song, 2015).

3.2 Attribution analysis

3.2.1 Budyko hypothesis

Budyko theory is based on water balance as follows (Saha et al.,
2020):

P-E-R=AS (1)

Where P is amount of precipitation in mm, E is actual
evaporation in mm, R is runoff depth in mm, and AS is water
storage change in mm. There are three hypotheses in this study for
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FIGURE 1
The location of the source area of Lancang River.

distinguishing the impact of climate change and human activities on
runoff: 1) assuming that human activities and climate change do not
affect each other, and are independent factors; 2) For multi-year
water balance, the change of water storage is usually negligible
compared with the average annual precipitation depth. Therefore,
Budyko hypothesis, based on an assumption that the change of
catchment storage water for multi-year water balance is considered
as 0; 3) assuming that the base period is only affected by climate
change. Therefore, except for climate change, other factors affecting
runoff are classified as human activities.
The Budyko hypothesis is expressed as follows:

E (ET,
o (220 2
= /5) @
Where ET) is potential evaporation in mm.
Cloudhury (Choudhury, 1999) and Yang (Yang et al,, 2008) proposed
coupled hydrothermal equation to calculate the actual evaporation at long
time scales based on the Budyko hypothesis as follows:

P x ET,
E= e ot ®)
(P +ETy)s

Where w is dimensionless underlying surface parameter, related
to soil properties, topography and vegetation (Xu et al., 2014). It is
generally accepted that the multi-year average AS tends to zero in a
closed region (Miao et al., 2022), under this assumption, combining

Eq.1-3 yields the result as follows:
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PXETO

R=P-—— """
(Pe + ET®)

(4)

3.2.2 Elastic coefficient of runoff to climate and
underlying surface parameters

Assuming that P, ET, and w are independent variables, Eq. 3
combined with Eq. 4 are rewritten as R = f (P, ETy, w), and the
annual runoff depth is expressed as a fully differentiated form with
the expression as follows:

_of of of
dR = S5 dP + S dETy + o do (5)

The degree of runoff change due to change in climate and
human factors is expressed as follows:
dR _ dP

B
R _¥p

dETO dw
8ET0E—T0 + 5(»; (6)

Where ¢, is defined as sensitivity of runoff depth to each impact

factor, x denotes P, ET, and w, P and ET, are multi-year average

value.
The ¢ represents %, and then we obtain Eq.7 and 8 and Eq. 9

using the derivation:

It

o= (LHgY) &g
(1+9)[(1+9¢°)5 - 9]

(7)

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1160520

Yang et al.

TABLE 1 Results of trend analysis of hydro-meteorological elements.

10.3389/feart.2023.1160520

Variable Z value Rate (mm/a) Trend Significant level
Runoff depth 0.94 0.55 Increase Insignificant
Precipitation 2.64 1.57 Increase Significant
Potential evaporation 1.86 0.66 Increase Insignificant
1
&pr, = (8)
T e (9]
In(1+¢,)+¢,In(1+¢™) 200 _ 1966
o = - D (9) 1
o[ (T+¢9) = (1+9v) 7% 150 |
1
100F [
1
3.2.3 Contribution of climate and underlying g 27/
surface parameters changes to runoff change Z oot
A complementarity method based on Budyko hypothesis is used A ol !
to distinguish contribution of each factor to runoff changes. Zhou ook *
et al. proposed that complementary relationship based on elastic j
coefficient (Zhou et al., 2016), the elastic coefficient of runoff depth %0y :
to P and ET, have complementary relationship by assuming that P 2000 !
and ET, are independent. The complementary relationship is 250 s s . s s ;
defined as follows: 1960 1970 1980 1990 2000 2010 2020
efined as follows: et
9R/R + _OR/R = (10) FIGURE 2
aP/P aETO/ETO Pettitt test results of runoff at Qamdo hydrological station from

The P change, ET, change, and w are calculated as follows:

o=l (2) o] o (Z) ]

OR OR
ARETO = (Xl:(m)lAET()] + (1 - (X)I:(m)zAET()] (12)

oR oR
AR,_‘, —(XI:P2A<£> + ET0,2A<WTO>:|

OoR OR
+ (1 - a) [P1A<a—P> + ET0’1A<8E—'TO>:|

Where ARp denotes P change, ARgr, denotes ET, change, AR,, is
w. The corner markers one and two represent the base and change

(13)

period, respectively.
The contribution of each impact factor to runoff changes is
defined as follows:

AR,
AR

C, = x 100% (14)

Where x represents P, ET or w, and C, represents contribution
of each impact factor to runoff changes.

