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Abstract: The Heilong-Amur river basin (HARB) is the largest transboundary river in Asia and is
primarily located in its cold region. With global warming and geopolitical cooperation strengthening
between Russia and China, the hydrology change and water security risks are receiving increasing
attention. This study utilized the linear regression, Mann–Kendall, and cumulative anomaly methods
to analyze changes observed in the upper HARB’s streamflow and water levels over 30 years. The
collation of outcomes derived from the methods mentioned above, the indicators of the hydrological
alterations process, and the range of variability approach method (IHA–RVA), coupled with results
gleaned from the double cumulative curve method, facilitate a thorough evaluation of the perturba-
tions in hydrologic indicators, as well as the impacts of anthropogenic activities. The results showed
that the overall hydrological regimes of both streamflow and water levels at the Luoguhe (LGH),
the Shangmachang (SMC), and the Kalunshan (KLS) displayed a mild decrease from 1988 to 2017.
The streamflow decreased by 58%, 42%, and 38%, and water levels decreased by 48%, 53%, and 59%,
respectively, at each station after the mutations. LGH station recorded the highest decrease rate in
streamflow at 8.28 × 108 m3/a, whereas the steepest rate of decline in water levels was observed at
KLS station at 0.05 m/a. Despite the decreasing trend in the high pulse count of streamflow across
the three stations, a slight increase in the high pulse duration of streamflow was noted at SMC and
KLS. Precipitation changes were the primary driving force behind runoff alterations, contributing
62%, 84%, and 90% at LGH, SMC, and KLS, respectively, significantly higher than the contribution
from anthropogenic activities (38%, 16%, and 10%, respectively). These findings also underscore the
suitability of the methodologies employed in this study for application in cold regions.

Keywords: hydrological regime alteration; affecting factors; IHA-RVA; Heilong-Amur river basin;
international river

1. Introduction

The imminent threats of climate change, contributing to intensified water security risks
in transboundary basins due to disrupted hydrological processes, have been highlighted in
the 2020 UN World Water Development Report and the 2021 State of Climate Services—
Water Report issued by the World Meteorological Organization (WMO) [1,2]. The evolving
climate change landscape has instigated noticeable shifts in the hydrological processes of
the cold regions, primarily owing to the steady contraction of permafrost and snow cover
regions in the Northern Hemisphere [3]. Alterations in the cryosphere catalyze climate
change and induce modifications in the surface hydrological processes, with rivers at high
latitudes in the Northern Hemisphere showing heightened sensitivity [4,5]. China serves
as the source for numerous transboundary rivers in Asia; this has given rise to a growing
recognition of the water security challenges confronting these basins, as they are influenced
by climate change and anthropogenic activities. These challenges have gradually magnified,
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evolving into national water security issues within China [6,7]. Among these challenges,
regional response patterns and quantitative expressions of changes in the hydro-ecological
processes in these transboundary basins have become key scientific topics within the study
of transboundary water resources [8].

The Heilong-Amur river basin (HARB), positioned in northern Asia and recognized as
the largest transboundary basin in Asia, falls within this high-latitude cold region, and its
hydrological processes are experiencing substantial climate change impacts [9,10]. Further-
more, the strengthening geopolitical cooperation between China and Russia underscores
the pressing need for an intensified focus on the water security risks in the HARB. The
HARB is rich in water resources and provides sufficient water for industrial and agricultural
production in northeastern China. Cooperation between China and Russia in addressing
transboundary river challenges occurs across various facets, including integrated water
resources planning, collaboration within the management and conservation of fisheries,
water pollution prevention, water bodies monitoring, and flood control [11,12]. Within the
context of climate change, there has been increasing scientific attention focusing on the
water security risks and water ecology of the HARB [13]. Because the transboundary mete-
orological and hydrological data are difficult to obtain, the analysis of the characteristics of
the hydrological regime alteration in the whole basin is still unclear.

Climate change and anthropogenic activities as two pivotal drivers of the hydrological
alterations and variations in water quantity. Climate change affects the distribution of
regional water resources mainly by changing the spatial and temporal distributions of
temperature, evapotranspiration, and precipitation [14]. Construction of water engineering
facilities and changes in land use/land cover are the primary anthropogenic activities
affecting hydrological processes [15]. In their 1321 global watershed runoff, Wang et al. [16]
identified a significant average decrease of 11.9 mm/a over the past decade. A study
by Su et al. [17] on the annual mean runoff trends of 916 rivers (1948–2004) highlighted
fluctuating trends across 503 and 408 basins, with the Northern Hemisphere’s mid and high-
latitude basins showing more pronounced decreases. Zhang et al. [18], through a novel
framework using data from 9505 relatively pristine watersheds, predicted a significant
future reduction of runoff for the Northern Hemisphere’s mid- to high-latitude watersheds.
Significant decreases trend in the annual mean runoff of major rivers in northern China
between 1995 and 2018, including in the Songhua, Liao, Hai, and Yellow Rivers. However,
there were significant increases in the annual mean runoff of rivers in southern China,
including the Huai, Yangtze, and Pearl Rivers [19,20]. A slight decreasing trend in the
runoff was observed at the Khabarovsk station in the lower HARB between 1897 and 2005,
and there was also apparent interannual variation in the runoff stages and an uneven
intra-annual runoff distribution, with the summer and autumn runoffs accounting for
76% of the annual runoff [21]. Therefore, an analysis of the changes in the hydrology of
the HARB can further support the sustainable use of water resources to ensure the water
security of the wetlands, farmland, and residential areas. The alterations in hydrological
conditions effectively reflect the influence of climate change on hydrological processes
within a basin. Furthermore, this study can serve as a valuable reference for water resource
management and risk assessment of water security in transboundary basins.

