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Attribution identification of runoff changes
based on the Budyko hypothesis in the upper
reaches of the Luan River basin

ZHOU Jinyu',ZHANG Xuan',XU Yang',GENG Xiaojun',SONG Xinhai?

(1. College of Water Sciences,Beijing Normal University, Beijing 100875, China;
2. Chengde Ecology and Environment Bureau, Chengde 067000, China)

Abstract: In the past 50 years, evidence showed that climate change and human activities have affected the hydrological processes
in the Luan River basin. In order to identify the main causes for runoff changes, the upper reaches of the Luan River basin are
taken as the research area, and the Mann-Kendall test method is used to analyze the trend of meteorological and hydrological
factors from 1966 to 2015 in the study area. Simultaneously, the hydrothermal coupling equilibrium equation based on the Budy-
ko hypothesis is established. The elastic coefficient method is used to calculate the sensitivity coefficient of the influencing fac-
tors to runoff change. Furthermore,a quantitative contribution assessment of each factor to runoff change is also carried out in
the study area. The results show that the annual runoff decreased significantly from 1966 to 2015, and there is no significant
change in annual precipitation and annual evapotranspiration in the upper reaches of the Luan River basin. Compared with the
base period (1966-1979) , the change of the underlying surface is the main influencing factor of runoff reduction. The contribu-
tion rate of underlying surface change to runoff change in 1980-1997 (phase ) and 1998-2015 (phase II) is 52. 68% and 88.
12% , respectively. Among the climatic factors, the impact of precipitation on runoff changes is more significant compare to po-
tential evapotranspiration.

Key words: upstream of Luan River;climate change; human activity; runoff change;Budyko hypothesis;elastic coefficient

The hydrological cycle is a quite complicated
process in a river basin, wherein runoff, precipitati-
on,and evaporation are the main contributors while
climate change and human activities act as two ma-
jor influencing factors'’). Climate change directly
affects precipitation, evaporation, runoff, soil hu-
midity, etc. , and its spatiotemporal variations
which lead to a change in the total amount of water

resources in the basin®*, Human activities, such as
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the construction of large-scale water conservancy
projects and the implementation of large-scale soil
and water conservation measures can cause changes
in underlying surface conditions and can change the
process of production and convergence in the ba-
sin'*), Therefore, the identification of the main
driving forces of runoff change is vital to under-
stand the change of available water resources in the

basin'®!. In recent years, attribution identification

Online publishing: 2019-09-17

Online publishing address: http: //kns. cnki. net/kems/detail /13. 1334, TV. 20190917. 1006. 002. html
Fund: the Fundamental Research Funds for the Central Universities(2017XTCX02)
Author brief: ZHOU Jinyu (1996-) , female, Huaibei, Anhui Province, mainly engaged in the study of hydrology and water resources. E-mail ;

201721470041 (@mail. bnu. edu. cn

Corresponding author: ZHANG Xuan (1984-) ,female, Anyang, Henan Province, lecturer, Ph. D. ,mainly engaged in water resources and wa-

ter environment research, E- mail; xuan(@bnu. edu. cn

« 22« KXKFR



ZHOU Jinyu,et al Attribution identification of runoff changes based on the Budyko hypothesis

in the upper reaches of the Luan River basin

of runoff changes under changing environment has
gradually become one of the hot research issues-*.

At present, the research methods such as
hydrological model simulation method and climate
elasticity coefficient method used for quantitatively
distinguishing the contribution of various influencing
factors to runoff changes at home and abroad”.
Among them, the hydrological simulation method
is a good physical foundation research method. The
SWAT (Soil and Water Assessment Tool) model
and the Variable Infiltration Capacity (VIC) model
are the commonly used hydrological models. For
the first time,Onstad et al. **} use the hydrological
model method to predict the impact of land use/
cover change on runoff change. Since then, domes-
tic and foreign scholars have carried out many re-
lated studies. However, the calculation process is
complicated due to a large number of model param-

