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Abstract: This study presents a soil and water integrated model (SWIM) and associated sta-
tistical analyses for the Huaihe River Basin (HRB) based on daily meteorological, river runoff,
and water resource data encompassing the period between 1959 and 2015. The aim of this
research is to quantitatively analyze the rate of contribution of upstream runoff to that of the
midstream as well as the influence of climate change and human activities in this section of
the river. Our goal is to explain why extreme precipitation is concentrated in the upper
reaches of the HRB while floods tend to occur frequently in the middle reaches of this river
basin. Results show that the rate of contribution of precipitation to runoff in the upper reaches
of the HRB is significantly higher than temperature. Data show that the maximum contribution
rate of upstream runoff to that of the midstream can be as high as 2.23%, while the contribu-
tion of temperature is just 0.38%. In contrast, the rate of contribution of human activities to
runoff is 87.20% in the middle reaches of the HRB, while that due to climate change is
12.80%. Frequent flood disasters therefore occur in the middle reaches of the HRB because
of the combined effects of extreme precipitation in the upper reaches and human activities in
the middle sections.
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1 Introduction

The global climate system has changed significantly over the last century. Coupled with in-
tense human activities, the spatiotemporal distribution of water resources has tended to become
increasingly imbalanced, while extreme events (such as floods and droughts) have occurred with
increasing frequency (Song et al., 2013; Gao and Zhang, 2016; Birkinshaw et al., 2017).
Thus, the risks of natural disasters and other problems associated with environmental change
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have aroused a great concern to researchers (Pierrehumbert, 2002; Wang et al., 2009; Chen
et al., 2010; He et al., 2016). It is urgent to carry out flood risk assessments and associated
research to improve the accuracy and suitability of disaster prediction (Piao et al., 2010).

Researchers from around the world have tended to concur that flood risk is the result of a
combination of factors, including flood hazard as well as the exposure and vulnerability of
hazard-bearing bodies. Thus, flood risk is closely related to the extreme precipitation that
leads to runoff (Gao et al., 2015; Aamerya et al., 2016). The key consideration in past flood
risk assessments has been the impact of precipitation on local runoff, including the impact of
upstream precipitation on runoff in these river sections. However, due to its particular cli-
matic conditions and geographical environment, extreme precipitation has tended to occur
mainly in the upper reaches of the Huaihe River Basin (HRB) (Lu ef al., 2015). At the same
time, due to a large stream gradient and rapid flood discharge, the middle reaches of the
HRB have frequently been flooded. The specific conditions influencing this basin mean at-
tempt to separate the impact of climate change on runoff from that of human activities in the
middle and upper reaches of the HRB will enable improvements to the accuracy of flood risk
assessment. In this context, it is noteworthy that previous research on the combined effects
of climate change and human activities on runoff have addressed two main themes. First, the
contribution of climate change and human activities to variation in runoff has been studied
via precipitation observations, runoff and calculated evaporation sequence changes (Lan et
al., 2010; Bao et al., 2012; Deng et al., 2017), while secondly the evolution and role of
natural and artificial water cycles within a basin (i.e., the social water cycle) have also been
addressed (Zhang et al., 2000; Ahn et al., 2017). We utilize the first of these approaches in
this study as it is relatively simple and easy to apply. Investigation of the social water cycle
requires relatively more hydrometeorological and socioeconomic data and therefore neces-
sitates more intensive research (Sun and Li, 2014).

In terms of specific methods, research on the impact of climate change on runoff include
the watershed contrast method, an effective approach that can be applied to eliminate the
influence of climate change in studies on small watersheds. This contrast method is, how-
ever, more problematic to apply to larger-scale watersheds (Mladjic et al., 2011). A second
statistical approach (Piao et al., 2010; Gao et al., 2015; Lu et al., 2015) is also available,
based on the analysis of hydrometeorological time series data. The modeling process that
underlies this method is relatively simple but it does not take into account underlying sur-
face factors. Thus, use of a third approach, the hydrological modeling method (Wang et al.,
2002; He et al., 2015; Ma et al., 2015), is preferable as it takes into account the distribution
of a given hydrological system as well as physical mechanisms in combination with past
empirical modeling. This approach is also preferable because it also incorporates the under-
lying geographical environment, including human activities. The hydrological modeling ap-
proach is an effective research method because it can be used to simulate water resources
affected by both climate change and human activities.