Numerous studies have utilized the Indicators of Hydrological Alterations (IHA) [22]
and the Range of Variability Approach (RVA) method to assess hydrological changes in var-
ious river basins, identifying significant influences from land use changes, construction of
hydraulic infrastructure, and anthropogenic activities. Although the original IHA method
included 32 indicators, the number increased to 33 in 1998, divided into five indicator
groups. The resulting RVA was thus proposed to better quantify the degrees of variability
of the hydrological indicators [23,24]. Tian et al. [25] applied the IHA–RVA method to
analyze the hydrological changes in the Wuding River basin in northern China between
1960 and 2016. Their results found an overall hydrological change of 69%, and the primary
drivers of these changes were identified as the changes in land use/land cover and the
construction of hydraulic infrastructure. A study by Xu et al. [26] analyzed the changes in
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the hydrological conditions in the middle and upper reaches of the Yellow River between
1961 and 2022, and they identified anthropogenic activities and the construction of water
conservancy facilities as having had significant impacts on the hydrology. Li et al. [27] ap-
plied the IHA–RVA method to comprehensively assess the changes in the hydrology of the
Wei River basin, as well as the influence of anthropogenic activities on these hydrological
changes. Their results showed a moderate change in hydrology, with anthropogenic activi-
ties as the main factor. The Heilong-Amur River, significantly impacted by its tributary, the
Zeya River, has been historically prone to large-scale flooding events, notably in 2013 and
2019 [28,29]. Hence, it is necessary to analyze the characteristics of the alterations in the hy-
drologic regimes of the HARB, and applying the IHA-RVA method would provide a robust
and practical approach. In contrast to previous studies, the study area is characterized by
unique international basins and cold region rivers.

This study primarily aims to scrutinize the upper HARB’s hydrological conditions
by applying the IHA–RVA method. Furthermore, we employ the cumulative anomaly
method, a general approach for detecting the hydrological mutation year within hydro-
logical series data. We also utilize the double cumulative curve method to quantify the
impacts of both annual average precipitation and anthropogenic activities on changes in
the upper HARB’s annual average runoff. The results of the present study offer a refer-
ence to water security risks assessment in the HARB and the response of the hydrological
processes to climate change.

2. Materials and Methods
2.1. Study Area

The HARB covers an area of 208.33 × 104 km2 and is shared by four countries: China,
Russia, Mongolia, and North Korea [30]. The river originates in the Kent Mountains of
Mongolia and joins the Ergun River via the Kerulen River, with the Heilong-Amur River
constituting the reaches below the confluence with the Shilka River at Luoguhe (Pokrov
in Russia) Village in China. The mouth of the river is at the Tatar Strait near Nikolaevsk,
Russia, and the river has a length of 5498 km [31]. Within the HARB, the upper, middle,
and lower reaches refer to the area of the basin upstream of the confluence of the Ergun
and Shilka Rivers to the intersection of the Zeya River, the Zeya River mouth to the Ussuri
River, and below the mouth of the Ussuri River, respectively.

The upper catchment area of HARB is 93.58 × 104 km2, accounting for 44.92% of the
entire basin (Figure 1). The elevation in the basin ranges between 116 and 2499 m and de-
creases from west to east. The basin receives seasonal rainfall, with summer (June–August)
accounting for±60% of the annual precipitation, and spring is affected by snowmelt-driven
ice floods. Therefore, the basin receives bimodal seasonal runoff [32,33]. The climate in the
basin with a dry and windy spring, warm and rainy summer, sunny and cool autumn, and
cold and long winter impacted by the cold Siberian air. Runoff in the basin is also seasonal
and is mainly concentrated between May and October, accounting for ±90% of the annual
runoff [34].

2.2. Data Sources

The hydrological data used in the present study were mainly obtained from the hy-
drological data of the Heilong River basin (Annual Hydrological Report of the People’s
Republic of China), consisting of the daily monitored streamflow and water levels for
1988–2017 at the Luoguhe (LGH), Shangmachang (SMC), and Kalunshan (KLS) hydro-
logical stations in the mainstream of the HARB. Owing to the specificity of international
rivers, this study employed runoff distance average series data to illustrate the runoff
variation attributes at the three stations. Moreover, to analyze the water level variation
characteristics, we used comparative elevation data relative to an assumed datum. The
hydrological year was defined based on the hydrological characteristics of the study area
from 1 April to 31 March of the following year. The meteorological data were mainly down-
loaded from the United States Global Historical Climatology Network-daily (GHCNd,
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https://www.ncei.noaa.gov, accessed on 20 December 2022) [35] and included daily pre-
cipitation data from 1988–2017 for 75 stations in the study area. Although the present
study excluded stations with long periods of missing data, short periods of missing data in
other stations were infilled with data collected from adjacent stations using the multiple
regression difference method. The digital elevation model (DEM) for the upper HARB was
downloaded from the National Aeronautics and Space Administration (NASA) and had a
spatial resolution of 90 m (https://srtm.csi.cgiar.org/srtmdata/, accessed on 10 December
2022). National boundaries data came from the Resource and Environmental Science Data
Center at the Chinese Academy of Science (RESDC, http://www.resdc.cn, accessed on 10
December 2022). The database information is shown in Table 1.
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Table 1. Database information.

Data Format Contents Data Scale Source

Hydrological data
The streamflow and water level at

Luoguhe, Shangmachang, and
Kalunshan hydrological stations.

Daily monitored data for
the period 1988–2017.

