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Abstract: Climate change and human activities are two important factors affecting surface runoff. In
water resource management and planning, it is generally important to separate the contribution of
these factors when assessing runoff changes. The Changbai Mountain area is rich in water resources
and is an important hydropower energy base for Northeast China. This study used Sen’s slope
estimator to explore trends in runoff precipitation and evapotranspiration from 1960 to 2016, and the
results showed a downward trend in runoff and an upward trend in precipitation and evaporation in
most areas. The mutation point of the annual time series for the observed runoff was estimated, and
the time series was divided into the base period (1960-1975) and impact period (1976-2016). Based on
the Budyko framework, we performed attribution analysis of the runoff changes, and analyzed the
difference between the mountainous region and the whole basin. We determined that the impacts of
climate change and human activities, on average, accounted for decreases in the runoff by 60.15% and
39.85%, respectively, for the Second Songhua River Basin; 73.74% and 26.26%, respectively, for the
Tumen River Basin; 84.76% and 15.24%, respectively, for the Yalu River Basin; human activities were
the main causes of runoff changes in the Changbai Mountain area; climate change was the main cause
of runoff changes in mountainous regions. The results of this study show that the reasons for the
change in runoff in mountainous regions and the whole basin in the same area are different, which
has some illuminating significance for water resources management of different elevation areas.

Keywords: climate change; human activities; runoff change; Budyko framework; Changbai Moun-

tain area

1. Introduction

Global climate change and human activities have changed the global water cycle [1-4],
which has led to a marked decrease in runoff into many rivers worldwide and greatly
threatens global water security [5-7]. Rising temperatures, due to climate change, have
changed global climate patterns, transforming the spatial and temporal distributions of
precipitation. This affects hydrological systems and changes the quantity and quality
of available water resources [8]. Similarly, human activities, such as deforestation, ur-
banization, industrialization, dam construction, and irrigation, are likely to, directly and
indirectly, affect hydrological processes [9,10] and, thus, redistribute water resources in
space and time [11]. The change in runoff caused by climate change is produced under the
background of global warming. Local measures cannot play a significant role in runoff
attenuation. However, the impacts of human activities on runoff changes can be restored by
corresponding measures. Attribution analysis of runoff changes can help us identify which
activities have caused runoff changes so that appropriate water resource management
measures can be taken to restore runoff. Additionally, we can calculate how much runoff
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can be restored by implementing measures through attribution analysis, providing a basis
for future water resources planning. Therefore, quantifying the impact of climate change
and human activities on the runoff could help contribute to the optimal management of
water resources and provide scientific support for the designation of sustainable water
strategies [12,13].

The Changbai Mountain area (CMA) is the birthplace of the Songhua, Yalu, and Tumen
Rivers. It is an important freshwater resource reserve in Northeast China. Containing mul-
tiple ecological functions, it is an ecologically protected area, including water conservation
and biodiversity protection. The Tumen and Yalu Rivers form boundaries between China,
North Korea, and Russia. Many studies have shown that under the combined influence
of climate change and human activities, the runoff into the CMA is showing an obvious
downward trend [14,15], which is affecting local water and ecological security. Therefore,
distinguishing the impacts of climate change and human activities on surface runoff in the
CMA is of great significance for water resource management, ecological protection, and
cooperation between China and North Korea for sustainable water use.

Quantifying the effects of climate change and human activities on runoff changes
has become a hot topic for climate and hydrological research [6,7]. Currently, commonly
used methods can be divided into statistical methods, hydrological modeling methods,
and elastic-based methods. Statistical methods generally include regression analysis, time-
trend analysis, and the double cumulative curve method [16-18], but such methods require
long-term recordings of hydrological and meteorological data to establish a statistical
relationship between the runoff and other variables. Hydrological modeling methods
distinguish the impacts between climate change and human activities by simulating the
water cycles. However, few process-based models can be directly used for this purpose
because they lack a component for engineering measures [19]. Additionally, it is difficult
for hydrological model parameters to quantify the uncertainty of human activities, and
simulation results can be random. There is also a certain level of interaction effects between
climate, LUCC, and runoff, which is hard to quantify using either hydrological model
methods or statistical methods [20,21].

