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Abstract. As one of the major water sources in Ningxia of China, it is of great importance to maintain
healthy ecological environment of the Yellow River. In this essay, basin hydrological model is adopted to
simulate the influences of prediction of climate changes on runoff in river basin, which is of great
theoretical and realistic significance to flood and draught control plans as well as long-term exploitation
and utilization of water resources in Ningxia Section of Yellow River Basin of China. Based on analysis
of the changing characteristics of major climates and hydrological features in Ningxia Section of Yellow
River Basin of China , distributed hydrological model SWAT (Soil and Water Assessment Tool) coupled
with GIS is used in this study to simulate the yearly and monthly runoff volumes under 15 different
climate changes, with the aim to explore the influences of climate changes to runoff. The results show
that the runoff volume in the basin has negative correlation with the temperature but in positive
correlation with the rainfall, and that the influence of the changes of rainfall in the basin on the runoff is
greater than that of the temperature, which could provide basis for decision making of water resource
management in Ningxia Section of the Yellow River Basin of China.
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Introduction

As the environment in which human beings live, climate could affect human
activities, which has been know by all. The influences of climate changes are
comprehensive, multi-dimensional and multi-layered, with positive and negative
influences co-existing. Generally, people concern more the negative influences. Global
warming caused by carbon dioxide affects directly water supply and distribution in the
world and has influenced the natural ecosystem in many areas of the world. Due to
limited adaptability, natural ecosystem is easily to be destroyed severely and even
irreversibly. Rainfall changes caused by climate warming is an essential factor to study
the influences of potential climate on water supply, for rainfall is the fundamental
source of fresh water on the earth. Water resources planning depends on mainly space-
time distribution of rainfall and soil water. In the future, rainfall distribution would
change obviously on the warmed earth and rainfall in many areas located in semi-arid
subtropical zone would increase. Because global warming could cause profound
changes of the global climate system, the coadaptation established between mankind
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and the ecological environmental system would be affected and disturbed significantly;
therefore, global changes, especially climate changes, have attracted great concerns
from governments of the world and the public.

Certain irrational activities of human beings have caused global warming in the
world, which results in finally frequent draughts, floods and other natural disasters. In
the past several decades, the global climate has had inconvenient changes, among which
global warming has become an undisputed fact. Since IPCC (Intergovernmental Panel
on Climate Change) was found in 1988, it has completed five evaluation reports on
global climate changes (IPCC, 2013), among which it was pointed out in the fifth
evaluation report: the average global surface temperature in the world between 1880-
2012 rose 0.85°C. Comparing the middle and late 21st century and the period from
1986-2005, the average global temperature will keep rising 1.0~ 2.0 and 1.0 ~ 3.7°C.
According to the observation results in the past hundred years in China, the average
surface temperature in China in the 20th century had rose 0.5~ 0.8°C, which showed
similar trend of global warming. Climate changes could affect various fields and could
change the conditions of global water circulation, which could result in spatial and
temporal redistribution of water resource. In recent years, due to climate changes and
the increase of human activities, about 31% annual runoff of 145 major rivers in the
world shows rising tendency (9%) or descending tendency (22%) (Walling and Fang,
2003). Runoff of many major rivers in China declines, especially that in Haihe Basion
and the Yellow River Basin (Wang et al., 2010; Bao et al., 2012; Feng et al., 2016). In
recent years, many areas had floods or draughts often (Kunkelet al., 1999; Lindner et
al.,, 2010; Zhang et al., 2015). For example, draught occurred in downstream of the
Yellow River Basin, floods occurred in the Yangtze River Basin and Songhua River
area respectively in 1997 and 1998, which had caused immense damages(Xu et al.,
2010). Therefore, it is of great significance for understanding hydrological changing
mechanisms and relieving future draughts and floods to know the reasons of the runoff
changes in the changing environment.

