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Preface

With the increasing concern of global environmental and ecological degradation,
there has been an urgent need to investigate the related water cycle changes. De-
signed for both academic and business sectors, this book examines the major issues
in water resources research in Northwest China, approximately one fourth of the
nation’s entire land area and one of the world’s largest arid regions. The arid region
of Northwest China is characterized by its extremely vulnerable water resources
and associated ecological environment. The large alpine snow and ice cover has
contributed to the development of numerous inland streams, forming a unique land-
scape characterized by mountain-oasis-desert ecosystems. Water, largely originated
from the mountain areas, has been a most critical factor to drive the energy and
mass circulation in this region, which responds sensitively to the global climate
change. This book focuses on some possible impacts of climate change on hydrol-
ogy and water resources in the arid region of Northwest China. The contributing
authors for this book include Yaning Chen, Weihong Li, Zongxue Xu, Zhongqin Li,
Jianhua Xu, Xianwei Wang, Yanjun Shen, Zhi Li and Huaijun Wang, all of whom
are active researchers in water resources research in arid and cold environments.

This book comprises 11 chapters discussing various aspects in water resources
research. Specifically, the book begins with an introductory chapter (Chap. 1) dis-
cussing the physical geography and socioeconomic aspects in Northwest China.
Chaps. 2-7 discuss the climate system and hydrologic system changes, some im-
plications of these changes in relation to potential evapotranspiration, the hydro-
logical cycle, and the spatiotemporal variations of the snow cover and glaciers
through remote sensing, geographic information systems, and statistical analysis.
Chaps. 8 and 9 focus on the model description and experimental design to interpret
the hydro-climatic process, emphasizing the integration of water, climate, and land
ecosystems through field observations and computer-based simulations. Chaps. 10
examines some extreme hydrological events and presents a study using the histori-
cal trend method to investigate the spatial and temporal variability of changing tem-
perature and precipitation extremes in the hyper-arid region of Northwest China.
And the Chap. 11 of this book discusses some possible strategies for sustainable
watershed management. We believe that the lessons from this study area can be
useful for other arid areas in the world.
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The research reported in this book has been supported by the National Basic
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Chapter 1
Exordium

Yaning Chen

Abstract The arid region of Northwest China is characterized by its extremely
vulnerable water resources and associated ecological environment. Water is
a critical factor to drive the energy and mass circulation in this region, which
responds sensitively to the global climate change. The contradictions between
ecology and industrial, agricultural production are very conspicuous in arid
region. This chapter discusses the physical geography, climatic characteristics and
socioeconomic aspects in Northwest China, the main aspects are as follows: (1)
By a waving geomorphic land surface with inter-spacing mountains and depressed
basins, the typical landscape comprised vertically with mountain—oasis—desert
ecosystems. (2) Situated far from the sea, the relatively secluded Northwest region
has a typical continental climate marked by scarce precipitation, high evaporation,
wide temperature fluctuations and strong winds. (3) The multicultural population
is mainly distributed in the oases, where oasis agriculture is the mainstay. The
ecosystems are extremely fragile due mainly to the internal factors of ecological
processes and the interference of human activities.

Keywords Northwest China + Landform features + Socio-economic characteristics *
Population composition + Ecological degradation

1.1 Natural Geography

The arid region of Northwest China is located in the hinterland of the Eurasian
continent, spanning an area from 35° to 50° N and 73° to 106° E. It lies west of
the Helan and Wushao Mountains, north of the Kunlun Mountains, and includes
the Tarim River Basin, the Qaidam Basin, the Badan Jaran Desert and the Tengger
Desert. Geopolitically, the area incorporates the Xinjiang Uyghur Autonomous

Y. Chen (2X)

State Key Laboratory of Desert and Oasis Ecology,
Xinjiang Institute of Ecology and Geography,

Chinese Academy of Sciences, No. 818 South Beijing Road,
Urumgqi 830011 Xinjiang, China

e-mail: chenyn@ms.xjb.ac.cn

Y. Chen (ed.), Water Resources Research in Northwest China, 1
DOI 10.1007/978-94-017-8017-9 1, © Springer Science+Business Media Dordrecht 2014



2 Y. Chen

S0°E 90°E 100°E

45°N

35N 4 Meteorological station

% 1,000-1 500
® Prefecture city 1.500.2 000
=~ River 2004000
0 250 500 1,000 km s 514
L L T W ®& Arable land 5,000
v v v
SO°E WE 100°E

Fig. 1.1 The geomorphologic setting and zoning of the arid region in Northwestern China

Region (Xinjiang for short), the Hexi Corridor in Gansu Province, and the west-
ern portion of the Helan Mountains in Inner Mongolia. The land mass comprises
approximately 2.5 million km? and accounts for one quarter of the total land area of
China (Fig. 1.1). It is a major component of the arid region of Central Asia and also
the typical region of desert in the world.