97 and there are certain uncer-

eters and input data
tainties in the parameters and structure of the
model'"™ , which may cause large errors in the sim-
ulation results, The elasticity coefficient method
based on the Budyko theory is a suitable method
for analysis and research on an annual scalel’™, It
requires less historical data'* and can directly esti-
mate the degree of influence of various factors™™.
Recently, the simple and effective analysis method
has been widely used by domestic scholars in relat-
ed research,and well verified in many river basins.
For example, Zhang Limei et al. "'*' conduct an at-
tribution analysis on the runoff reduction in the
Weihe River, and the document that the contribu-
tion rate of the underlying surface change is greater
than 60%. Xia Jun et al. "' conduct a quantitative
assessment of the impact of climate and human ac-
tivities on the hydrological process in the upper
reaches of the Han River and find that human ac-
tivities are the main factors leading to the reduction
of runoff, with a contribution rate of 56.5% to
57.2%.

Since the 1950s, the water cycle process and
water balance have undergone undeniable changes
by the combined effects of climate and human ac-
tivities which have greatly affected the ecological

environment in the Luanhe River basin'"®’. At pres-

ent, scholars mainly adopt the hydrological model
simulation method in the Jinghe River basin, but
the research results have large differences. For ex-
ample, Liu Chen""® estimates the runoff based on
the SWAT model under the influence of climate
change and human activities in the Luohe River ba-
sin. The results show that human activity is the
main influencing factor of runoff reduction, ac-
counting for 71% from 1980 to 2008. Liu Xuefeng
et al. % use the HBV model (Hydrologiska Fyrans
Vattenbalans model) to study the influence of hu-
man activity based on natural runoff from 1980-
2007 and find that the impact of climate change on
surface runoff accounts for 55%. Chen Xin et
al. ' use the SWAT model and conclude that in
the past 60 years runoff changes in the basins
above Sandaohe are mainly affected by climate
change, with a contribution rate of 89%. Wang Li-
ang et al. "% analyze the impact of climate and hu-
man activities on runoff changes using SWAT
models in the Luanhe River basin, Inner Mongolia,
and find that the contribution rate of human activi-
ties is 60. 8%.

Different scholars use different types of mod-
els, parameter settings, and calibration methods
when performing the model simulations, therefore,
it is difficult to reach a reliable conclusion on the
causes of runoff changes in the Luanhe River ba-
sin. Moreover, when scholars analyze the impact of
climate change, they often use climate factors as a
whole to calculate their contribution, and there is
less research on the impact of specific meteorologi-
cal factors''*. Therefore, this paper takes the upper
reaches of the LLuanhe River basin as the research
area and uses the elastic coefficient method to ana-
lyze the sensitivity of the river runoff to climate
and underlying surface changes. Simultaneously, it
separates the two main influencing climate factors
to further quantitatively assess climate change and
human activities and their contribution to runoff

change.
1 Research area overview and dataset

1.1 Overview of the study area

Luanhe River basin,located in the northeast of
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North China Plain,is one of the three major water
systems in Haihe River basin, and also the most
advanced ecological barrier in Beijing-tianjin-hebei
metropolitan area. Its upstream section originates
from the foothills of Bayanguertu mountain in the
Zhangjiakou area, Hebei Province, and ends at
Zhangbaiwan Town, LLuanping county, Chengde cit-
y. It has a total length of 513 km and a drainage ar-
ea of 25,367 km?,including the Shandian River, Xi-
aolu River, Yisun River, and other major tributa-
ries. The upper reaches of the LLuanhe River are a
typical temperate and semi-arid continental mon-
soon climate zone. The average annual temperature
is 5. 99 C,while the average annual rainfall is 300-
600 mm in the basin. It is cold and dry in winter
and warm and rainy in summer. The upper reaches
of the Luanhe River flow through the upper Luan-
he National Nature Reserve and Saihanba National
Nature Reserve and has an important ecological
strategic position,
1.2 Data sources and processing