The Hydrological Report of
Heilongjiang River Basin, China.

Meteorological data
Precipitation data from

75 meteorological stations in the
study area.

Daily monitored data for
the period 1988–2017.

The United States Global
Historical Climatology Network.

Digital elevation model The digital elevation model data
in the study area. 90 m spatial resolution.

The United States National
Aeronautics and Space

Administration.

Geographic data The State Borders The ESRI Shapefile.
The Resource and Environmental

Science Data Center at the
Chinese Academy of Science.

2.3. Methods

The flowchart of this study is depicted in Figure 2. We utilized the Mann–Kendall
method to analyze trends in meteorological and hydrological data in the HARB. Then,
we employed the IHA-RVA method for a more detailed analysis of hydrological regime
changes. Lastly, based on the rainfall–runoff double cumulative curve method, we quanti-
tatively assessed the impacts of climate change and human activities on runoff alterations.

https://www.ncei.noaa.gov
https://srtm.csi.cgiar.org/srtmdata/
http://www.resdc.cn
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2.3.1. Statistical Analysis Methods

(1) Mann–Kendall non-parametric text

The Mann–Kendall (M-K) method is often used in trend analyses of hydrological and
meteorological series [36–39], mainly because it does not must require the data to follow a
normal distribution [40–42]:

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
xj − xi

)
(1)

In the formula:

sgn
(

xj − xi
)
=


1 i f xj > xi
0 i f xj = xi
−1 i f xj < xi

(2)

where sgn
(

xj − xi
)

is the symbolic function; xj and xi are the time series values of j and i.
Variance is calculated as

Var(S) =
m(m− 1)(2m + 5)−∑

p
i=1 ti(ti − 1)(2ti + 5)

18
(3)

where ti is the number of relationships in the range i. The statistic Z is calculated as:

Z =


S−1√
Var(S)

S > 0

0 S = 0
S+1√
Var(S)

S < 0
(4)
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At the levels of explicitness β = 0.05 and 0.01,
∣∣∣∣Z1− 2

β

∣∣∣∣ = 1.96 and 2.58, respectively. At

the start, assume that the trend of the random number series does not change. At |Z| >
∣∣∣∣Z1− 2

β

∣∣∣∣,
the trend becomes more pronounced with the rejection of the null hypothesis [43].

(2) Cumulative anomaly method

The method is frequently used in hydrological and meteorological research for ana-
lyzing the mutation characteristics of hydrological data [44]. The normalized cumulative
outliers are calculated as:

K =
∑t

i=1(xi − x)
x

, t = 1, 2, . . . n (5)

A gradual increase in K indicates that the data have an increasing trend; if K gradually
decreases showing series data is less than the mean value. Therefore, the points at which
the trends change are mutation points.

The method is used to supplement the Mann–Kendall method to examine the mutation
points of the data series, using a combination of the two methods to finally confirm the
mutation points.

2.3.2. IHA-RVA Method

(1) Indicators of hydrological alteration

The indicators of hydrological alteration (IHA) incorporate 33 indicators and are di-
vided into 5 groups [45,46]. Table 2 shows the content of 5 groups and the 33 indicators
details are shown in Appendix A, Table A1. The IHA can compare different periods in the
hydrological record and identify changes in the hydrological regime attributable to influ-
encing factors, such as dam construction or climate changes. We performed the calculations
using the officially recommended and freely available software, Indicators of Hydrological
Alteration version 7.1, which can be accessed at http://www.conservationgateway.org
(accessed on 5 March 2023).

Table 2. The 5 groups of IHA indicators.

IHA Parameter Group Content Hydrologic Parameters

Group 1 Magnitude of monthly water conditions
(subtotal 12 parameters)

Median streamflow (water levels) for each
hydrological month

Group 2
Magnitude and duration of annual extreme

water conditions
(subtotal 12 parameters)

Annual maximum (minimum) 1, 3, 7, 30, 90 d
streamflow (water levels)

Zero streamflow (water levels) days
Base flow index

Group 3 Time of annual extreme water conditions
(subtotal 2 parameters)

Maximum streamflow (water levels) date
Minimum streamflow (water levels) date

Group 4 Frequency and duration of high and low pulses
(subtotal 4 parameters)

High (low) pulse count
High (low) pulse duration

Group 5 Rate and frequency of water condition changes
(subtotal 3 parameters)

Rise rates
Fall rates

Number of hydrologic reversals

(2) Degree of change in hydrological regime

Richter et al. [23] proposed the range of variability approach (RVA) method based on
the indicators of hydrological alterations (IHA) method. The average of each indicator plus
or minus the standard deviation or 75% and 25% frequency as the upper and lower limits.

http://www.conservationgateway.org
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(3) Hydrological variation

The hydrological change degree Di is calculated as follows [47,48]:

Di = [(Ni − Ne)/Ne]× 100% (6)

Ne = r× NT (7)

where Ni represents the year’s number during which the i is in 25–75% after the mutation;
Ne is the duration (years) before the indicator represents that falls under the threshold; r
represents the proportion of the pre-impact indicators within the threshold; and NT is the
number of years after the mutation.

The degree of variation in the hydrological regime is expressed as low, moderate, and
high when 0 ≤ |Di| < 33%, 33 ≤ |Di| < 67%, and 67 ≤ |Di| ≤ 100%, respectively.