The Northwest arid area is bounded to the south by the Kunlun Mountains and
and Qilian Mountains, north by the Altai Mountains (Fig. 1.1). These ranges, together
with the Tibetan Plateau, effectively block the Indian Ocean moisture from reaching
the Northwest. Likewise, the Altai Mountain to the north prevents moisture from the
Arctic Ocean from reaching the area.

Xinjiang is divided by the Tianshan Mountains into two parts: north and south.
Conventionally, the area south of the Tianshan Mountains is called South Xinjiang
and the area to the north is called North Xinjiang. To the east, the Helan Mountains
block the moisture from the eastern monsoons. The area north of Qilian Mountain
and west of the Helan Mountains are known as the Hexi Corridor.

Northwest China arid zone has diverse and extreme terrain. Its typical topography
and geomorphology patterns include towering glaciers, widespread deserts (e.g.,
the Gobi), vast grasslands, sporadic oases, and numerous mountains and basins.
The Tarim River Basin, which is China’s largest, spans an area of approximately
530,000 m?. Additionally, China’s largest (and the world’s second-largest) mobile
desert, the Taklimakan Desert, is in the central portion of the basin. The Turpan
Basin, in eastern Xinjiang, has an elevation of — 145 m, making it the lowest natural
point in the country. The Tarim River and the Heihe River are, respectively, China’s
longest and second longest inland rivers.
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As well as being diverse and made up of extremes, the Northwest arid area is a
secluded inland region featuring a continental climate. Being very dry, the region
tends to evaporate all precipitation it does receive, the average annual precipitation
being only 130 mm (Chen et al. 2009). Because precipitation in the plains area does
not produce surface runoff, this is one of the most severely arid areas in the world.
The ecological environment is fragile and unstable, and species are extremely poor.
Moreover, as the area is situated far from the sea, moisture is unable to reach it (Li
2012). Instead, precipitation mainly occurs in the Yili River Valley (an area strongly
influenced by westerlies), north of the Altai Mountains (which is influenced by Arctic
Ocean water vapor), or at the edge of the Hexi Corridor region. The highest precipi-
tation levels (up to 800 mm) occur in the eastern mountains of the Yili Valley (Park
etal. 2010; Wu et al. 2010; Ye et al. 2000; Yuan et al. 2003; Zhong et al. 2007, 2010).

In light of the area’s large geographical span and unique landscape pattern, pre-
cipitation and water resources are unevenly distributed (Chen et al. 2009). Some
oases with agricultural production activities have annual precipitation of less than
50 mm, with potential evaporation of up to 2,500 or 3,000 mm, which is 50-60
times the average precipitation. Clearly, the arid region of Northwest China can
easily be described as one of the world’s most arid regions.

The snow and glaciers coating the Northwest mountains give birth to more than
600 rivers. Other than for the Irtysh River in northern Xinjiang (which is part of the
Arctic Ocean water system), all are inland rivers. Due to scant river runoff and closed
terrain conditions, no tributaries pour into the main stream and the waters flow main-
ly through deserts until finally evaporating. The major rivers in this area are the
Tarim River, the Yili River, the Irtysh River, the Heihe River, and the Shiyang River.

The Yili River originates in the Tianshan Mountains and is fed by high levels of
precipitation due to the effect of the prevailing westerlies. The annual runoff of the
Yili is 17 billion m?, making it the largest in the region (Ye et al. 1996). The Tarim
River Basin is composed of the Aksu River, the Hotan River, the Yarkand River
and the Kaidu-Kongque River. Measuring 2,179 km in length, the Tarim River is
China’s longest inland river, and flows from west to east through the northern basin.
All of these rivers, along with numerous streams, are products of glacier snowmelt
water. They wind through the arid region’s oases and serve as the main source of
irrigation water for local farmland.