Some studies have shown that different modeling methods may produce different
results. Methods based on elasticity include nonparametric methods and methods based
on the Budyko hypothesis [22-24]. Methods based on the Budyko hypothesis provide a
simple framework that is based on the long-term water—energy balance principle and uses
elasticity coefficients to express the sensitivity of climatic and anthropogenic factors to
runoff changes; thus, it is more widely used to distinguish the effects of climate change and
human activities on runoff. Under the Budyko framework, Roderick and Farquhar used
the Choudhury-Yang equation to assess the impact of precipitation, potential evapotran-
spiration, and land-use conditions on runoff [25-27]. The equation parameters include the
characterization of soil type, topographical factors, and land use. The soil and topography
usually do not change much over time, so it is believed that the change in runoff is mainly
caused by land-use changes [28]. Additionally, the Budyko framework was employed to
evaluate the impact of climate change, environmental change, and climate—environment
interactions on surface runoff change in some studies, but there lacks an explanation of
its physical mechanism [29]. The working assumption of the Budyko framework is that
the hydrological system is in a stable state when considering a period of approximately
10 years [30,31]. Despite its simplicity, many studies have shown that the Budyko equation
is reliable [32-35].

This study focused on distinguishing the impacts of climate change and human
activities on the runoff changes in three CMA basins and their upper mountainous regions.
The research roadmap with the main goals of each step is described as follows: (1) Sen’s
slope analysis is used to explore changes to runoff trends and major climate factors from
1960 to 2016; (2) the Pettitt mutation point test is used to determine runoff change mutation
points and divide the entire period into a baseline period and an impact period; (3) the
Choudhury—-Yang equation, based on the Budyko framework, is used to attribute the
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impact of climate change and human activities on runoff changes; and (4) the impact of
human activities on runoff changes across the entire region and the upstream mountainous
regions is explored. This work will provide a basis for runoff attribution analysis for river
basins with mountainous regions in similar areas.

2. Materials and Methods
2.1. Study Area

The CMA (123°34/-131°14’ E and 40°4'—44°1" N) is located in Northeast China, in-
cluding the area above the Fengman reservoir in the Second Songhua River Basin (SSRB),
the Tumen River Basin (TRB), and the Yalu River Basin (YRB), as shown in Figure 1. The
CMA covers an area of 168,500 km? and is elevated between 3400 and 2735 m above sea
level. The annual average temperature and precipitation from 1960 to 2016 are 5.03 °C and
1103 mm, respectively. It is the birthplace of the Second Songhua, Tumen, and Yalu Rivers,
which are rich in water and hydropower resources. The TRB and the YRB, which form
borders between China, North Korea, and Russia, have important political status.
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Figure 1. River networks and hydrological stations in the Changbai Mountain area (CMA).

2.2. Data

In this study, the analysis used natural runoff data from seven selected hydrological
stations. Among them, data from the Fengman (FM), Quanhe (QH), and Huanggou (HG)
stations were used for the attribution analysis of runoff changes across the entire basin.
The Gaolichengzi (GLCZ), Hanyangtun (HYT), Kaishantun (KST), and Changbai (CB)
stations were selected to analyze the runoff changes in mountainous regions of the area.
The natural runoff was obtained by reverting the measured runoff, and the annual average
runoff (R) data came from the Songliao Water Resources Commission of the Ministry of
Water Resources. Available online: http:/ /www.slwr.gov.cn/ (accessed on 18 July 2020).
Daily precipitation (P) records and other meteorological data were collected, including
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daily mean temperature (T), wind speed (WS), sunshine duration (SSD), vapor pressure
(VP), and relative humidity (RH), from the National Meteorological Information Center of
the China Meteorological Administration (CMA) at 10 meteorological stations. Available
online: http://data.cma.cn/ (accessed on 11 October 2019). Additionally, the Kriging
method was used to interpolate the data to obtain the meteorological data corresponding
to hydrological stations. Based on meteorological data, potential evapotranspiration (ET)
was estimated using the Penman-Monteith equation recommended by the UN Food and
Agriculture Organization (FAO). The Thiessen polygon method was used to calculate
average precipitation and potential evapotranspiration (see Table 1 for details).

Table 1. Overview of datasets used in this study.