In this paper, Sandaohezi and Hanjiaying
hydrological stations in the upper reaches of the
Luanhe River are selected as the flow control sta-
tions. Runoff data obtained from the Hydrological
Yearbook of the People’s Republic of China. The
statistical data is compiled by the Hebei Hydrolog-
ical Bureau. The daily meteorological data of sun-
shine, precipitation, temperature, and wind speed
for four meteorological = stations ( Duolun,
Weichang, Fengning, and Chengde) from 1966 to
2015 is obtained from China Meteorological Science
Data Sharing Service Network (https://data. cma.
cn). The potential evapotranspiration (ET,) is cal-
culated using the Penman-Monteith formula (Eq.
1) recommended by the Food and Agriculture Or-
ganization-56 (FAO-56) in the study area. Further-
more, Inverse Distance Weighted (IDW) interpola-
tion is used to obtain the potential evapotranspira-
tion at the centroid of the watershed in the study
area. The correlation between potential evapotrans-
piration and evaporation from the evaporation pan
using existing meteorological data is analyzed from
1970 to 2001 in the upper reaches of the Luan Riv-

er basin. The correlation coefficient R? between the

c 24« KXKFER

two is 0. 973 2, which has high consistency,indica-
ting that the calculation results of the potential
evapotranspiration can represent the average po-
tential evapotranspiration in the study area (Fig.
1)), In addition, the three-stage land use and land
change (LUCC) datasets from 1980, 2000, and
2015 with a resolution of 1 km provided by the Re-
source and Environmental Science Data Center of
the Chinese Academy of Sciences Chttp://www.
resdc. cn) to analyze the land use change in the

study area.
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Fig. 1 Relationship between ET, and Epan during 1970-2001

ET,=

0. 408A(R,—G) +y TL_EZTSLLZ (e,—e,)

A+y(1+40. 34u,)

where, ET, is the potential evapotranspiration

(D

(mm/d) ; R, is the net radiation on the crop sur-
face[ MJ/(m? » d); G is the soil heat flux[ M]J/
(m? + d) ], 0 is taken; y is the hygrometer con-
stant (kPa/C),0. 665 is taken; A is the slope of
the curve between saturated vapor pressure and
temperature ( kPa/C); T is the average air
temperature ( C) ;u, is the wind speed (m/s) at
2 m above the ground; e, is the saturated vapor
pressure of air (kPa) ; e, is the actual vapor pres-

sure of air (kPa).
2 Research methods

2.1 Trend analysis of hydrological varia-
bles and mutation test method

In this paper, the widely used Mann Ken-

dall"?'#*?! nonparametric test method is adopted to

analyze the trend in meteorological and hydrologi-
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cal data in the upper reaches of the Luanhe River
from 1966 to 2015. Simultaneously, the com-
bined precipitation-runoff double mass curve
method"**! and moving the -mutation test method
are used to identify the abrupt change points in
the annual runoff series. Besides, different hydro-
logical stages are divided based on the T-mutation
test method.

2. 2 Attribution identification of runoff

changes

The runoff displays different characteristics in
different periods due to the combined effects of cli-
mate change and human activities in the study are-
a. This paper uses the elasticity coefficient method
based on the Budyko hypothesis to evaluate the
sensitivity of runoff to various environmental fac-
tors and to quantitatively analyze the contribution
of climate change and human activities to runoff
change.

Budyko''" believes that on a long time scale,
the actual evapotranspiration E in the river basin is
mainly controlled by water supply conditions (pre-
cipitation amount P) and energy supply conditions
(potential evapotranspiration ET;,): E/P= f(ETy/P),
Choudhury"*"’ and Yang'®' assume the water-heat
coupling equilibrium equation based on the Budyko
hypothesis. The Choudhury-Yang formula reveals
that under certain climatic and vegetation condi-
tions, the relationship between water and energy in

the hydrological and climatic characteristics of the
basin is subject to the following balance
~ PXET,
(PETD*

where: E is the annual average actual evapotranspi-

(2)

ration,mm; P is the annual average precipitation,
mm; ET, is the annual average potential evapo-
transpiration, mmj;n is the parameter reflecting the
characteristics of the underlying surface of the ba-
sin.