4 Results

4.1 Trend analysis of hydro-meteorological
elements

The Mann-Kendall method was used to analyze the interannual
trend of runoff depth, P and ET|, in the source area of Lancang River
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1961 to 2018.

from 1961 to 2018, and the results are shown in Table 1. It can be
seen that the runoff depth, P and ET,, at Qamdo hydrological station
are increasing, and the growth rates are 0.55mm/a, 1.57mm/a,
0.66mm/a. The Z value of runoff depth, P and ET, are 0.94,
2.64 and 1.86 respectively. The runoff depth and ET, do not pass
the 95% (@=0.05) confidence test and show a non-significant
increase trend, P pass the 99% (a=0.01) confidence test and show
a significant increase trend.

4.2 Mutation analysis

The Pettitt non-parametric mutation test was used to analyze the
runoff at Qamdo hydrological station in the source area of Lancang
River to determine mutation time. The mutation year obtained by
the Pettitt test is 1966, and the results are shown in Figure 2.

4.3 Attribution analysis

Based on the results of the Pettitt test, the period 1961-1965 is
set as the base period. In order to show the dynamic process of
runoff and to satisfy that soil water content change can be ignored,
5 years are chosen as the time step. The average 5-year value is taken
as the value for each time period and the soil water content change
between the two adjacent periods is considered negligible. The
difference between precipitation and runoff can be used as

frontiersin.org
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TABLE 2 The characteristic values of hydro-meteorological variables.

10.3389/feart.2023.1160520

Lancang River are shown in Table 2. The runoff depth change is
positively correlated with P change, and negatively correlated with

fime & : ETo . P | femo = ET, and w change. By comparing base period with change period,

1961-1965 | 360.61 | 58260 84871 | 0.61 127  -027 = -070 the elastic coefficient of P increased to different degrees, indicating

1966-1970 | 25670 | 48234 | 85157 | 068 | 136 | —036 | —087 that 10% increase in P increased runoff depth by 12.7% before

1966% and 13.3%-15.8% after 1966. This indicates that the

1971-1975 | 24064 | 53L19 | 91885 | 082 | 147 | 047 | -0.99 sensitivity of runoff to P in the source area of Lancang River has

1976-1980 | 28142 | 53173 90159 = 070 = 136  —036 | —0.86 increased in the last 58 years. The elastic coefficients of ET, and w

10811985 | 28321 | 56348 | 93695 | 075 | 140 | —040 | 090 decrease to different degrees, indicating that 10% increase in ET,

and w reduced runoff depth by 2.7% and 7% before 1966, and by

1986-1990 26072 = 559.59 | 90098 = 082 146 = -046 = -094 3.3%-5.8% and 7.8%-9.9% after 1966 respectively. This indicates

1991-1995 | 24350 | 59377 | $8495 | 098 | 158 | —058 | —0.99 that the sensitivity of runoff to ET; and w in the source area of

Lancang River has decreased in the last 58 years. By comparing the

1996-2000 | 27431 | 58483 | 84960 | 086 | 148 | -048 | 089 absolute magnitude value of the elastic coefficients of each impact

2001-2005 27560 | 593.31 = 857.87 = 0.87 = 148 = —-048 & —0.90 factor, the descending order is P, w, and ET,. The absolute

0062010 | 26620 | 60745 | 93505 | 090 | 152 | 052 | —0s6 mag.n%tlhlde value of the elast.ic coefficients indicates the degree of
sensitivity of runoff to each impact factor.

2011-2015 33821 | 59820 | 92297 = 067 = 133 = -033 078 The Mann-Kendall method was used to analyze the interannual

2016-2018 | 32915 | 59517 | 92693 | 060 | 134 | -034 | —0.80 trends of the elastic coefficients of P, ET, and w in the source area of

TABLE 3 The results of the trend analysis of the elastic coefficients of the
precipitation, potential evaporation and underlying surface parameters.

Lancang River from 1961 to 2018, and the results are shown in Table 3.
The Z value of the elastic coefficient of P is 1.73, and the change trend of
the elastic coefficient of P shows a significant increase. The Z values of
the elastic coefficients of ET and w are —1.73 and —0.28, respectively,
and the change trend of the elastic coefficients of ET, and w show a

Variable Z value Trend Significant level significant decrease.
L7 . Insienificant The runoff depth, P, ET,, and w in the source area of Lancang
€] . ncrease nsignimncant
P ¢ River were calculated, and the results are shown in Table 4. This
€510 -1.73 Decrease Insignificant table includes the values of change in runoff depth, P, ET; and w, the
" —028 Decrease Insignificant values of runoff depth changes due to change in P, ET, and w, and

evaporation when the soil water content remains essentially
constant for two adjacent periods. Therefore, the total time series
(1961-2018) is divided into 12 periods, with the first 11 periods in 5-
year time steps and the last one period in 3-year time steps.