Spatial Temporal .
Datasets Type of Data Resolution Resolution Period Source
. . National Meteorological
Meteorological - p 1 g gsp yp gy~ Pointdata (10 Daily 19602016  Information Center of the China
observations stations) . .. .
Meteorological Administration
Surface runoff Point data (7 Water Resources Commission of
observations R stations) Yearly 1960-2016 the Ministry of Water Resources
Equation Point data (10 . Estimated according to the
recommended ETo stations) Daily 1960-2016 Penman-Monteith equation
2.3. Methods

2.3.1. Sen’s Slope Estimator

Sen developed a nonparametric procedure for estimating the slope of a trend in
long-term series data [36]. The equation for Sen’s trend slope is as follows:

. Xj— X
S = Median :

)i 0
where x; and x; are the data values at times j and i (j > 7). The variable Ss indicates the
average rate of change and, thus, the trend of the time series. When Sg > 0, the sequence is
increasing; when Sg = 0, there is no trend; and when Sg < 0, the sequence is decreasing.

The Kriging interpolation is used to interpolate the precipitation, potential evapo-
transpiration, and temperature data to obtain the annual rasterized spatial distribution
data. Additionally, Sen’s Slope Estimator is used to analyze the data of each grid to obtain
the trend of precipitation, potential evapotranspiration, and temperature in the entire
study area.

2.3.2. Pettitt Mutation Point Test

The Pettitt mutation point test assumes that a random hydrological sequence has a
mutation in time f [37]. In this study, the Pettitt mutation point test was used to divide
the runoff sequence of each hydrological station into two periods. The period before the
mutation point was called the baseline period, and the period after the mutation point was
the impact period. The mutation point statistical variable is defined as follows:

kty = Max|S| ()

where time j = 1,2, - - - , i, Sy is the cumulative number when the value at time i is greater
than or less than the value at time j.
The significance level of a mutation point is defined as follows:

P =2exp [—6k%0 <n3 + nzﬂ 3)

If P < 0.05, the mutation point was considered to be statistically significant.
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2.3.3. Runoff Elasticity

The long-term water balance for a catchment can be described by the following equation:
R=P—ET,—AS 4)

where P, ET,, R, and AS represent the precipitation, actual evapotranspiration, runoff,
and change in water storage, respectively. The values of ET, and AS cannot be directly
observed at the catchment scale, so they must be indirectly estimated. The value of AS is
usually assumed to be zero for the purposes of long-term analysis.

The Budyko framework is a powerful method for estimating actual evapotranspira-
tion, ET,, that uses various empirical formulas. Many equations are used to estimate the
ET,, such as the Fu equation [38], the Zhang equation [39], the Choudhury—-Yang equa-
tion [26,27], and the Wang—Tang equation [40]. It has been showed that the two-parameter
model is effective for calculating the impact of climate change [35], so this study used the
Choudhury-Yang equation, which can be expressed as follows:

P x ETy

ET, = — - <550
T (e ET)V"

©)

where ETj is the potential evapotranspiration, and n is a parameter for the influence
of human activity, which primarily represents the integrated effects of the catchment
landscape characteristics on the water balance.

The water balance equation is therefore expressed as follows:

P x ETy

L e — ]
(P"+ ETY)

(6)

It is assumed that the climate impact can be decomposed into the separate effects of
precipitation and evaporation, and the two climate factors are independent of each other.
Then, the water balance equation can be rewritten as R = f(P, ETy, n), and considering
P, ETy, and n as independent variables, the precipitation, potential evaporation, and
landscape elasticities of runoff can be expressed as ¢, ¢c7,, and ¢,, which indicates the
proportion of runoff change caused by changes in climatic factors and the catchment
landscape per unit percentage. The elasticities are expressed as follows:

_ dR/R

r = dp/P @
_ dR/R

€ETy = m (8)
__dR/R

&n = dn/n (9)

According to Equation (9), and letting & = %, the precipitation, potential evapora-
tion, and catchment landscape elasticities of runoff are given as follows:

1 4 on 1/n+1 o @Yl-‘rl

(1+@@U1+@ﬂ“”—@}

1
(L+®”ﬂ1—(r+®*ﬂLmy

EET, = (11)

n n —n
6 — In(l+ ") +o"In(1+ 2 ") 12)

n[(+2m) - 1+ 2]




Water 2021, 13, 3473

6 of 15

where @ is the aridity index that reflects the degree of drought in the climate.

2.3.4. Attribution Analysis of Runoff Changes
According to Equation (9), the total differential of R can be expressed as follows:

oR oR dR
The runoff change induced by a certain factor can be estimated as the product of the
factor change and its partial derivative. The change in annual runoff from the baseline
period (Rp) to the impact period (R;) can be represented by the difference between the
average runoff depths before and after the mutation point as follows:

AR =Ry, — R4 (14)

In addition, changes in runoff depth can also be expressed as changes caused by
climatic factors and human activities as follows:

AR = AR, + ARg, + AR, (15)

where ARy, ARgT,, and AR, represent runoff changes caused by precipitation, potential
evapotranspiration, and human activities.