The Northwest features a large diurnal temperature range with adequate heat
and light sources, making it suitable for thermophilic plants and crops. However,
because of the large geographic span from north to south and the uneven spatial dis-
tribution of heat resources, there are significant differences in the cropping systems
and crop varieties. In southern Xinjiang, and where heat resources permit, cotton
is grown and there are both summer and winter wheat crops. In contrast, the cooler
climes of northern Xinjiang and the Hexi Corridor yield only one annual growing
season, the main crops being wheat and spring corn. The uneven spatial distribution
of heat resources directly impacts inter-regional differences in crop growth periods.

Currently, Northwest China is the main gathering point for ethnic minorities.
Despite harboring a vast and rich supply of minerals, oil, gas and other natural
resources, the area remains underdeveloped but is slated to become an important
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resource replacement for China in the twenty-first century. Indeed, with the focus
of national economic construction moving ever westward, the arid zone has be-
come the fulcrum for China’s economic growth. However, the resources presently
in place to support the development of the ecological environment are inadequate,
and the conflict of water utilization is very conspicuous. How to achieve sustainable
use of resources in the Northwest, along with ecologically sustainable management
and sustainable economic and social development, has become the focus of atten-
tion of all levels of government as well as the affected communities.

1.1.1 Landform Features

As outlined above, the arid area of Northwest China is a vast territory of complex
topography that includes mountains, plateaus, deserts and basins, with mountain
runoff supplying most of the water resources. From a macroeconomic viewpoint,
the region is mainly composed of large basins (the Tarim, Junggar and Turpan-
Hami Basins and the Hexi Corridor) and continuous mountain ranges (the Tianshan,
Karakoram, Kunlun, Qilian and Altai Mountains).

1.1.1.1 Terrain

Generally speaking, the terrain in the Northwest arid zone is high in the west and
low in the east. In the mountainous western area, which features the Qilian, Kunlun,
Tianshan and Altai Mountains, some peaks reach as high as 7,000 m. The foot of the
Qilian Mountain is connected to the Alashan Plateau and the Hexi Corridor, the lat-
ter which forms part of the depression zone at the edge of the Qilian Mountains and
is about 1,000 km long. The piedmont sloping plains, composed of numerous allu-
vial fans of the Qilian Mountains. These plains, situated among the Heli Hill and the
Longshou and Qilian Mountains, are between 1,000 and 1,500 m above sea level.

Being located west of the Yellow River, the Hexi Corridor terrain tilts from
southeast to northwest and is an important road leading to the Western Regions
from eastern China. Historically, the famous ancient “Silk Road” passed through
there and it is still the main road connecting eastern China with Xinjiang. Although
the annual precipitation is less than 200 mm, the abundant snowmelt from the Qil-
ian Mountains enables irrigation, thereby creating the mainstay agricultural base of
the Northwest territories (Zhao et al. 1995).

The Alashan region is high and flat. It belongs to the temperate dry desert region,
which is 1,000—1,500 m above sea level. In winter, this area is strongly influenced
by high pressure centered on Mongolia, and so the climate is more arid than in the
Junggar Basin. However, in summer, the southeast is impacted by Pacific mon-
soons, bringing sudden and thunderous showers. Annual precipitation in the region
hovers around 200 mm, while the lower reaches of the Heihe River receive only
about 50 mm. The main desert vegetation is made up of extremely sparse shrubs and
semi-shrub desert (Zhao et al. 1995).
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1.1.1.2 Mountains

The Northwest has an abundance of mountains, including the Kunlun Mountains,
the Tianshan Mountains, the Altai Mountains, the Altun Mountains, the Qilian
Mountain and Helan Mountain. The Karakorum and Kunlun Mountains form part
of the “roof of the world”, with multiple peaks higher than 6,000 m. Chogori, at
8,011 m, is ranked as the second highest peak in the world.

The Tianshan Mountains are the largest mountain range in Central Asia, span-
ning a total length of 2,500 km from Kyrgyzstan in the west to Hami in Xinjiang in
the east. After forming as a Mesozoic and Cenozoic denudation plain, the Tianshan
Mountains emerged as the late Paleozoic fold from a strong fault block uplift in the
Himalayan movement, followed by a more recent period of tectonic movement. The
Xinjiang portion of the Tianshan Mountains is about 1,700 km long, with a width
of 250-300 km and an average elevation of 5,000 m. This portion of the Tianshan
Mountains includes the highest peaks in the range—Tuomuer (7,435 m) and Khan
Tengri (6,995 m)—and is composed of a complex series of mountains and basins.
According to Yamagata, the Tianshan Mountains divide into the North Tianshan
Mountains, South Tianshan mountains and valleys. The Barkol basin, the Yiwu
Basins, the Yule Meadows Basin, the Yanqi Basin, the Turpan-Hami Basin, and the
transit Shanxi end of the famous Yili Valley are all located within the confines of
this mountain range.