The results of previous research have demonstrated that human activities likely exert a
greater impact on runoff than climate change (Wang et al., 2002; Mladjic et al., 2011; Sun
and Li., 2014; Wu et al., 2016). Anthropogenic impacts on runoff are mainly due to land use
changes, as well as artificial water use, non-point source pollution, the introduction of sedi-
ment into water courses, and eco-hydrological responses (Xia, 2009; Chen et al., 2010;
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Zhang et al., 2012; Bi et al., 2013). Research in this area has also passed through three evo-
lutionary states, from the initial use of simple statistical reduction calculations to the appli-
cation of rainfall-runoff relationship models, and, most recently, to the development of dis-
tributed hydrological modeling research methods (Liew and Garbrecht, 2003; Li et al., 2007;
Juckem et al., 2008). A distributed hydrological model is therefore one of the most appro-
priate tools currently available for studying the impacts of climate change and human activi-
ties on runoff (Tong et al., 2012; Lopez-Moreno et al., 2014).

This paper quantitatively evaluates the contribution rate of upstream runoff to that of the
midstream river section as well as the influence of climate change and human activities. The
results of this study provide an explanation for the concentration of extreme precipitation
events in the upper reaches of the HRB while floods tend to occur frequently in the middle
reaches of this basin. The results of this study are also of practical significance for HRB
flood risk assessment.

2 Study area

The HRB (30°55'-36°36'N, 111°55'-121°25'E) is located in eastern China in the transitional
zone between the north and south of the country. As a result of its unique location as well as
the fact that this region is affected by both climate change and human activities,
flood-related disasters within the HRB have become increasingly frequent. A series of spa-
tial distribution maps based on extreme precipitation data are presented here for the middle
and upper reaches of the HRB; these maps illustrate county-level flood disaster loss data for
the period between 1984 and 2008 (Figure 1). It is noteworthy that previous research has
demonstrated that extreme HRB precipitation (Lu ef al., 2015) is mainly concentrated in the
southwestern upper reaches of this basin, while the more serious flood-related disasters tend
to occur within central areas, specifically in the middle reaches of the basin. Because the
entire HRB covers a very large area, we selected the middle sections of this basin prone to
flood disasters as well as the upstream region characterized by a high frequency of extreme
precipitation as the study area for this research. This approach reduces the error in our hy-
drological model simulation (Figure 1) and encompasses the middle and upper reaches of
the HRB from Tongbai to the Wujiadu hydrological station. Wangjiaba and Wujiadu was
designated as water outlets for the purposes of this research and the sub-watershed was di-
vided into the middle and upper reaches of the study area , respectively (Figure 2).
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Figure 1 Maps illustrating the flood disaster affected areas (a) and spatial distribution of extreme precipitation
(b) in the middle and upper reaches of the HRB
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Figure 2 Map showing the study area as well as meteorological stations, the drainage system, and watershed

3 Data and methods
3.1 Data

The meteorological data used in this study was collected by the National Climate Center of
China Meteorological Administration. Thus, daily observation data from 13 meteorological
stations (Figure 2) throughout the middle and upper reaches of the HRB were collated for
the period between 1959 and 2008. Data include maximum, minimum, and average tem-
perature, as well as precipitation, sunshine hours, and daily radiation. Daily runoff data for
the period between 1959 and 2008 were obtained from Wangjiaba and Wujiadu stations.

We utilized a digital elevation model (DEM) for the middle and upper reaches of the HRB
that is based on Shuttle Radar Topography Mission data at a spatial resolution of 90 m. This
DEM was downloaded from the geospatial data cloud site of the Chinese Academy of Sci-
ences (CAS) (http://www.gscloud.cn); soil data at a 1:4 million scale were used in this
analysis, obtained from the United Nations Food and Agriculture Organization world soil
database (http://www.fao.org), while land use data (also at a 1:4 million scale) was down-
loaded from the data Center for Resources and Environmental Sciences, CAS
(http://www.resdc.cn). This analysis encompasses the time period between 1980 and 2000
and all data were re-sampled to a uniform spatial resolution of 400 m. Reservoir quantity
and water storage data between 1997 and 2015 were extracted from the HRB Water Re-
sources Bulletin, while data on human activities between 1996 and 2015, including crop
acreage, gross domestic product (GDP), and urbanization rate, were extracted from the re-
gional statistical yearbook.