The overall degree of hydrological change after an abrupt change D0 is calculated as

D0 =

(
1

33
×∑33

i=1 D2
i

)1/2

× 100% (8)

2.3.3. Runoff Change Attribution Decomposition Method

(1) Rainfall–runoff double cumulative curve

Rainfall–runoff double cumulative curves are commonly used in statistical hydrology
studies to analyze the runoff mutation’s characteristics [49,50]. In the process, the X- and
Y-axes represent the cumulative rainfall and runoff, respectively. The change in the slope
of the curve shows a sudden change is identified as a runoff mutation points [51]. The
slope of the curve can be used to calculate changes in runoff before and after mutation. The
rainfall–runoff double cumulative curve is calculated as

Xi =
N

∑
i=1

xi (9)

Yi =
N

∑
i=1

yi (10)

where Xi represents the accumulated precipitation (mm); Yi represents the cumulative
runoff (m3), i is the data time; xi and yi is the value of the year i.

(2) Quantitative estimation of runoff change

The mutation point of the rainfall–runoff double accumulation curve is used to divide
into the baseline and impact periods, where the baseline period is the natural state and the
impact period is more influenced [52,53].

By establishing the regression equation of rainfall–runoff in the baseline period, the
average of the unaffected runoff in the impact period is Y′2 and calculated by the equation.
The total change in runoff is ∆R, the impact period average runoff is Y2, and the baseline
period runoff is Y1, the runoff change caused by rainfall is ∆R1, and the anthropogenic
activities are ∆R2, calculated as follows:

∆R = Y2 −Y1 = ∆R1 + ∆R2 (11)

∆R1 = Y′2 −Y1 (12)

The contribution of rainfall to runoff change is η1, and anthropogenic activities is η2,
calculated as follows:

η1 =
∆R1

∆R
× 100% (13)
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η2 =
∆R2

∆R
× 100% (14)

3. Results
3.1. Evolution Characteristics of the Hydrological Factors
3.1.1. Trend Analysis

The catchment area above LGH represents the headwaters of the HARB, whereas the
upper reaches extend above KLS. The annual mean precipitation between 1988 and 2017 in
the headwaters was 285 mm, showing a pronounced decreasing trend of 2.37 mm/a. In
contrast, the annual mean precipitation of the upper reaches was 386 mm, with a weak
decreasing trend of 0.81 mm/a, and on the Mann–Kendall method tested the changing
trend is insignificant (failed 95% significance test). As shown in Figure 3, there were similar
trends in precipitation between the headwaters and upper reaches, with both showing
decreasing trends. In Figure 4, the precipitation in the upper HARB varied between 113 and
698 mm from 1988 to 2017, with that in the headwaters and the Zeya River basin at between
300–400 mm and 450–550 mm, respectively. The results showed a significant difference in
precipitation from east to west in the upper of HARB.

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 21 
 

The total change in runoff is ∆𝑅, the impact period average runoff is 𝑌 , and the baseline 
period runoff is 𝑌 , the runoff change caused by rainfall is ∆𝑅 , and the anthropogenic 
activities are ∆𝑅 , calculated as follows: ∆𝑅 = 𝑌 − 𝑌 = ∆𝑅 + ∆𝑅  (11)∆𝑅 = 𝑌 − 𝑌  (12)

The contribution of rainfall to runoff change is 𝜂1, and anthropogenic activities is 𝜂2, 
calculated as follows: 𝜂1 = Δ𝑅1Δ𝑅 × 100% (13)

𝜂2 = Δ𝑅2Δ𝑅 × 100% (14)

3. Results 
3.1. Evolution Characteristics of the Hydrological Factors 
3.1.1. Trend Analysis 

The catchment area above LGH represents the headwaters of the HARB, whereas the 
upper reaches extend above KLS. The annual mean precipitation between 1988 and 2017 
in the headwaters was 285 mm, showing a pronounced decreasing trend of 2.37 mm/a. In 
contrast, the annual mean precipitation of the upper reaches was 386 mm, with a weak 
decreasing trend of 0.81 mm/a, and on the Mann–Kendall method tested the changing 
trend is insignificant (failed 95% significance test). As shown in Figure 3, there were simi-
lar trends in precipitation between the headwaters and upper reaches, with both showing 
decreasing trends. In Figure 4, the precipitation in the upper HARB varied between 113 
and 698 mm from 1988 to 2017, with that in the headwaters and the Zeya River basin at 
between 300–400 mm and 450–550 mm, respectively. The results showed a significant dif-
ference in precipitation from east to west in the upper of HARB. 

 
Figure 3. Temporal trends in precipitation of the study area. Figure 3. Temporal trends in precipitation of the study area.

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 21 
 

 
Figure 4. Spatial distribution of precipitation of the study area. 

There were decreasing trends in the annual mean runoff at all three hydrological sta-
tions between 1988 and 2017, with significant decreases at LGH and SMC (|Z| > 1.96). In 
Figure 4, LGH showed the fastest reduction of annual mean runoff at 8.28 × 108 m3/a, 
whereas that at SMC and KLS were 7.35 × 108 m3/a and 3.6 × 108 m3/a, respectively. The 
results indicated a gradual decrease in the rate of decline in the annual mean runoff of the 
HARB from upstream to midstream. While LGH had the lowest annual mean runoff, KLS 
had the highest after receiving water from the Zeya River, exceeding that of LGH and 
SMC by factors of three and two, respectively. Variation in the annual mean runoff at KLS 
can reflect the extreme flood of 2013 that mainly originated from the Zeya River [54]. 