According to Equation (16) and the runoff elasticities (¢, g7, and ¢;), the change in
runoff caused by each element can be expressed as follows:

R

ARy = £pﬁAp (16)
R
R

AR, = sn;An (18)

Therefore, the contribution rate of climate change (P and ETy) and human activities
(n) to runoff change can be calculated as follows:

pp = [ARy| x 100% (19)
|ARp[ + [ARER | + [AR|
|ARE, |
= 100% 20
HETo = TAR, [+ |ARr, | + |AR,| 20)
Hn [AR,| x 100% (21)

~ AR, [+ [ARgn, | + |AR,]

3. Results
3.1. Changes in Runoff and Climate Factors

As shown in Figure 2a,b, from 1960 to 2016, the average annual runoff depth within
the control areas of all the hydrological stations showed a downward trend. At the 95%
significance level, only the KST and HG stations had a significant decline in the runoff.
The rate of change of the SSRB, TRB, and YRB runoff were —0.58 mm/a, —1.15 mm/a,
and —2.55 mm/a, respectively. For mountainous and cold regions, the TRB had the
largest downward trend of —2.18 mm/a, and the YRB had the largest downward trend
of —0.74 mm/a. During the same period, except for some areas in the lower reaches
of the YRB, the precipitation showed an upward trend, and the rate of change ranged
from —0.2 to 3.67 mm/a, as shown in Figure 2c. As shown in Figure 2d, the potential
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evapotranspiration in most areas of the TRB and the SSRB showed an upward trend, while
the potential evapotranspiration of the YRB showed a downward trend.
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Figure 2. Results of Sen’s slope estimator for partitions of the Changbai Mountain area. (a,b)
show the trend and significance of the runoff, (c,d) show the trend of the precipitation and the
potential evapotranspiration.

3.2. Hydroclimatic Characteristics

Table 2 shows the hydrological and climatic characteristics of the three CMA basins.
The average annual precipitation ranges from 558 to 780 mm, the annual potential evapo-
transpiration ranges from 767 to 834 mm, and the annual runoff depth ranges from 145 to
504 mm. The dryness index (ETy/ P) is an indicator of the degree of drought in a region. In
the three basins, the dryness index was higher than 0.9 and ranged from 0.94 to 1.56, which
is typical of a semi-humid region. The runoff coefficients (R/P) were all higher than 0.2,
and the annual runoff depth was greater than 100 mm, which are typical hydroclimatic
features of mountainous regions. The large runoff coefficient (annual runoff) may be related
to snowmelt runoff and the underlying surface conditions of the basins. In addition to the
TRB, the mountainous regions of the other two basins had higher runoff coefficients, which
indicated that the mountainous regions were more affected by snowmelt runoff. The n
parameter characterizes the nature of the land-use/cover change (LUCC) of a basin. It is
related to terrain, soil, vegetation, and other factors. Terrain and soil are relatively stable
over a short time scale, so a larger n-value indicates a larger area of vegetation cover. In this
study, the n values were derived from the Choudhury—Yang equation. The n parameter
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for the CMA was between 0.52 and 1.67. The n-value of the SSRB and the YRB in the
mountainous regions was higher than that of the entire basin, which was caused by low
vegetation coverage in the mountainous regions. The n-value was larger and the runoff
coefficient was small in the mountainous region of the TRB basin, which was due to the
relatively low altitude and high vegetation cover.

Table 2. Basic hydroclimatic characteristics of the Changbai Mountain area.