3.2 Methods

3.2.1 Precipitation and temperature contribution rates

We derived the relative runoff contribution rates of precipitation, temperature, and other
meteorological factors by multiplying runoff sensitivity coefficients to meteorological fac-
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tors as well as the relative changes in these factors over multiple years using Equation 1 and
Equation 2 (Dong et al., 2015), as follows:
Con,; =S,; X RC,; (1)
RC,; = (n x Trend) / |av| x 100% 2)
where vi denotes the meteorological factor, while Con,; signifies the contribution rate of vi to
runoff variation, S,; is the sensitivity coefficient of vi to runoff, RC,; denotes the relative
change of vi over multiple years, n is time, av is the average value of vi between 1959 and
2008, and Trend stands for the annual rate of change. This latter component was calculated
using trend analysis.
The sensitivity coefficient of runoff to precipitation and temperature was obtained using
Equation (3) (Dong et al., 2015), as follows:

Cy X At+ C,, X Ap = (Ap, AY) 3)
where C,, is the sensitivity coefficient of runoff change to temperature change, At is tem-
perature change, C,, is the sensitivity coefficient of runoff change to precipitation change,
Ap is the precipitation change, and J (Ap, Af) is the rate of runoff change. As the units of A¢,

Ap, and 6 (Ap, Af) are not uniform, z-scores from the software SPSS were used to standard-
ize these data.

3.2.2 Runoff contribution rate

Midstream runoff in the HRB is mainly comprised of precipitation in the middle reaches as
well as upstream runoff. Thus, we utilized the ratio of upstream to midstream runoff to cal-
culate the relative contribution rates in each case using Equation (4), as follows:

== 4)

where #, O;, and Q; refer to the contribution rates of upstream to midstream, upstream
(m*s™"), and midstream runoff (m*-s™), respectively.

3.2.3 Quantitative analysis of climate change and human activities

In order to quantitatively analyze the effects of climate change and human activities on run-
off in the middle reaches of the HRB, we used Mann-Kendall (MK) and sliding T-tests to
determine runoff change points throughout the region. We then determined the base and
evaluation periods for midstream runoff; of these, the first is a natural period where runoff is
not affected by human activities, while human activities do play a role within the evaluation
period. The main impact of human activities is revealed by land use types; thus, we initially
applied a SWIM calibrated with the meteorological data input during the base period in or-
der to simulate the runoff. Land use parameters were then held unchanged while meteoro-
logical data for the evaluation period were input into the model to simulate runoff given the
impacts of climate change. Lastly, both meteorological and land use data were input into the
model to simulate runoff due to the combined influence of both climate change and human
activities throughout the evaluation period. A series of equations from Wang et al. (2006)
were used for these calculations, as follows:

AWr=Wur - Ws Q)

AWy = Wyr - Win (6)
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AWC: WHN_ WB (7)
N = AWy | AWt x 100% (8)
Ne = AW | AWt x 100% (9)

where Wg denotes simulated runoff during the base period, while Wyy refers to simulated
runoff that only takes into account climate change impacts during the evaluation period. Si-
milarly, AWr refers to the impact of human activities and climate change on runoff volume
during the evaluation period, while AWy and AW refer to the impact of human activities
and climate change on runoff volumes, respectively, during the evaluation period. Finally, #c¢
and sy refer to the contribution rates of climate change and human activities on runoff dur-
ing the evaluation period, respectively.