Figure 5 shows significant decreasing trends in the annual water level data at all three 
stations (|Z| > 1.96). The fastest decrease in the annual mean water levels occurred at LGH 
at 0.05 m/a, followed by SMC and KLS at 0.03 m/a and 0.02 m/a, respectively, consistent 
with the spatial trend in the annual mean runoff. Therefore, the annual mean water levels 
decreased gradually along the main stream of the HARB from upstream to the middle 
reaches. The individual hydrological stations showed consistent annual mean runoffs and 
annual mean water levels. For example, the water levels at LGH in 1994 exceeded that in 
1995, whereas the annual mean runoff in 1994 was similar to that in 1995. These higher 
water levels could be attributed to a large-scale ice dam in May 1994 [55]. 

 
(a) 

Figure 4. Spatial distribution of precipitation of the study area.



Sustainability 2023, 15, 10391 9 of 21

There were decreasing trends in the annual mean runoff at all three hydrological
stations between 1988 and 2017, with significant decreases at LGH and SMC (|Z| > 1.96).
In Figure 4, LGH showed the fastest reduction of annual mean runoff at 8.28 × 108 m3/a,
whereas that at SMC and KLS were 7.35 × 108 m3/a and 3.6 × 108 m3/a, respectively. The
results indicated a gradual decrease in the rate of decline in the annual mean runoff of the
HARB from upstream to midstream. While LGH had the lowest annual mean runoff, KLS
had the highest after receiving water from the Zeya River, exceeding that of LGH and SMC
by factors of three and two, respectively. Variation in the annual mean runoff at KLS can
reflect the extreme flood of 2013 that mainly originated from the Zeya River [54].

Figure 5 shows significant decreasing trends in the annual water level data at all three
stations (|Z| > 1.96). The fastest decrease in the annual mean water levels occurred at LGH
at 0.05 m/a, followed by SMC and KLS at 0.03 m/a and 0.02 m/a, respectively, consistent
with the spatial trend in the annual mean runoff. Therefore, the annual mean water levels
decreased gradually along the main stream of the HARB from upstream to the middle
reaches. The individual hydrological stations showed consistent annual mean runoffs and
annual mean water levels. For example, the water levels at LGH in 1994 exceeded that in
1995, whereas the annual mean runoff in 1994 was similar to that in 1995. These higher
water levels could be attributed to a large-scale ice dam in May 1994 [55].

3.1.2. Mutation Analysis

Figure 6 shows the cumulative distance-level curves of annual mean runoff in
the upper HARB at LGH, SMC, and KLS between 1988–2017. LGH and SMC showed
similar annual mean runoff accumulation distance-level curves, with an upward trend
before 1998, a declining trend after that, and an abrupt change in 1998. The curve of
KLS increased significantly between 1988–1994, with a clear decreasing trend after 1995.
However, the flood in 2013 resulted in the curve again growing, with an abrupt change
occurring in 1995. The direction of the cumulative distance-level curve of water levels at
each station was consistent with the curve of annual mean runoff, with identical years
of abrupt change between the two types of curves. The hydrological time series were
divided into baseline and impact periods, with the years of abrupt change regarded as
the dividing points. The baseline period was regarded as a period of hydrology with
relatively less influence by anthropogenic activities, whereas anthropogenic activities
more influenced the impact period.

3.2. Hydrological Variation
3.2.1. Degree of Overall Hydrologic Change

The present study applied mutation characteristics in runoff to divide the periods
of hydrological change at LGH and SMC into pre-change (1988–1997) and post-change
(1998–2017) periods, whereas those at KLS were 1988–1994 and 1995–2017, respectively.
Table 3 shows the hydrological variability in the streamflow and water levels at hydrological
stations in the upper HARB. Results showed moderate decreasing trends in the streamflow
and water levels at all stations between 1988 and 2017, whereas there were decreases in all
five groups of hydrological indicators. The highest degree of streamflow reduction was
58% at LGH, followed by SMC and LKS at 42% and 38%, respectively. This result indicated
that the headwaters experienced the highest streamflow reduction with a medium–high
variation, with a slightly lower decrease in the upper reaches with a medium–low variation.
The decline in streamflow in the upper reaches of the HARB gradually decreased from
upstream to downstream. This result could be related to the gradual increase in the
streamflow. Changes in the streamflow at the SMC and KLS stations indicated that the
impact of the Zeya River on the changes in the streamflow in the Heilong-Amur River was
not significant.
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Table 3. Hydrological alteration degree of five groups’ indicators.

Hydrology
Index

Stations
Hydrological Change Degree of Five Groups (%) Degree of Overall

Hydrological Change G0(%)Group 1 Group 2 Group 3 Group 4 Group 5

Stream Flow
/(m3/s)

LGH 45 (M) 51 (M) 63(M) 68 (H) 70 (H) 58 (M)
SMC 33 (M) 41 (M) 48 (M) 2 (L) 32(L) 42 (M)
KLS 21 (L) 35 (M) 44 (M) 4 (L) 26(L) 38 (M)

Level
/(m)

LGH 36 (M) 36 (M) 27 (L) 54 (M) 23 (L) 48 (M)
SMC 44 (M) 47 (M) 25 (L) 47 (M) 58 (M) 53 (M)
KLS 45 (M) 64 (M) 44 (M) 67 (H) 54 (M) 59 (M)

Remarks: H represents high degree; M represents middle degree; L represents low degree. LGH—Luoguhe
station; SMC—Shangmachang station; and KLS—Kalunshan station.

KLS showed the most significant decrease with the annual mean water level of 59%,
followed by SMC and LGH at 53% and 48%, respectively. Ice dams are readily formed in
spring at LGH due to the high latitude of the area and the influence of the river topography.
These ice dams result in congestion of the river water levels and affect the degree of water
level change. The reduction of the annual mean water levels in the upper HARB gradually
increased from upstream to downstream, with the most significant decrease at KLS after
the confluence of the Zeya River.