Climate changes and human activities are two essential factors that could affect
runoff changes. Climate changes affect runoff mainly through rainfall and potential
evaporation (Chien et al., 2013; Zhao et al., 2015). A great number of studies have
shown that global warming will aggravate global hydrological circulation (Huntington,
2006; Milliman et al., 2008). It has been predicated by the observation data and climate
model studies that climate warming could result in significant increase of rainstorms
(Wu and Lau, 2016). Many studies have used GCM and hydrologic model to evaluate
the influences of climate changes on runoff (Eisner et al., 2017; Teklesadik et al., 2017).
However, climate simulation factors could also affect runoft changes. The experiment
adopted various factors (such as GCM model, project stage, emission scenes,
downscaling method and deviation correction) to show the predicted flow is an factor
for the modeling and that it is unnecessary to take all factors into consideration but to
keep the overall design balance (Ringius et al., 1996; Aamery et al., 2016). Li et al.
(2013) used two rainfall-runoff models to simulate the yearly and monthly runoff of
southeastern Tibetan Plateau under the historical and future conditions of climate
changes. Coles et al. (2017) studied the influences of climate changes on the hillslope
runoff in the north of the Great Plains. Besides, with the increase of the population and
the urbanization (Kuang et al., 2016), human activities, such as land use/cover changes
(Rahman et al., 2015; Zhang et al., 2017; Yhang et al., 2019), operation of dam and
reservoir, water and soil conservation projects as well as direct taking of surface water
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and groundwater, all could cause great influences on water resources. Zhai et al. (2017)
investigated the climates and runoff tendencies of seven typical basins in China from
1961 to 2014 and attributed the runoff change within three periods to climate changes
and human activities of each basin. The problem of water resources has aroused
concerns of various scholars; moreover, it has become the bottle-neck of economic
development of many countries and areas. In recent years, many professional scholars
have begun to study the influences of climate changes on water resources, which could
provide scientific theoretical basis for rational development and utilization of water
resources, disaster prevention and reduction, water loss and soil erosion as well as
comprehensive planning of the basin and could offer relevant policy reference to the
decision-makers.

In this paper, distributed hydrological model SWAT coupled with GIS is used in this
study to simulate the yearly and monthly runoff volumes under 15 different climate
changes, with the aim to explore the influences of climate changes to runoff, and it can
provide decision-making basis for water resource management in the Ningxia Section of
the Yellow River Basin of China.

Material and methods
Overview of the research area

The Yellow River enters the downstream of Zhongwei City, Ningxia province,
running through the Yellow River irrigation area of Zhongning County, Qingtongxia
City, Litong District, Lingwu City, Yongning County, Yinchuan City, Helan County,
Pinluo County, Dawukou District and Huinong District and flowing in Inner Mongolia
at Shizuishan. There are three hydrological stations along the mainstream of the Yellow
River, i.e., Xiaheyan, Qingtongxia and Shizuishan hydrological stations. The Yellow
River Basin within Ningxia is located in north latitude 36 0'~~39 23', east longitude
104°17'~107°39', with the drainage area of 51400 km®. The geomorphic type is
alluvial plain of Yellow River, where the terrain is flat with various ditches. The altitude
1s 1100~2500. It is arid region of temperate zone with abundant sunshine. The average
annual sunshine hours are within 2750~2950 h, the average annual wind speed is
within 1.7~2.5 m/s. The temperature varies greatly, with abundant heat and longer
frost-free period. The drainage basin belongs to continental climate, drought with less
rainfall, with the average rainfall of 180~220 mm. The inter-annual rainfall changes
decrease from north to south gradually; the difference of average monthly rainfall in the
Yellow River irrigation area is relatively obvious but the annual distribution is non-
uniform; the changes of inter-annual rainfall in the central arid area and the south
mountainous area are relatively mild, showing seasonal variation. The inter-annual
rainfall in the basin is distributed unevenly; the dry and humid seasons are obvious;
rainfall of July to September covers 60% ~ 70% of the annual total amount; the
evaporation is high, with the annual amount of evaporation of 1100~1600 mm. The
types of land use are mainly lawn and farmland, covering respectively 33.74% and
48.76% of the basin area, the woodland covering 3.60%, the water area covering 1.43%,
the urban and rural industrial and mining land and the residential land covering 1.46%,
and the unused land covering 11.01%.
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Model calibration

SWAT (Soil and Water Assessment Tool) model was adopted as hydrological
forecast model to simulate the hydrological circulation process in Ningxia section of the
Yellow River Basin. This model could be used for short-term, middle-term and long-
term hydrological forecast as well as for the evaluation of water resource regime in
future climate scenarios. In the modeling process, the testing data of the meteorological
and hydrological stations were taken as the input source to calibrate and test the model
parameters. The simulation was based on the meteorological and hydrological data of
Ningxia section from 1990 to 2012. With relative error R_, correlation coefficient R*

and Nash-Suttcliffe coefficient Ens as the standards, the sensitive parameters of the

model were calibrated with the actually measured monthly runoff volumes within 2000-
2006 and the model was validated with the actually measured monthly runoff volume
within 2007-2012. The relative error R_ between the calibration period and the

verification period was close to 10%, the correlation coefficient R” and Nash-Suttcliffe
coefficientEns were larger than 0.86 and 0.85 during the calibration period, with good

simulationresults. This suggests that this model is applicable to hydrological simulation
of Ningxia section of the Yellow River Basin and could be used for quantitative and
qualitative study of the basin under future climate changes. The DEM map of study area
see Fig. 1.