The characteristic values of hydro-meteorological variables for
12 periods at Qamdo hydrological station in the source area of

TABLE 4 Results of attribution analysis of runoff changes.

the contribution of P, ETy, and w to runoff depth changes at Qamdo
hydrological station in each change period.

The period 1961-1965 is set as base period, compared with base
period in the source area of Lancang River, the runoff depth decreased
with a range of 22.4-119.98 mm in change periods, P decreased with a
range of 19.12-100.26 mm before 1991 and increased with a range of
2.23-24.85 mm after 1991 in change periods, ET, and w increased with
a range of 0.89-88.25 mm and 0.06-0.37 respectively in change periods.

Time AR (mm) AP (mm) AET, (mm) ARp (MmM)  ARgro (mm) AR (mm)  C, (%)  Cero (%)
1961-1965 _ _ _ _ — _ _ _ _ _
1966-1970 -103.92 —-100.26 2.86 0.08 —75.65 —-0.32 -27.95 72.80 0.31 26.90
1971-1975 -119.98 -51.41 70.15 0.21 -37.37 -8.39 -74.22 31.15 6.99 61.86
1976-1980 -79.20 -50.87 52.88 0.09 -38.39 -6.07 —34.74 48.48 7.66 43.86
1981-1985 —-77.40 -19.12 88.25 0.14 —-14.27 -10.48 —52.66 18.43 13.54 68.03
1986-1990 -99.89 -23.01 52.27 0.22 -16.90 -6.53 -76.47 16.92 6.53 76.55
1991-1995 -117.11 11.17 36.24 0.37 8.02 -4.99 -120.14 —-6.85 4.26 102.58
1996-2000 —-86.30 223 0.89 0.25 1.65 -0.12 —-87.83 -1.91 0.14 101.77
2001-2005 —-85.02 10.71 9.16 0.27 7.91 -1.24 -91.68 -9.30 1.46 107.84
2006-2010 -94.41 24.85 86.34 0.29 18.05 -11.37 -101.09 -19.12 12.05 107.08
2011-2015 —22.40 15.60 74.27 0.06 12.01 -8.78 -25.63 —53.61 39.19 114.42
2016-2018 -31.47 12.57 78.22 0.08 9.62 -9.30 -31.79 -30.58 29.55 101.03
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P change caused by runoff depth changes are different in change
periods, showing a decrease range of 14.27-75.65mm before
1991 and an increase range of 1.65-18.05 mm after 1991, ET, and
w changes caused by runoff depth changes in change periods, showing a
decrease range of 0.12-11.37 mm and 25.63-120.14 mm, respectively.
In summary, P change make positive contribution to runoff changes,
while ET, and w changes make negative contribution to runoff changes.

The contribution of changes in P, ET, and w to runoff depth
changes are different in change periods. The contribution of P
change to runoff depth changes was positive with a range of
16.92%-72.8% before 1990, and negative with a range
of —1.91%--53.61% after 1990. The contribution of ET;, and w
changes to runoff depth changes were positive with a range of
0.14%-39.19% and 26.9%-114.42%, respectively. In summary, the
main impact factor for the decrease in runoff in the source area of
Lancang River is w, which impact the catchment process of runoff
through interception, depression filling and infiltration. The P is the
second impact factor, and ET, is the least impact factor.

5 Discussions and conclusions

In this study, we analyzed the trends of meteorological and
hydrological elements, identified the mutation year of runoff using
Pettitt non-parametric test, and quantified the contribution of climate
change and human activities to runoff changes using Budyko
hypothesis method in the source area of Lancang River during
1961-2018. The main findings were 1) the annual runoff at Qamdo
hydrological station showed non-significant increase, 2) the 1966 was
the mutation year of runoff at Qamdo hydrological station, 3) The
contribution of P to runoff changes ranged from 16.92% to 72.8% before
1990 and from —1.91% to —53.61% in 1990, the contribution of ET, to
runoff changes ranged from 0.14% to 39.19%, and the contribution of w
to runoff changes ranged from 26.9% to 114.42%. This study provides a
new idea for water resources in the source area of Lancang River, and
provides theoretical support for water resources management and
ecological protection of Lancang River.

Although we quantitatively assesse the contribution of climate and
human factors to runoff changes in the source area of Lancang River,
uncertainties still exist. This study used traditional interpolation methods
to process P and ET, data from meteorological stations, ignored the
impact of more factors (i.e., soil water content change and vegetation
change) and the interaction between climate factors and human factors
on runoff changes. These will make the study results biased to some
extent. In the future, runoff change can be analyzed by improving the
precision of meteorological data and considering more impact factors.
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