Under a long-term hydrological series, the wa-
ter balance equation can be written as P=FE+R
(where: R is the multi-year annual average run-
off) ,and the underlying surface parameter n can be
obtained by combining formula (2). Simultaneous-

ly, the differential equation can be used to express

the contribution of different factors to runoff

change

1_9of of of
dR'=5pdP+ pp dET, +5 dn (3)

According to the definition of elastic coeffi-
cient?™ , the elastic coefficient of each influencing
factor x can be expressed as

_OR. x;
9, 'R

where ¢, is the elastic coefficient of each influen-

Y]

=2 the elastic coef-

P

ficient calculation formula of each influence factor

cing factor x;. Assuming Q=

can be obtained™"”

( 1 + @11 ) 1/n+1 @11+1

T Atonlaton 0] ()
_ 1

€F:r0*(1+@n>[1_(1+@—,,)1/”] (6)

_Ind+0H)+0"In(A+0—") D

€, — n(1+@n)[1_(147@*;1)1/'11]
The equation can be written by combining for-
mula (4),formula (3) as

R
P

The contribution of each influencing factor to

AR =¢, 3 dPtep, prodET e, Kodn (®)

runoff change, dR, and contribution rate, C, . are

as follows
R, =, By, 9
T
C., =g’ <100% (10)

3 Results and analysis

3.1 Hydrometeorological characteristics of
the study area

Fig. 2 shows the interannual trends of precipi-
tation, potential evapotranspiration, and runoff in
the upper reaches of the LLuan River from 1966 to
2015. Simultaneously, the Mann-Kendall trend test
is performed on annual precipitation,annual poten-
tial evapotranspiration, and annual runoff, respec-
tively. The results show that the annual runoff
change in the upper reaches of the Luanhe River
basin displays a significant decrease (P <C0.01),
while the precipitation and potential evapotranspi-
ration change show a non-significant decreasing

trend.
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Fig. 2 Variation of precipitation, runoff, ETy in the

upper reaches of the Luan River basin during 1966-2015

The key change points of the hydrological re-
lationship are identified using the double mass
curve method and the moving T-test method in the
river basin. The precipitation-runoff double mass
curve in the upper reaches of the Luan River is
shown in Fig. 3. It can be seen that the precipitati-
on-runoff mass curve deviates significantly in 1980
and 1998. Combining the 5-year moving -test re-
sults (Fig. 4),1966-1979 as the base period of run-
off change of the upper reaches of Luanhe River,
1980 and 1998 are regarded as the mutation points
of the rainfall-runoff relationship,and 1980-2015 is
considered as the impact period of environmental
change (including 1980-1997 as the impact period I
and 1998-2015 as the impact period II). The slope
of the curve becomes smaller after the mutation
period , which indicates that the runoff decreases

continuously due to environmental changes in the

study area®!.
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Fig. 3 Double mass curve analysis between cumulative

runoff and precipitation in the Luan River basin
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Fig. 4 Variation of moving #-test for interannual

runoff at the research area

3.2 Characteristics of land use change in the
study area

Studies have shown that the Haihe River basin
where the LLuanhe River is located is quite seriously
affected by human activities-*). This article selects
the land use data for three periods of 1980, 2000
and 2015, which presents the land use status of the
base period (1966-1979) , impact period 1 (1980-
1998) and impact period II (1999-2015) , respec-
tively. The land use types in the study area general-
ly have little change,mainly grassland, followed by
forest land and arable land, which account for
35%,32% ,and 24% of the total area of the study
area, respectively.

Fig. 5 shows the conversion between different
land use types in the impact period relative to the
base period. During impact period I, the cultivated
area increased by 106 km? (1. 73%) , and the forest
and grassland decreased by 46 km?
(0.55%), and 92 km? (1.04%), respectively.