Figure 1. DEM Map of Ningxia Section of the Yellow River Basin

Scene design of the climate changes

There are various reasons for climate changes, of which natural climate change
caused by human activities affecting directly or indirectly global atmosphere is the key
one. Climate change is naturally to cause the change of water circulation, redistribution
of water resources in time and space as well as the change of quantity of water resource,
which could in turn affect the development of ecological environment and the social
economy. Global climate warming could cause rise of the seal level, gradual drop of
groundwater level, melting of glacier and frequent occurrence of extreme climates. In
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terms of hydrological circulation, climate change could change redistribution of water
resources in time and space and could cause the changes of rainfall and evaporation,
which could in turn affect the water balance of the overall basin. Rise of the temperature
could accelerate the melting of glacier snow. Certainly, it could also affect other
hydrological factors and then affect the runoff volumes of rivers as well as the
hydrological process of the overall basin. Rainfall is the major influencing factor of
water resource in the basin as well as the major water resource of the basin, that is,
rainfall is the basis of the formation of runoff. Changes of rainfall plays significant roles
in water resources quantity. It could influence directly water resources quantity of the
basin and then the hydrological process of the basin.

Generally, there are two design methods of climate scenes: (1) Arbitrary scene
setting: Based on the actual conditions of the study area, taking advantage of the
interlocking combination of the supposed rainfall changes and the temperature rising
scene, study the influences of climate changes on water resources with appropriate
hydrological model. (2) Atmospheric circulation pattern (GCMs) method: This model
forecasts the climate changes in the future based on the influences of different CO,
emissions on climate changes (Feng et al., 2016), and analyzes influences of climate
changes on water resources by coupling with hydrological model. However, because the
grid interval of the GCMs model data is larger, the spatial resolution is low and the
confidence degree is not high when it is used to analyze the influences of climate
changes on water resources. So, this essay adopts arbitrary scene setting to establish the
scene of climate change in the study area.

Entering the 1980s, the major problems concerned by the human society in the world
is no other than global climate changes. There are sufficient evidences to show that with
the increase of CO> and other greenhouse gases, the global climate is having sharp
changes that have never had in history. It was pointed out in the fourth evaluation report
of the first working group of Intergovernmental Panel on Climate Change (IPCC) that
in the past 100 years from 1906 to 2005, the global climate became warm obviously and
it was shown by the statistic results the surface temperature on the earth rose 0.74°C.
Especially, in the recent 50 years, the rising rate of the temperature was higher than the
former 50 years, during which the temperature rose 0.65°C; while 11 of the latest 12
years ranked in the 12 warmest years since 1850 (IPCC, 2013). In the past 100 years,
the temperature in China rose 0.4~0.5°C, slightly lower than the average of the world
but in line with the general trend of climate changes. In the latest 50 years, the average
temperature in summer in China has no obvious changes, but that in winter increased
obviously, increasing 0.42°C every 10 years. Since 1985, China has had continuously
16 nationwide warm winter, among which the winter in 1998 was the warmest, 1.4°C
warmer. Scientists have made prediction of the global climate in the future 100 years
based on population growth, the environmental condition, globalization, economic
development and technological progress, the result of which suggested that by the end
of the 21st century, the average global temperature would increase 1.1~6.4°C, the
rainfall would transmit seasonally from south to north, among which the arid and
semiarid areas would become drier with varying changing tendencies in different areas.
Chinese scientist used different global climate patterns and regional climate patterns in
China to study the climate changing scenes of China after CO> is increased. Supposing
atmospheric CO» keeping increasing, it is expected the temperature would rise1.68°C by
2020~2030; 2.22°C by 2050; it is predicted the temperature could reach 2.94°C in case
the concentration of CO> doubles and the warming amplitude in the north is higher than
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the south. Temperature in Northwest China could rise, 1.9~2.3°C, rise 1.6~2.0°C in
southwest and in Tibetan Plateau rise 2.2~~2.6°C. Rainfall shows rising tendency in
many areas, with the south-eastern coast the largest, where the annual rainfall could
increase 6.4%~11% (Jiang et al., 2008).

Based on the above predictions of the global and Chinese climate changes, 15
different climate scenes are set in this essay to reflect the influences of climate changes
on runoff. The established climate changes in the future are: Change of the temperature
on the original bases are 0°C, +1°C and +2°C, while the changes of the rainfall are
respectively -20%, -10%, 0%, 10% and 20% of the original. Specific combinations see
Table 1.