Basin Station Areas (km?) P (mma-1) ETy (mma1) R (mm a—1) ETy/P R/P n
Fengman 42,500 723.57 816.24 311.85 1.13 0.42 1.11
SSRB!  Gaolichengzi 4728 779.67 828.04 504.64 1.06 0.66 0.65
Hanyangtun 8532 654.64 796.57 369.90 1.22 0.56 0.77
) Quanhe 31,800 558.13 834.65 209.01 1.50 0.37 1.07
TRB Kaishantun 11,062 595.52 811.22 145.21 1.36 0.24 1.67
X Huanggou 55,420 881.68 797.02 417.06 0.90 0.47 1.18
YRB Changbai 211 648.88 767.13 462.83 118 0.72 0.52

1 GSRB = Second Songhua River Basin; 2 TRB = Tumen River Basin; > YRB = Yalu River Basin.

Changes in the Budyko curve (ETy/P~ET,/ P), which reflects the state of the water—
energy balance, for the water—energy balance over base and impact periods can reflect the
impact of climate change and underlying surface conditions. Figure 3 shows the changes
in the water—energy balance state from the baseline period before the mutation point to the
impact period after the mutation point for each hydrological station in the CMA. Except for
the CB station, the degree of drought at the other stations was reduced or unchanged (i.e.,
the dryness index became smaller or was unchanged), but the value of n at each station
became larger, and the evaporation ratios (ET,/ P) of the basins increased. This indicated
that changes to the underlying surface conditions were the main factor disturbing the
water—energy balance. While the n-value at the CB station has unchanged, the degree of
drought increased, which may have been caused by the higher elevation of the basin.

0.754

0.254

ETo/P

Figure 3. Distribution of the mean annual evaporation ratio (ET,/P) vs. the mean annual dryness
index (ETy/ P) in a Budyko framework. Fengman (FM), Quanhe (QH), Huanggou (HG), Gaolichengzi
(GLCZ), Hanyangtun (HYT), Kaishantun (KST), and Changbai (CB) hydrological stations.
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1980
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(d)

3.3. Mutation Point of Annual Runoff

The Pettitt mutation point test can not only determine the time when the mutation
point appears but also provide the meaning of the mutation point. Therefore, the Pettitt
method was used to analyze the breaking point of the CMA station runoff data from 1960
to 2016. FM, QH, and HG were the control stations of the SSRB, TRB, and YRB basins,
respectively, and their runoff data were used to diagnose the mutation points of the entire
watershed. The GLCZ, HYT, KST, and CB stations were selected to diagnose the mutation
points in the mountainous regions of the CMA. The maximum value of U; at most of
the stations occurred around 1976, which indicated that the abrupt change point of the
runoff in these basins occurred in 1976, as shown in Figure 4. Although the maximum U;
value for the FM and HYT stations occurred in 1997 and 1968, respectively, in 1976, the
second largest U; value occurred. For the convenience of the calculation, the mutation
point of the surface runoff sequence was set as 1976, which is consistent with the change
point of social and economic policies in China. With the implementation of the reform
and opening-up policy in 1978, social and economic development has been rapid in China,
and agricultural activities have increased dramatically. It has accelerated the proportion
of urban construction land and vegetation coverage, and the impact of human activities
on the water cycle in the basin is strengthened. Therefore, the period before the mutation
point was defined as the base period (1960-1975), and the period after the mutation point
was the impact period (1976-2016), which was used for the attribution analysis of the
runoff changes.

(b) (c)

£ 600 £ 0
2000 2010 2020 1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020

(e) ()

(8

Figure 4. Results of the Pettitt mutation point test in partitions of the Changbai Mountain area. (a) Fengman, (b)

Gaolichengzi, (¢) Hanyangtun, (d) Quanhe, (e) Kaishantun, (f) Huanggou, and (g) Changbai hydrological stations.
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3.4. Runoff Elasticity

The theoretical curves for the runoff elasticity and the dryness index (ETy/ P) under
different land cover conditions (1) are depicted in Figure 5. As shown in Figure 5a, the
land cover conditions (1) greatly affect the degree of change of the precipitation elasticity
(ep) and potential evapotranspiration elasticity (¢gt,) with the dryness index. The larger
the n-value, the greater the degree of change in the elasticity of the runoff. Additionally,
under the same underlying surface conditions, as the dryness index increases, the climatic
elasticity of the runoff was less and less affected by climate change. When the dryness
index was higher than 2, the climatic elasticity of runoff tended to stabilize. As shown in
Figure 5b, when the dryness index is greater than 0.5, the absolute value of the land cover
conditions’ elasticity (e,) keeps increasing as the dryness index increases.