The main transfer sources of cultivated land are

areas

grassland and unused land, reflecting that at this
stage human activities are mainly agricultural activi-
ties such as grassland reclamation and wasteland for
food crop plantation. Compared with the reference
period, the area of cultivated land, urban and rural
areas, and construction land affected by Phase II in-
creased by 64 km? (1. 04%) and 56 km?(26.17%),
and unused land decreased by 133 km?® (8.85%),
respectively. During this period, the level of urbani-
zation construction has been improved in the study
area, and the urban-rural land and construction
land mainly converted from cultivated land and

grassland,
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Fig. 5 LUCC conversion during 1980-2000 (a),1980-2015 (b)

3.3 Attribution identification of runoff

changes

3.3.1 Sensitivity analysis

From Eq. (5) to (7), the annual elastic coef-
ficients of annual runoff versus rainfall, potential
evapotranspiration, and underlying surface param-
eters from the upper reaches of the Luan River
from 1966 to 2015 are obtained (Fig. 6). It can
be seen from the analysis in the impact period of
human activities, the elasticity coefficient of the
underlying surface characteristic parameter chan-
ges much more than the precipitation and poten-
tial evapotranspiration elasticity coefficient, which

shows that the runoff in the study area is more
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Fig. 6 Interannual variation trend of elastic

coefficients of various factors

sensitive to the change of underlying surface in
1980-2015.

Tab. 1 shows the hydrological characteristics
of the climate and surface conditions in different
periods. It can be seen that the annual average pre-
cipitation, the annual average runoff depth,and the av-
erage annual evapotranspiration during the changing
period are all decreased compared to the baseline
period. The drought index (ET,/P)"" is larger
than the reference period, and both are greater
than 1. 0, indicating that the study area is dry,
and the dryness is deepening year by year. Ac-
cording to the elastic coefficients of various fac-
tors, the runoff change in the upper reaches of the
Luan River is positively related to precipitation
and negatively related to potential evapotranspira-
tion and underlying surface conditions. The spe-
cific manifestation is that when precipitation in-
creases by 1 mm, it leads to an increase in the
runoff of 2. 74 to 3. 33 mm, while an increase of
1 mm in evapotranspiration leads to a decrease in
the runoff of 1. 74 to 2. 33 mm, and an increase
in the characteristic parameters of the underlying
surface leads to a decrease in the runoff of 2. 40 to

2. 95 mm, respectively.
3.3.2 Attribution of runoff changes

The elastic coefficient method is used to calcu

late the degree of influence of climate and underlying
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Tab. 1 Statistics in hydro-climatic variables in the upper reaches of the Luan River basin during 1966-2015
Elasticity coefficient
Year P/mm R/mm ETy/mm n ET,/P
ep €ET, €n
1966-1979 437. 69 37.258 1 001. 90 1.985 2 2.289 2 2.740 0 —1.740 0 —2.397 3
1980-1997 417. 35 31. 345 972. 56 2.062 3 2.330 3 2.8314 —1.831 4 —2.5109
1998-2015 418. 41 18.173 977. 68 2.516 0 2.336 7 3.328 1 —2.328 1 —2.953 8

surface parameters on runoff changes. The results
are presented in Tab. 2. The contribution rate of
climate change to runoff change from 1980 to
1997 is 47. 32% (among which, the contribution
rate of precipitation is 80. 41% , and the evapo-
transpiration contribution rate is—33. 09 %) , un-
derlying surface parameters contribute to runoff
change account for 52. 68 % , respectively. Like-
wise, from 1998-2015, climate change contribu-
tion rate to runoff change is 11.88% (among
which, the

18.52% , the potential evapotranspiration contri-

precipitation contribution rate is
bution rate is —6.64% ), and the contribution

rate of underlying surface parameters to the

change of runoff is 88.12%, respectively. The
difference between the calculated runoff depth
change and the actual runoff depth change is
small, which proves that the method used in the
identification of runoff attribution is reliable and
effective. It can be seen that the underlying surface
change caused by human activities is the main fac-
tor behind the runoff reduction in the upper rea-
ches of the Luanhe River,and has a positive contri-
bution to the runoff reduction. Among the climate
factors, the contribution rate of rainfall change is
the largest, which has a positive contribution, fol-
lowed by potential evapotranspiration, which has a

negative contribution.