As shown in Figure 7, most hydrological indicators showing significant changes
in streamflow were at LGH, with 25% of indicators showing strong changes and 53%
showing moderate changes after the abrupt change in 1998. No substantial changes in the
32 hydrological indicators occurred at SMC, whereas 63% of indicators showed moderate
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changes. Most hydrological indicators that showed significant changes in the annual
mean water levels were at KLS with 28%, whereas 59% showed mild changes. The fewest
hydrological indicators showing substantial changes occurred at LGH with 13%, whereas
38% showed moderate changes. LGH and KLS showed the highest and lowest degrees of
alteration in the streamflow, respectively.
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3.2.2. Degree of Change in Hydrologic Indicators

The IHA–RVA method was used to analyze the changes in the 32 hydrological indica-
tors and calculate each indicator’s degree of change (Table 4). Since no stations showed zero
streamflow during the study period, the zero streamflow (water levels) days hydrological
indicator was removed. Figure 8 shows the degree of change of each indicator at the three
hydrological stations.

Table 4. Hydrological alteration degree of each station.

Group Serial Number IHA Indicators
Change Rate of Streamflow (%) Change Rate of Water Levels (%)

LGH SMC KLS LGH SMC KLS

Group 1

1 Median in April 52 41 23 6 1 1
2 Median in May 11 −2 −7 5 0 0
3 Median in June 32 25 17 6 1 1
4 Median in July 51 36 29 7 1 1
5 Median in August 36 19 11 7 1 1
6 Median in September 40 26 18 6 1 1
7 Median in October 38 27 22 6 1 1
8 Median in November 36 13 5 6 1 1
9 Median in December 47 31 17 6 1 1

10 Median in January 33 35 20 6 0 1
11 Median in February 24 28 17 5 0 1
12 Median in March 13 20 4 5 0 1
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Table 4. Cont.

Group Serial Number IHA Indicators
Change Rate of Streamflow (%) Change Rate of Water Levels (%)

LGH SMC KLS LGH SMC KLS

Group 2

13 1-day minimum 44 27 16 5 0 1
14 3-day minimum 44 28 13 5 0 1
15 7-day minimum 45 29 7 5 0 1
16 30-day minimum 18 23 10 5 0 1
17 90-day minimum 28 24 15 5 0 1
18 1-day maximum 27 9 13 7 1 1
19 3-day maximum 28 10 13 8 1 1
20 7-day maximum 29 9 12 7 1 1
21 30-day maximum 30 11 9 7 1 1
22 90-day maximum 34 17 14 67 1 1
23 Base index 10 5 −7 −6 −1 −1

Group 3 24 Date of minimum 12 13 12 −34 −2 −5
25 Date of maximum 2 6 7 0 1 7

Group 4

26 Low pulse count −4 −29 23 −102 −13 20
27 Low pulse duration −16 12 −63 23 2 −133
28 High pulse count 44 30 22 53 9 26
29 High pulse duration −54 19 −24 −5 14 30

Group 5
30 Rise rate 46 36 28 1 10 17
31 Fall rate 47 22 23 783 3 18
32 Number of reversals −24 −11 3 7 −4 5
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(1) As shown in Figure 8, there were decreasing trends in monthly median stream-
flow variability at all three hydrological stations, with those during the wet season
(June–October) and dry season (November–February) significant at 28% and 26%,
respectively. The monthly average decreases during the wet and dry seasons at LGH
exceeded 39% and 35%, respectively. KLS showed the slightest monthly median varia-
tion at 19% and 15% in the wet and dry seasons, respectively. There were significantly
decreasing trends in the monthly median water levels at all three hydrological stations
at 2%, particularly during the flood water period when the water levels decreased
significantly, and each water level indicator showed a medium change.

(2) There were varying degrees of decrease in the extreme annual changes in streamflow
(water levels) among the three hydrological stations, and that at LGH was the most
obvious at 32%. However, only LGH showed a moderately decreasing trend in the
baseflow index, whereas SMC and KLS showed increasing trends with low variability.
The three hydrological stations showed clear decreasing trends in the median annual
extreme water levels, with several indicators showing high decreases, and the decrease
in the 30 d minimum streamflow of SMC reached 100%.

(3) There were different advancements in the timing of annual extreme streamflow (water
levels) among the other stations, with the annual minimum and maximum streamflow
occurring 9 d and 3 d earlier at LGH, respectively; further, that for SMC was 14 d and
36 d, respectively, while that for KLS was 12 d and 13 d, respectively. In addition,
KLS showed the most significant change in the annual extreme streamflow. The
annual maximum streamflow at all three stations occurred from late June to early
July, whereas the yearly minimum streamflow occurred from mid-to-late March at
LGH and SMC and from early-to-mid October at KLS. The different stations showed
different trends in the timing of the annual extreme water levels, with the timing of the
minimum water levels delayed by 27 d at LGH, whereas the timing of the maximum
water levels did not change; the timings of the minimum and maximum water levels
at SMC were delayed and advanced by 6 d and 7 d, respectively and KLS was 14 d
and 15 d, respectively.

(4) LGH showed significant changes in streamflow pulse and duration, respectively,
with a 100% change in the degree of low streamflow duration. There were also
substantial increases in the duration of high streamflow at SMC and KLS, whereas
they showed decreases in the frequency of high streamflow pulses. LGH and KLS
showed prominent decreasing trends in the frequency of high magnitude streamflow
of 100%, with moderate changes in the frequency of high water levels and duration.