The elasticity of runoff
The elasticity of runoff

€T,

ETo/P ETo/P

(@) (b)

The elasticity of runoff
The elasticity of runoff

n=2.0

The elasticity of runoff
The elasticity of runoff

1 15 2 0 1
ETo/P ET /P

(e) ()

Figure 5. Relationship between the elasticity of runoff and the dryness index under different parameter values of n. (a,b)
Second Songhua River Basin, (c,d) Tumen River Basin, (e, f) Yalu River Basin. Fengman (FM), Quanhe (QH), Huanggou
(HG), Gaolichengzi (GLCZ), Hanyangtun (HYT), Kaishantun (KST), and Changbai (CB) hydrological stations.
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The runoff elasticity was defined as the degree of change in basin runoff caused by
changes in unit climate elements. The points in Figure 5 show the precipitation elasticity
(ep), potential evapotranspiration (¢, ), and land cover conditions (¢,,) for runoff at each
site. In the SSRB, the ep varied from 1.36 to 2.12, with an average of 1.66, which meant
that a 10% increase in P increases R by 16.6%. The mean values of the potential evapo-
transpiration elasticity (¢g,; ranging from —1.12 to —0.36) and the land cover condition
elasticity (e;,; ranging from —1.35 to —0.45) of the runoff were —0.20 and —0.51, respec-
tively. This meant that a 10% increase in ETj (or parameter ) would decrease R by 2.0%
(or 5.1%). In the TRB, the mean values for precipitation (¢p; ranging from 1.24 to 2.84),
potential evapotranspiration elasticity (eg7,; ranging from —0.24 to —1.84), and land cover
condition elasticity (e,; ranging from —1.89 to —0.62) of runoff were 1.73, —0.73, and —1.09,
respectively. This meant that a 10% increase in P (ETy or ) would decrease R by 17.3%
(7.3% or 10.9%, respectively). In the YRB, the mean values of the precipitation elasticity
(ep; ranging from 1.14 to 3.83), potential evapotranspiration elasticity (¢r7,; ranging from
—0.14 to —2.83), and the land cover conditions’ elasticity (e;; ranging from —0.97 to —0.22)
of the runoff were 1.69, —0.69, and —0.63, respectively, which meant that a 10% increase in
P (ETy or n) would decrease R by 16.9% (6.9% or 6.3%, respectively).

3.5. Attribution of Runoff Changes

The hydrometeorological characteristics and runoff elastic coefficients of the base and
impact periods are shown in Table 3. In general, the elastic coefficient of the impact period was
greater than the elastic coefficient of the base period, which indicated that the runoff after the
mutation point was more sensitive to changes in precipitation, potential evapotranspiration,
and underlying surface conditions. Using the Budyko hypothesis, the difference in the runoff
between the two periods and the contribution of climate change and changes in the basin
landscape to runoff were obtained. The contribution of climate change and human activities
to runoff change is shown in Table 4. The contribution rate of climate change to runoff change
(pc) was the sum of the precipitation contribution rate and the potential evapotranspiration
contribution rate (4. = up + pgt,). The contribution rate of the SSRB (TRB and YRB) climate
change to runoff change was 39.85% (26.26% and 15.04%), and the contribution rate of human
activities to runoff change was 60.15% (73.74% and 84.76%). In general, human activities had
a greater impact on surface runoff changes. The different trends are shown in the attribution
analysis results of runoff changes between the mountainous region and the entire basin. In the
SSRB, the contribution rate of climate change and human activities in the mountainous region
to surface runoff did not change as much as for the entire basin. In the TRB, the contribution
rate of human activities to surface runoff in mountainous regions was greater than that of the
entire basin. In the YRB, the contribution rate of human activities in the mountainous region
to surface runoff was much smaller than that of the entire basin. This may have been related
to the selection of site location.

Table 3. Hydroclimatic characteristics of the base and impact periods.

Long-Term Mean Value Elasticity
Basin Station Data Period
P ET, R
(mm) (mm) (mm) ETy/P n ep EET, €y
Feneman 1960-1975 684.34 81644 32853 1.19 0.94 1.52 —0.52 —0.81
& 1976-2016 738.88 816.16  305.34 1.11 1.19 1.72 —0.72 —0.86
) . 1960-1975 714.01 838.63  566.43 1.18 0.42 1.13 —0.13 —0.41
SSRB Gaolichengzi 1976-2016 805.29 82391  480.52 1.02 0.758 1.35 -035  —061
1960-1975 617.44 772.03  393.17 1.25 0.62 1.29 —0.29 —0.63
Hanyangtun 1976-2016 669.16 806.14  360.81 1.21 0.80 1.42 —042  —0.75
Quanhe 1960-1975 527.32 82739  253.09 157 0.81 1.48 —0.48 —0.94
TRB 1976-2016 570.16 837.49  191.81 1.47 1.19 1.83 —0.83 -1.15
Kaishant 1960-1975 585.33 79500  224.30 1.36 1.11 1.70 —0.70 —1.00
aishantun 1976-2016 599.49 81755  114.35 1.36 2.02 2.63 ~1.63 —1.42
Huaneeou 1960-1975 864.53 807.36  502.05 0.93 0.83 1.39 —0.39 —0.58
YRB 88 1976-2016 888.37 79299  383.89 0.89 1.37 1.80 —0.80 —0.66
Changbai 1960-1975 691.15 73757 49424 1.07 0.53 1.20 —0.20 —0.49