Table 1. 15 different climate scene settings

Rainfall changes
Px(1-20%)  Px(1-10%) P Px(1410%)  Px(1+20%)
N . T All Al2 Al3 Ald Al5
emperature T+1°C A21 A22 A23 A24 A25
changes
T+2°C A31 A32 A33 A34 A35

Results and discussion

The actually measured temperatures and rainfall amounts are increased and
decreased accordingly based on the above 15 scenes to generate the meteorological data
corresponding to 15 climate scenes. Based on SWAT model established in Model
calibration Section, the changed meteorological data are input in SWAT model to
simulate the average monthly runoff volumes of tributary station and the simulation
results of different scenes are as shown in Table 2.

Table 2. Runoff simulation of 15 different climate scenes

Rainfall changes
Px(1-20%)  Px(1-10%) P Px(1+10%)  Px(1+20%)

Average yearly T 7568.3 8567.1 9683.2 10987.5 123349

runoff (ten T+1°C 7002.4 8011.7 9234.9 10468.8 119753

Temperature _thousand m*) T+2°C 6253.6 7498.8 8806.7 10023.4 113344
changes Variation amount T -2114.7 -1115.9 0.2 1304.5 2651.9
(ten thousand T+1°C -2680.6 -1671.3 -448.1 785.8 22923

m3) T+2°C -3429.4 -2184.2 -876.3 340.4 1651.4

Changing rate T -21.8% -11.5% 0.0% 13.5% 27.4%

%) T+1°C -27.7% -17.3% -4.6% 8.1% 23.7%

T+2°C -35.4% -22.6% -9.0% 3.5% 17.1%

It could be seen from 7able 2 that the runoff in Ningxia section of Yellow River
Basin changes with the temperature and the rainfall in the following rules:

(1) The runoff volume in the basin is in negative correlation with the temperature and
in positive correlation with the rainfall. With the temperature unchanged and the rainfall
increasing 10%, the runoff increases 1304.5 ten thousand m’, increasing 13.5%; with
the temperature unchanged and the rainfall increasing 20%, the runoff increases 2651.9
ten thousand m’, increasing 27.4%, with the rainfall unchanged but the temperature
increasing 1°C, the runoff decreases 448.1 ten thousand m’, decreasing 4.6%; with the
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rainfall unchanged by the temperature increasing 2°C, the runoff decreasing 876.3 ten
thousand m®, decreasing 9.0%. It could be seen thus rise of temperature could cause
decrease of the runoff, the reason for which is rise of temperature could make the
amount of evaporation greater; while increase of rainfall could make the runoff increase
and the reason is that increase of rainfall could make the surface runoff yield increase.

(2) Rainfall changes in the basin have greater influences on the runoft than
temperature. With the rainfall unchanged but the temperature increasing 2°C, the runoff
decreases 876.3 ten thousand m®, decreasing 9.0%, which is in small scale; with the
temperature unchanged by the rainfall increasing 20%, the runoff increases 2651.9 ten
thousand m?, increasing 27.4%, which is in large scale.

Runoff simulation under the condition with the rainfall unchanged but the
temperature changed is as shown in Fig. 2 and the runoff simulation under the condition
with the temperature unchanged but the rainfall changed is as shown in Fig. 3.

1300 ——T —B-TiC —A—T42C

Runoff (Ten thousandm?)
[0.e]
-
e

Date(Month)

Figure 2. Comparison between runoff volumes in climate scenes with the rainfall unchanged
but the temperature changed

——PX (1-20%) -—=—PX (1-10%) —4—P PX (1+10%) —*—PX (1+20%)
1800
1600 -
1400 -
1200
1000
800 |-
600
400
200

Runoff (Ten thousand m3)

Date(Month)

Figure 3. Comparison between runoff volumes in climate scenes with the temperature

It could be seen from Fig. 2 with the rainfall unchanged, the runoft volumes show
decreasing tendency. When the temperature rises, the evaporation amount would also
increase so that the runoff decreases. It could be seen from Fig. 3 with the temperature
unchanged, the monthly runoff volumes and the rainfall changes have the same
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tendency, which begins to increase in spring and increases the most in summer;
however, it decreases gradually in autumn but with the smallest increase in winter.

Conclusion

Distributed hydrological model SWAT coupled with GIS is used in this study to
simulate the yearly and monthly runoff volumes under 15 different climate changes,
with the aim to explore the influences of climate changes to runoff. The results show
that the runoff volume in the basin has negative correlation with the temperature but in
positive correlation with the rainfall, and that the changes of temperature has greater
influences on the changes of rainfall but has little influences on the runoff. Its prediction
of climate warming in the future has high credibility but the prediction of rainfall
increase in the future is of certain degree of uncertainty; however, the influence of
rainfall on runoff volume is more significant than that of temperature. Generally, it
could provide some scientific basis for management and utilization of river basin water
resources.
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