4 Analytical results
4.1 SWIM suitability analysis

The use of a SWIM in the context of an analysis of this type was first proposed by the Pots-
dam Climate Impact Research Institute, Germany. Subsequent use of this approach has been
enhanced by development of the soil and water assessment tool and MATSALU models that
enable improved runoff simulations in small scale watersheds (Krysanova et al., 1989). The
latter of these two models was developed in Estonia for application to the Matsalu Bay ag-
ricultural watershed in the Baltic Sea. Thus, building on these previous approaches, we as-
sessed the applicability of our model by using the Nash efficiency (NSE) coefficient; the
closer a NSE efficiency coefficient value is to one, the more accurate the simulation results
(Gao and Jin, 2012). We selected the period between 1959 and 1988 as the calibration period
for this analysis and the period between 1989 and 2008 as the validation period. Data show
(Figure 3) that SWIM application accurately simulated daily runoff in the upstream area of
the HRB, as resultant NSE values are 0.70 and 0.81 during the calibration and validation
periods, respectively. Additional simulation results (Figure 4) also show that the SWIM also
accurately simulates daily runoff within the central part of the HRB; resultant NSE values in
this case are 0.72 and 0.78 for the calibration and validation periods, respectively. A SWIM
can therefore be used to assess the impacts of climate change on river runoff in both the
middle and upper reaches of the HRB.
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Figure 3 Graphs showing SWIM-simulated daily runoff depths for the upper reaches of the HRB during the
calibration between 1959 and 1988 (a) and validation between 1989 and 2008 (b) periods of this study
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Figure 4 Graphs showing SWIM-simulated daily runoff depths for the middle reaches of the HRB during the
calibration between 1959 and 1988 (a) and validation between 1989 and 2008 (b) periods of this study

4.2 Contribution rate of climate factors

4.2.1 Runoff versus temperature and precipitation sensitivity coefficients

The sensitivity of regional hydrological changes due to climate is usually based on the as-
sumption that scenarios for the latter drive models for the former. Thus, a combination of
precipitation and temperature change are usually input into climate change modeling sce-
narios; on the basis of observed trends within the HRB, we assume that plots for the up-
stream region of this river basin change along a scale of —20%, —10%, 0%, +10%, and +20%
for precipitation alongside temperature changes of —1°C, 0°C, +1°C, +2°C, and +3°C. Our
model allows for the construction of 25 different climate scenarios within which runoff is
simulated; thus, on the basis of these runoff changes, sensitivity to climate change can be
assessed.

The SWIM results presented in Table 1 show that when precipitation is constant, a smaller
change in runoff with temperature will be seen. In contrast, when temperature is constant,
the precipitation change rate increases from an initial constant to a linear rate of increase
while the runoff change rate also increases up to a level as high as 20%. The precipitation
change rate decreases from an initial constant to a linear rate of decrease while the runoff
rate of change has a tendency to decrease, but the change rate is smaller than that caused by
increasing precipitation. Overall, the change rate of the runoff varies greatly with the change
in the precipitation. Simulation results show that when temperature decreases by 1°C and
precipitation increases by 20%, the runoff rate is the highest (40%).

Table 1 SWIM runoff sensitivities given different levels of precipitation recorded at meteorological stations in
the upper reaches of the HRB

ALCC) Ap (%)
-20 -10 +0 +10 +20
+3 -36.12 —-18.35 0.33 20.54 39.93
+2 -36.24 —18.48 0.23 19.74 39.89
+1 -36.36 -18.62 0.09 19.62 39.78
0 -36.48 -18.72 0.00 19.08 39.73
-1 -36.29 —-18.53 0.21 19.81 40.00

Data from Table 1 were standardized (Table 2) in order to determine the contribution rates
of precipitation and temperature to runoff. To do this, any two groups of runoff change rates
given a combination of precipitation and temperature were selected and the normalized re-
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sults substituted into simultaneous sensitivity coefficient equations. These steps enabled the
calculation of runoff sensitivity to both precipitation and temperature; results show that
when the sensitivity coefficient (C,,) of upstream runoff to temperature is between —0.098
and 0.269, that of upstream runoff to precipitation (C,,) is between 0.909 and 1.145.