(5) All three stations showed decreasing trends in the streamflow rate and frequency after
the mutation, and that at LGH was the highest, where the change in the degree of
rising frequency index was 100%. LGH and SMC showed significant decreasing trends
in streamflow reversal indices. The results showed an upward trend in the number of
reversals at LGH with a low degree of change, whereas there were decreasing trends
at SMC and KLS with a high degree of change.

3.3. Analysis of the Driving Factors of the Hydrologic Regime Alteration

The present study applied the double cumulative curve method to quantify the degrees
to which precipitation and anthropogenic activities influence the hydrology of the upper
HARB. As shown in Figure 9, runoff at LGH, SMC, and KLS changed in 1998, 1998, and
1995, respectively. The change at LGH was more prominent, whereas there were only
marginal changes at SMC and KLS. The study calculated the difference in runoff and
the contributions of precipitation and anthropogenic activities for the three hydrological
stations in baseline and impact periods, respectively (Table 5). There were gradual decreases
in the rate of change in the measured runoff at LGH, SMC, and KLS from upstream to
downstream (36%, 28%, and 14%, respectively). The Mongolian plateau dominates the
catchment area above LGH, with less annual mean precipitation and lower runoff than in



Sustainability 2023, 15, 10391 15 of 21

the midstream and downstream reaches. Therefore, the headwaters experienced a more
significant decrease trend in runoff and the degree of hydrological alteration.
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Table 5. Analysis of the impacts of precipitation and anthropogenic activities on the runoff at
different periods.

Stations Period
Measured

Values
/(108 m3)

Calculated
Values/(108 m3)

Measured Runoff Variation Precipitation
Impact

Anthropogenic
Activities Impact

Change
Amount/(108 m3)

Percent Change
Amount/(108 m3)

Percent Change
Amount/(108 m3)

Percent

LGH 1988–1997 390.02 - - - - - - -
1998–2017 250.94 303.81 139.08 35.66% 86.21 61.99% 52.87 38.01%

SMC 1988–1997 601.11 - - - - - - -
1998–2017 435.15 462.48 165.95 27.61% 138.63 83.53% 27.33 16.47%

KLS 1988–1994 1170.59 - - - - - - -
1995–2017 1004.11 1021.12 166.48 14.22% 149.47 89.78% 17.01 10.22%

Precipitation and anthropogenic activities contributed to 62% and 38% of the changes
in runoff at LGH, respectively. This result indicated that the variation of runoff was
mainly influenced by precipitation. In contrast, the impact of anthropogenic activities
manifested in the headwaters was primarily due to human influences that changed the
environment, such as changes to land cover/land use. The contributions of precipitation
at SMC and KLS at 84% and 90% far exceeded those of anthropogenic activities at 16%
and 10%, respectively. These results may be influenced by the fact that the upper reaches
contain extensive forests and grasslands with good vegetation cover and anthropogenic
activities mainly concentrated in several important cities.
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Since the reservoir operated generally between 1988 and 2017, the reservoir’s impact
on the river’s hydrology during this period could not be analyzed. Although the Zeya
Reservoir in the Zeya River has some impact, the study period extended over the stan-
dard operation period of the reservoir, and thus, the current study could not analyze the
reservoir’s impact on the river’s hydrology.

4. Discussion

The headwaters of the HARB occur mainly in the eastern part of the Mongolian
Plateau, characterized by widely distributed forests and grasslands and a concentration
of anthropogenic activities in the Ergun River and its tributary, the Hailar River Basin.
And the region is dominated by grasslands in Mongolia, with over half of the inhabitants
(65%) engaged in livestock farming between 1990 and 2010. Consequently, overgrazing
represented several environmental challenges that resulted in ecological damage and
changes to land use/land cover [56]. Implementing a series of projects to return farmland
to forests and the Three North Protected Forests Program in the eastern part of the region
has led to significant changes in land use patterns, with substantial increases in the areas
of forests and grasslands [57]. The Hailar River Basin contains areas of concentrated
anthropogenic activities, with large volumes of water consumed for industrial, agricultural,
and residential use compared to other places in the region. Several large- and medium-sized
reservoirs have been constructed along the tributaries of the Hailar River to meet the water
demands of the surrounding cities, including the Honghuaerji, Zhaluomude, and Zhadun
reservoirs [58,59]. Therefore, although headwaters above the LGH are sparsely populated,
changes in land use and water resource use have some impacts on the runoff process. In
contrast, anthropogenic activities significantly influenced the streamflow in the headwaters,
exceeding the contribution of anthropogenic activities in SMC and KLS stations.

Changes in river runoff are directly related to changes in regional precipitation. The
climate trends in the HARB are generally consistent with global trends, with a significant
upward trend in temperature [60]. Meteorological observations in Khabarovsk show an
increased frequency and intensity of flooding in the HARB and the frequency of extreme
meteorological events [61]. Analysis of the meteorological data from the HARB revealed an
overall weak downward trend in precipitation in the basin and a significant upward trend
in temperature. In contrast, precipitation and temperature exhibited important interdecadal
cyclical characteristics [62,63]. The HARB encompasses a large area and is shared by several
countries. Therefore, most previous basin studies used a limited number of meteorological
stations to analyze climate changes in the region. The selection of a large number of weather
stations can significantly increase the workload of a study. In addition, guaranteeing the
quality of meteorological data is difficult. Consequently, the application of remote sensing
meteorological data represents one of the most effective approaches for analyzing climate
change in areas with insufficient data.