1976-2016 632.39 778.67 450.57 1.23 0.51 1.20 —-0.20 —-0.52
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Table 4. Attribution analysis for the Changbai Mountain area.

Change from Base Period to Infact Induced Runoff Change Contribution to Runoff Change

Basin Station Period (mm) (%)
AR AP  AET, An ARp  ARgy, AR, , MET,  Me w,

Fengman —23.19 54.54 —-0.27 0.25 37.98 0.06 —57.43 39.8 0.1 39.9 60.2
SSRB  Gaolichengzi —85.91 91.29 —14.71 0.34 74.87 24 —152.75 32.6 1.0 33.6 66.4
Hanyangtun = —32.36 51.72 34.11 0.18 39.65 —5.65 —62.87 36.7 52 419 58.1
TRB Quanhe —61.28 42.84 10.1 0.39 26.6 —1.66 —79.39 247 1.6 26.3 73.7
Kaishantun —109.95 14.16 22.55 0.91 7.45 —4.68 —96.73 6.9 4.3 11.2 88.9
YRB Huanggou —118.16 23.84 —14.37 0.54 17.93 4.44 —124.39 12.2 3.0 15.2 84.8
Changbai —43.67 —58.76 41.1 —0.02 —49.97 —4.77 11.35 75.6 7.2 82.8 17.2

4. Discussion

This study estimated the impact of climate change and human activities on annual
basin runoff. We used Sen’s slope estimator and the Pettitt mutation point test to analyze
trends in hydrometeorological changes and runoff mutation points based on the Budyko
framework using the Choudhury-Yang water-energy coupling balance equation. Unlike
previous studies, this study selected four hydrological stations in mountainous regions
and three hydrological stations at the outlet of drainage basins to distinguish the difference
between mountainous regions and the entire drainage basin. This study showed that in
areas with frequent human activities, this was the main factor that had caused runoff
reduction, while for mountainous regions, climate change was the main factor that had
caused runoff reduction, which is consistent with previous research. Wang et al. used
the Slope Change Ratio of Cumulative Quantity method (SCRCQ) to analyze images of
climate change and human activities in the Songhua River Basin [15]. In the Dalai-Haerbin
Basin, the impacts of precipitation, evapotranspiration, and human activities were 29.7%,
—15.6%, and 85.8%, respectively. Cao et al., also exploring the impact of climate change
and human activities on surface runoff in the SSRB based on the Budyko hypothesis, found
that human activities had affected runoff changes in three periods, 1975~1989, 1990~1999,
and 2000~2009, with the following contributions: 35%, 57%, and 66%, respectively [41].

Combined with the socioeconomic development of CMA, we found that the impact
of human activities on runoff is mainly reflected in the changes of underlying surface
conditions. Since China’s reform and opening up in 1978, the rapid development of
agricultural activities has had a certain impact on the underlying surface conditions of the
study area. Although natural runoff was used for calculation, part of agricultural water was
not included in the statistical range, and the evaporation and infiltration of this water led to
the reduction in runoff. At the same time, planting trees and grass contributes to ecological
environment protection and water conservation, but it also intercepts precipitation and
increases evaporation, thus reducing runoff. For mountainous regions, although climate
change is the main cause of runoff change, the construction of small hydropower stations
also contributes to the decrease in runoff.