Table 2 Standardized runoff sensitivity results for the upper reaches of the HRB

A°C)
Ap(%)

-1.2649 -0.6324 0 0.6324 1.2649

1.26491 ~1.3038 ~0.6559 0.0249 0.7619 1.4687
0.63246 ~1.3083 ~0.6608 0.0213 0.7327 1.4675
0 -1.3128 —0.6658 0.0161 0.7285 1.4635
~0.63246 ~1.3171 ~0.6695 0.0130 0.7320 1.4614
~1.26491 ~1.31028 ~0.6624 0.0208 0.7352 14713

4.2.2 Precipitation and temperature contribution rates

We utilized the Tyson polygon method to analyze temperature changes in the upper reaches
of the HRB over the last 50 years, between 1959 and 2008. To do this, we employed obser-
vational data from seven meteorological stations within this region. Although data reveal an
average temperature of 15.3°C for the upper reaches of the HRB, these values have been
increasing (Figure 5) at a speed of 0.156°C /10a over the study period. Thus, by applying the
relative change in meteorological factors (Equation 1), we can see that the long-term relative
temperature change is 4.91%. Similarly, by applying Equation (2) to evaluate the influence
of meteorological factors on runoff and Equation (3), the sensitivity coefficient of runoff and
temperature, results show that the calculated contribution rate of temperature to the upper
reaches of the HRB ranged between —0.005 and 0.01. At the same time, the average annual
precipitation in this region was 1060 m over the study period, conforming to a slight upward
trend (Figure 5), while the long-term relative change in precipitation was 6.75%. The sensi-
tivity coefficient of runoff compared to precipitation shows that the contribution rate of the
latter within the upper reaches of the HRB ranged between 0.061 and 0.077.
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Figure 5 Trend in annual temperature (a) and precipitation (b) between 1959 and 2008

4.3 Contribution rate of climatic factors in upstream-to-midstream runoff
4.3.1 Contribution rate of upstream-to-midstream runoff

Based on daily runoff data collected at the Wangjiaba and Wujiadu stations between 1959
and 2008, we calculated the relative contribution rates of spring, summer, autumn, and win-
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ter runoff to the middle reaches of the HRB. These data
are presented in Figure 6 and show that the contribution 29%
rates for the spring, summer, autumn, and winter sea-
sons were 28.86%, 28.25%, 24.95%, and 25.34%, re-
spectively. The highest contribution to overall runoff is
in the spring, while the lowest contribution is in the au-
tumn. The average annual contribution rate was 27.65%.

4.3.2 Upstream climate change contribution rate to Au "/ Summer
midstream runoff —— Contribution rate

The contribution rate of the precipitation and tempera- ¥igure 6 Contribution rates of spring,

summer, autumn, and winter seasons to

o runoff in the middle and upper reaches of
stream runoff was calculated by multiplying two con- he HRB

tribution rates, the contribution rate of precipitation and

temperature to runoff in the upper basin regions and the contribution rate of upstream runoff
to midstream runoff (Table 3). These results show that the maximum contribution rate of
upstream precipitation to midstream runoff is about 2.23%, while the minimum is about
1.53%. Similarly, the maximum contribution rate of upstream temperature to runoff is about
0.38% while the minimum is about —0.14%.

ture from the upper reaches of the HRB to the mid-

Table 3 Contribution rates of upstream meteorological factors to midstream runoff

Contribution rate of up-  Contribution rate of upstream meteorological factors to midstream runoff (%)
stream meteorological

factors to runoff (%) Annual average Spring Summer Autumn Winter
L (min) 6.13 1.70 1.77 1.73 1.53 1.55
Precipitation
(max) 7.73 2.14 2.23 2.18 1.93 1.96
(min) —0.48 -0.13 —0.14 —0.14 —0.12 —0.12
Temperature
(max) 1.32 0.37 0.38 0.37 0.33 0.33

These results show that the upstream HRB precipitation contribution rate to midstream
runoff is higher than that of the temperature, while the maximum contribution rate of up-
stream precipitation (temperature) to runoff in the middle reaches is 2.23% (0.38%). These
data show that runoff in the middle reaches of the HRB is not only influenced by upstream
precipitation, but also by this process in middle river sections.

4.4 Midstream runoff responses to climate change and human activities

We determined the base and evaluation periods used in this study by analyzing runoff
change points; land use data throughout these two periods were then input into our SWIM to
simulate runoff. Runoff changes during the two periods were then calculated based on
simulations in order to determine the contribution rates of climate change and human activi-
ties on the middle reaches of the HRB.