The present study analyzed changes in precipitation in the upper HARB from 1988
to 2017 to identify changes in the hydrology of the upper reaches and briefly explored
the contributions of precipitation and anthropogenic activities across two periods in the
runoff. However, this study did not consider the basin’s changes in land use/land cover,
future related studies should combine the simulation of runoff processes with an analysis
of the impact of land use changes. In addition, the interaction between climate change and
anthropogenic activities is influenced by diverse scale factors, rendering their mechanisms
complex. The employment of rainfall–runoff double cumulative curves for quantifying
respective impact contributions primarily relies on the examination of dominant factors.
Other impacts, including flooding and agricultural production, among other multifaceted
factors, require enhanced methodologies for further region-specific exploration. The 32 hy-
drological indicators used within the IHA–RVA method influence hydrological alteration
differently. Therefore, future studies should select several hydrological indicators with
more significant influence for further analysis. The results of the analysis on the alteration
in hydrological regimes may provide references for the neighboring basins of the upper
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HARB. However, further comprehensive verification is required, including additional
hydrological data and land surface characteristic data. Therefore, it is recommended to
conduct further exploration of this aspect.

5. Conclusions

In this study, we investigated precipitation alterations in the upper HARB from 1988
to 2017, assessed the dynamics of streamflow and water levels utilizing observational
hydrological data, and performed an attribution analysis of runoff changes. The findings
not only validate the applicability of the adopted methodologies in cold regions, but they
also offer a valuable reference for understanding alterations in hydrological regimes and
guiding water resource management within the HARB:

(1) During the period of 1987 to 2017, the annual mean precipitation in the upper HARB
was 386 mm, decreasing slightly at 0.81 mm/a. Notably, all three hydrological
stations registered decreasing trends in annual mean streamflow, with the LGH
station observing the most substantial decrease at 8.28 × 108 m3/a. There was
also a significant decreasing trend in the annual mean water levels, with the most
pronounced decline recorded at KLS station at a rate of 0.02 m/a.

(2) The annual mean streamflow and water levels at LGH and SMC exhibited abrupt
changes in 1998, while KLS experienced this shift in 1995. The degrees of reduction
of streamflow following these changes were 58%, 42%, and 38% at LGH, SMC, and
KLS, respectively, indicating moderate alterations. Correspondingly, alterations
in water levels were registered at 48%, 53%, and 59%, respectively, also reflecting
moderate changes.

(3) Among the 32 hydrological indicators of the IHA–RVA method, there were signifi-
cantly decreasing monthly trends in median streamflow and water levels, with the
rate of change in the wet season (28%) slightly exceeding that in the dry season (26%).
Significant decreasing trends existed in the frequencies of high and low streamflow
and water levels. There were insignificant increasing trends in the high pulse duration
of streamflow at SMC and KLS.

(4) The contribution of precipitation in runoff variability far exceeds that of anthropogenic
activities, with 62%, 84%, and 90% from precipitation and 38%, 16%, and 10% from an-
thropogenic activities at LGH, SMC, and KLS three hydrological stations, respectively.
Precipitation is the primary factor influencing runoff in the HARB.
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Appendix A

Table A1. The content of 33 IHA indicators.

IHA Parameter Group Hydrologic Parameters Ecosystem Influences

Group 1
Magnitude of monthly

water conditions

Median streamflow (water level)
for each hydrological month

(subtotal 12 parameters)

Habitat availability for aquatic organisms.
Soil moisture availability for plants.

Availability of water for terrestrial animals.
Availability of food/cover for fur-bearing mammals.
Reliability of water supplies for terrestrial animals.

Access by predators to nesting sites.
Influences water temperature, oxygen levels, and

photosynthesis in water column.

Group 2
Magnitude and duration of annual

extreme water conditions

1-day minimum
3-day minimum
7-day minimum

30-day minimum
90-day minimum
1-day minimum
3-day minimum
7-day minimum

30-day minimum
90-day minimum
Zero streamflow

(water level) days
Base flow index

(subtotal 12 parameters)

Balance of competitive, ruderal, and
stress-tolerant organisms.

Creation of sites for plant colonization.
Structuring of aquatic ecosystems by abiotic vs.

biotic factors.
Structuring of river channel morphology and physical

habitat conditions.
Soil moisture stress in plants.

Dehydration in animals.
Anaerobic stress in plants.

Volume of nutrient exchanges between rivers
and floodplains.

Duration of stressful conditions such as low oxygen
and concentrated chemicals in aquatic environments.

Distribution of plant communities in lakes, ponds,
and floodplains.

Duration of high flows for waste disposal and aeration
of spawning beds in channel sediments.

Group 3
Timing of annual extreme

water conditions

Maximum streamflow
(water level) date

Minimum streamflow
(water level) date

(subtotal 2 parameters)

Compatibility with life cycles of organisms.
Predictability/voidability of stress for organisms.

Access to special habitats during reproduction or to
avoid predation.

Spawning cues for migratory fish.
Evolution of life history strategies,

behavioral mechanisms.

Group 4
Frequency and

duration of high and
low pulses

Low pulse count
Low pulse duration

High pulse count
High pulse duration

(subtotal 4 parameters)

Frequency and magnitude of soil moisture stress
for plants.

Frequency and duration of anaerobic stress for plants.
Availability of floodplain habitats for

aquatic organisms.
Nutrient and organic matter exchanges between river

and floodplain.
Soil mineral availability.

Access for waterbirds to feeding, resting, and
reproduction sites.

Influences bedload transport, channel sediment
textures, and duration of substrate disturbance

(high pulses).

Group 5
Rate and frequency

of water condition changes

Rise rates
Fall rates

Number of hydrologic reversals
(subtotal 3 parameters)

Drought stress on plants (falling levels).
Entrapment of organisms on islands and floodplains

(rising levels).
Desiccation stress on low-mobility stream edge

(variable zone) organisms.
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