Tab. 2 Analysis of the change of runoff in the upper reaches of the Luan River basin

Contribution/mm

Contribution rate/ %

Year dR'/mm dR/mm 6/mm
P ET, n P ET, n
1980-1997 —3.994 1. 644 —2.617 —4. 967 —5.912 0. 94 80. 41 —33. 090 52. 68
1998-2015 —3.787 1. 357 —18.010 —20. 440 —19. 080 —1. 36 18.52 —6. 640 88.12

Note:d in the table is the difference between calculated runoff depth change dR'and actual multi-year average runoff depth change dR.

The impact of human activities on runoff is
mainly reflected in changes in the characteristics of
the underlying surface. By analyzing the changes in
land use types, the rapid development of agricultur-
al activities and urbanization in the impact period
has affected the underlying conditions in the study
area. In addition,due to soil erosion which is main-
ly dominated by wind erosion in the study area,
therefore, soil and water conservation measures are
also a human activity that cannot be ignored™",
After decades of governance, the area of water and
soil loss has been preliminarily controlled in the
basin. According to statistics, the cumulative area
under control in Chengde city is reached by
12 985. 92 km? (the governance rate is 57%) , and
the average water retention rate is 6.33% by the
beginning of the 21st century. The forest coverage

reached 43. 5%, which played an important role in

+ 28 ¢ KXKRFR

slowing the soil and water loss trend and impro-
ving the ecological environment in the study are-
atl*y,

Among the water and soil conservation meas-
ures, the construction of terraces can slow down
the slope of cultivated land, thus promoting the soil
permeability and ultimately reducing the runoff
rate. The planting of trees and grass measures can
reduce runoff by intercepting precipitation,increas-
ing evaporation, improving the soil structure and
enhancing the filtration capacity"**’. The significant
increases in vegetation coverage rate can also lead
to the enhancement of water storage, thus reduces
the runoff*’, Based on the above analysis of land
use types in the study area, it can be seen that
long-term soil and water conservation measures
and other human activities may greatly change the

[34]

underlying surface conditions of the basin-**, and
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affect the characteristics of surface runoff and con-
vergence-*

At present,most of the previous studies show
that human activities are the main factors of runoff
change in the Luanhe River basin. Wang Bowei et
al. %) identify the cause of runoff change in the up-
per reaches of Panjiakou Reservoir in Luanhe River
basin and finds that the contribution rate of human
activities to runoff reduction is more than 65% ,and
the contribution rate of climate change is less than
35% ,which is similar to the conclusion of this pa-

per.
4 Conclusions

In this paper, Budyko coupled model is em-
ployed to identify and to quantitatively attribute
the runoff change in the upper reaches of LLuanhe
River. The main conclusions are as follows:

(1) The trend test of the meteorological data
and annual runoff depth from 1966 to 2015 in the
upper reaches of the Luanhe River basin show that
there is no significant change in annual precipitati-
on and annual potential evapotranspiration, while
the annual runoff depth shows a significant de-
crease. Based on the precipitation-runoff double
mass curve and the moving /-mutation test, it is
identified that the baseline period of the upper rea-
ches of Luanhe River is 1966-1979, and the impact
period of human activities is 1980-2015 (among
which 1980-1997 is the impact period 1,1998-2015
is the impact period ID).

(2) Attribution analysis of runoff changes by
the elastic coefficient method based on the Budyko
hydrothermal coupling model shows that the un-
derlying surface change is the main factor causing
runoff change,and it has a positive contribution to
runoff reduction. The contribution rates in 1980-
1997 and 1998-2015 are 52.68% and 88.12% re-
spectively. Among the climatic factors, rainfall
changes have a greater impact on runoff reduction
with a positive contribution, and potential evapo-
transpiration has a smaller impact with a negative
contribution, respectively.

(3) At present, the specific influencing fac-

tors of underlying surface parameters in the Budy-

ko hypothesis are not clear. In future research, we
should further distinguish and quantify the possi-
ble influencing factors, to more accurately explore
the mechanism of human activities on runoff

change.
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