4.4.1 Runoff change points

In order to determine the base and evaluation periods in analyses of this type, runoff se-
quence change analysis has been applied in previous studies (Zhang et al., 2016). In this
context, we applied MK and sliding T-tests to more accurately analyze and determine change
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points in runoff sequences.

The first of these tests (MK) was applied to annual runoff in the middle reaches of the
HRB for the period between 1959 and 2008 (Figure 7). Although results reveal the presence
of numerous intersections between Uf and Ub, no specific change years could be identified.
However, re-analysis of annual runoff over this period in combination with use of a sliding
T-test and selecting a step length of 6, suggests that 1983 was a change year (significance
level, a = 0.05). We therefore considered the period between 1959 and 1983 to be the base
period for this study, while that between 1984 and 2008 was used as the evaluation period.
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Figure 7 MK test results for runoff sequences (a), and the combined results of MK and sliding T-tests (b)

4.4.2 The effects of climate change and human activities on runoff

Calculations based on Equations (5)—(9)(Table 4)  pupie 4 River runoff during base and evalua-
show that the base period for simulation is 7.627  tion periods in the middle reaches of the HRB

x 10° m*:s™". However, when the effects of cli- (10°m’s ™)

mate change and human activities are taken into Different periods Runoff

account, the evaluation period runoff is 7.041 x e 7.627

10® m’-s™'. The influence of human activities and Wins 6.966

climate change together on runoff during this Wik 7.041

period equated to 0.661 x 10° m®-s™'; that of the AWy 0.661

former alone added up to 0.586 x 10° m’s ', Al 0.586

while that of the latter equated to 0.075 x 10° Ale 0.075
3 -1

m-s .

These results enabled us to calculate the relative contribution rate of climate change and
human activities to runoff in the middle reaches of the HRB (Table 5). Data reveal a 12.80%
contribution rate of the former and an 87.20% rate of the latter; thus, we can conclude that
runoff within the middle reaches of the HRB is predominantly affected by human activities,
while the influence of climate change is relatively small. This result is consistent with that
for the upper reaches.

Table 5 Contribution rates of climate change and human activities to the HRB midstream runoff

o o 3 Climate change Human activities
Total variation (10" m’-s™)

Variation (10° m®s™") Contribution rate ~ Variation (10° m*s™")  Contribution rate

0.661 0.075 12.80% 0.586 87.20%

Data presented in the Huaihe River Water Resources Bulletin (http://www.hrc.gov.cn/)
shows that the number of large- and medium-sized reservoirs increased from 287 to 322
within the HRB between 1997 and 2000. Similarly, the total reservoir capacity within the
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region increased from 10.9x 10° m® in
1997 to 13.5x 10° m’ in 2015, while
the amount of surface water supply
increased from 39.0x10° m® in 1998
to 43.8x10° m’ in 2015. The data
presented in Figure 8 shows that the
surface water supply within the HRB

11997 4999 20 20052007 2009 2011 2013 2015
i Year

~104
—12J

Surface water resources/(10°m?)
bhbhbbovwroon

has also increased rapidly over the
past 20 years; thus, as the data in . :

. L. Figure 8 Anomalies in surface water resources in the HRB
Figure 5 suggest no significant . 1997 and 2015
long-term increase in precipitation
within the HRB, it is likely that the most significant impacts on the water supply in this re-
gion are from newly built reservoirs, industrial and agricultural water use, and other human
activities.

4.4.3 Causes of changes in runoff

Data suggest two main causes for runoff changes in the middle reaches of the HRB, the ef-
fects of climate change and the impacts of human activities. The contribution rate of pre-
cipitation in the upper reaches of the HRB to the middle reaches runoff can reach 2.23%
implies that the occurrence of flood-related disasters in the middle reaches is also influenced
by the precipitation in the upper reaches. The results presented in this paper show that hu-
man activities exert a greater impact on runoff while climate change has a relatively smaller
impact. In terms of land use change, a reduction of agricultural area combined with an in-
crease in urban use was also evident throughout both the evaluation and base periods of this
study. The data presented in Figure 9 shows that GDP, crop acreage, and the urbanization
rate within the HRB all increased significantly between 1996 and 2015. These changes are
mainly the result of the rapid economic development characteristic of recent decades and
have led to changes in the hydrological cycle.
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Figure 9 The changes in GDP, crop acreage, and the urbanization rate within the HRB between 1996 and 2015