The runoff elasticity showed the same distribution law in the SSRB and the YRB, and
the absolute value of the elasticity coefficient for the entire basin was greater than that of the
mountainous regions (Figure 5). This indicated that the hydrological process of the entire
basin was more sensitive to climate change and human activities than the mountainous
regions. The reason for the different results from the TRB was that the characteristics of
the mountainous region in the control basin of the selected KST station were not obvious,
and the area in the same mountainous region in the control basin of the QH station was
large, which resulted in little difference in the average annual runoff depth, precipitation,
and potential evapotranspiration. As shown in Figure 1, the mountainous area in Tumen
River Basin has a large proportion, and there are several large cities in the upstream area of
KST station, which will have a certain influence on the results. At the same time, due to the
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location of the border, we cannot study the river basin in North Korea, which may cause
some errors in the results. The same result also appeared in the contribution of climate
change and human activities to the surface runoff changes. The contribution of human
activities to runoff changes in the SSRB and the YRB mountainous regions was close to or
less than that of the entire basin. This result was the most obvious in the YRB, where the
impact of human activities in the mountainous regions was only 17.2%. In this study, the
impact of human activities was related to changes in the n-value. The increase in vegetation
coverage caused by measures, such as farmland reclamation, soil and water conservation,
and ecological restoration, was the main reason for the decrease in runoff caused by human
activities. The control basins of the GLCZ, HYT and KST stations were greatly affected by
these factors; therefore, the contribution of human activities were considerable. According
to the results of the study, we found that the runoff elasticity and the attribution of runoff
changes in mountainous regions are significantly different from the entire basin. Therefore,
in the context of climate change, we need to adopt different water resources management
measures in mountainous regions to ensure the sustainable use of water resources. This is
of great significance to the formulation of sustainable water resources management and
planning strategies.

According to the results of this study, the following suggestions are put forward
for sustainable utilization and management of water resources in CMA. First, under the
background of reduced runoff, water conservation is an important means to achieve
sustainable development and utilization of water resources. To strengthen the management
of water quantity and quota, the publicity of water-saving and environmental protection
should be increased. Secondly, the rapid development of agriculture leads to an increase
in water consumption, which in turn leads to a decrease in runoff. In view of this, it is
suggested to optimize the allocation of water resources, vigorously develop water-saving
irrigation, adjust the agricultural structure and improve the utilization efficiency of water
resources. In addition, different management measures should be taken in mountainous
regions to regulate the discharge of small hydropower stations to ensure a certain ecological
discharge of the downstream river.

This study also has some limitations. Where possible, it is advisable to use longer-term
data to capture variability and better represent average conditions [42]. Therefore, to ensure
the accuracy of the results, it used a long data period, from 1960 to 2016, for the calculations.
However, for this reason, it was impossible to use the same length of the snow cover data
for the further analysis of runoff changes. Although studies have shown that the surface
water reserves can be approximately approaching to zero on a long-term scale, the melting
of snow in mountainous regions still has a significant impact on runoff changes, thus
creating errors in analysis results. In this study, the underlying surface parameter n was
used to calculate the impact of human activities, but it included the factor of melting snow,
which might lead to an overestimation of the impact of human activities on the runoff
changes. Meanwhile, the attribution analysis based on the Budyko framework and water
balance lack physical mechanisms compared with the hydrological model method, so it
cannot further decompose the impact of human activities on runoff.

5. Conclusions

This study used annual runoff data from seven hydrological stations and the annual
precipitation and potential evapotranspiration data from 11 meteorological stations in the
CMA from 1960 to 2016 to analyze the changes in runoff and several key hydroclimatic
elements. The runoff in all regions had declined, but the decline in most regions was not
significant. A sudden change in the runoff in most areas occurred in 1975, so the base period
(1960-1975) and the impact period (1976-2016) were divided at this point. Additionally, the
impact of climate change and human activities on runoff changes was quantified. For the
SSRB (TRB and YRB), the contribution rate of climate change to runoff change was 39.85%
(26.26% and 15.04%), and the contribution rate of human activities to runoff change was
60.15% (73.74% and 84.76%). Therefore, for most areas, human activities, such as farmland
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development, soil and water conservation, and ecological restoration, were the main causes
of runoff changes. At the same time, the comparison of elastic coefficients shows that,
compared with the entire basin, runoff changes in the mountainous regions were less
sensitive to climate change and human activities. At the same time, unlike the entire basin,
climate change was the main cause of runoff changes in the mountainous regions. This
study distinguishes the different impacts of climate change and human activities on runoff
in mountainous regions and the entire basin, which has guiding significance for different
regions to formulate the corresponding refined management measures of water resources,
improve the utilization efficiency of water resources and realize the sustainable utilization
of water resources. Additionally, in the context of global warming, the research results can
provide a basis for formulating adaptive strategies to cope with climate change.
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