5 Discussion

Considering the middle and upper reaches of the HRB, and utilizing daily meteorological
data, runoff was simulated in this study using a SWIM. Thus, the contribution rate of cli-
matic change to upstream-to-midstream runoff as well as the relative contribution rates of
climate change and human activities to runoff were calculated. Combining SWIM outputs
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with further statistical analyses and taking the complex geographical environment of the
region into account, this study quantitatively analyzed the impacts of climate change and
human activities on the water resources of the HRB.

There are a number of similarities between the conclusions of this study and those of oth-
ers; both climate change and human activities have been shown, for example, to have caused
a decrease in river flow within the Chinese Loess Tableland, 24% in the case of the former
and 76% in the case of the latter (Li et al., 2010). Our results are consistent with the inter-
pretation that anthropogenic factors are the main driving forces underlying decreases in river
flow. In the Baiyangdian Lake, for example, quantitative results show that climatic varia-
tions can account for between 38% and 40% of streamflow decreases, while human activi-
ties can account for between 60% and 62% (Hu et al., 2012). Human activities are the major
cause of runoff reductions over the last 50 years, encompassing contribution rates of up to
58.9% and 65.2%, respectively, based on the two methods employed in this paper. Indeed, in
light of different scenarios, the range of monthly runoff variation covers a wide range while
the influence of precipitation change is stronger than that of temperature, indicating that the
former is likely to be a major factor determining future variation in Beiluo River Basin water
resources (Zhang et al., 2016). The impact of climate change and human activities on runoff
is only likely to become stronger, as corroborated by research carried out Luanhe River cat-
chment (Zhang et al., 2015). Nevertheless, some researchers have argued that climate
change is the main factor underlying variation in runoff (Mo et al., 2016) and that this may
also be caused by differences in geographical environments.

On the basis of quantitative analyses of the impacts of climate change, we conclude that
floods in the middle reaches of the HRB are not just affected by climate change and human
activities, but are also influenced by upstream changes in climate. Previous flood risk as-
sessments of the HRB have employed daily maximum precipitation values obtained by fit-
ting 20 kinds of distribution functions as major hazard factors and combining other indica-
tors during different return periods. The predictions summarized in Figure 10 show that
high-risk areas of extreme precipitation based on one-in-a-hundred and one-in-a-thousand-
year events are concentrated in the upper reaches of the southwestern HRB (Zhang et al.,
2014). At the same time, however, lower risk areas in the middle of the HRB are likely to be
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and 1000-year (b) return periods
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most severely affected by floods. This phenomenon may, in part, be due to the fact that the
effect of extreme upstream precipitation on midstream runoff. Thus, it may be necessary to
consider the actual situation in future flood risk assessments, incorporating the impact of
upstream precipitation on the middle reaches rather than just emphasizing the central part of
the river basin. These changes to the modeling approach would improve the effectiveness
and accuracy of risk assessments and provide support for the development of flood disaster
early warning systems.

6 Conclusions

(1) Sensitivity analysis results of runoff versus precipitation and temperature in the upper
reaches of the HRB show that under different combination scenarios, the change rate of run-
off increases with precipitation while temperature remains constant. At the same time,
change in runoff is the largest when precipitation increases by 20%. The sensitivity of runoff
to precipitation is thus markedly higher than it is to temperature.

(2) Results show that the contribution rate of precipitation to midstream runoff in the up-
per reaches of the HRB is significantly higher than the contribution rate of temperature.

(3) The results of this study suggest that two main reasons can explain the frequent flood
disasters that characterize the middle reaches of the HRB. In the first place, extreme pre-
cipitation occurs frequently in this region, and this affects runoff in the middle reaches of the
river basin. Secondly, intensified human activities in the middle reaches of the HRB have
modified the normal circulation of natural runoff and evapotranspiration leading to a higher
frequency of flood disasters.
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