As well as spanning countries and regions, the Tianshan Mountains range across
numerous biological and climatic zones. In the north is the desert climate; in the
south, is warmer desert climate while to the west, the Yili Valley belongs to the tem-
perate desert steppe. Due to the different zones of hydrothermal conditions reflected
in the vertical belt system, different aspects of soil and vegetation vertical structure
are likewise significantly different.

The Altai Mountains, which form the northern boundary of Xinjiang, share a
200-kilometer-long border with Mongolia and Russia. The northwest/southeast-ori-
ented mountains have an average elevation of 3,000 m (the highest peak, friendship
Peak, tops out at 4,374 m) and a width of 200-350 km. The climate is arid desert
and semi-arid desert, the natural landscape is mainly forest and grassland, and the
precipitation ranges from 200 to 600 mm, depending on altitude. The runoff of Altai
Mountains, which develops into the Irtysh and Ulungur Rivers, roughly follows a
south or south-westerly direction into the hills and plains.

The Kunlun Mountains, located to the east of the Pamir Plateau, are part of the
Qinghai-Tibet Plateau. The mountains in this range cover a length of 2,500 km,
are 100-250 km wide, and have an average altitude of 6,000 m, although some
mountains are higher than 7,000 m. For instance, the elevation of the Gongel and
Qiongmuzitag peaks is 7,719 and 7,546 m, respectively. These mountains are the
most arid in central Asia, with vegetation less rich than in a desert landscape.

The Altun and Qilian Mountains, located on the Gansu and Qinghai border,
are each around 4,000 m high. Altun is located in the eastern section of the Aer
Mountains, in the northern margin of the northern Tibetan Plateau, which forms the
north-south boundary between the Qaidam Basin and Tarim River Basin, cast-west.
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The Qilian Mountains and the Kunlun Mountains are connected to the two moun-
tain ranges. From east to west, the mountains span 730 km, while their width, north
to south, ranges from 60 to 100 km. Compared to the Kunlun Mountains, the Al-
tun experiences more droughts due to lower precipitation levels. Additionally, the
mountain’s glaciers are thin and its rivers shallow. Indeed, the whole edifice is al-
most completely enveloped by a desert climate and is unofficially the world’s most
arid mountain. Few plants grow below the 3,400 m altitude mark, only sparse veg-
etation and poor quality mountain pasture suitable for grazing goats, shag sheep and
other livestock (Zhao et al. 1995).

The Qilian Mountains are located between the Hexi Corridor and the Qaidam
Basin, running west from the Dangjin mouth and connecting to the Altun phase,
east of the Gansu provincial boundaries. With a length of about 850 km and widths
ranging from 200 to 300 km, the Qilians are a fold-block formation and consist of
a series of NWW-ESE-aligned mountains hovering over a valley basin. The Qilians
are high in the northwest and low in the southeast, with the vast majority of the
mountains being 3,500-5,000 m above sea level. The highest peak is Unity, with an
elevation of 5,826.8 m.

The Qilian Mountains are glacial landforms, rich in grassland. Their forest zonal
distribution gave birth to the three mighty inland river systems of Heihe River,
Shule River and Shiyang River. The main basins are the Sahara Lake Basin and the
Qinghai Lake Basin, Heihe, while the main rivers are the Mustang River, the Shule
River, the Dang River, and the Harteng River. Due to their alpine climate, the Qilian
barely reach an average annual temperature of 0 °C. Precipitation, mainly from the
southeast monsoons, is high in the southeast, lowest in the northwest, and increases
with altitude. This region is dominated by the S. krylovii breviflora, a cold Artemisia
mountain grassland-based dominant species, and cold temperate coniferous forests
blanket the eastern elevations from 2,500 to 3,300 m (Zhao et al. 1995).

The Helan Mountains are at the junction of the Ningxia Hui Autonomous Region
and the Inner Mongolia Autonomous Region. With an average altitude of 2,000—
3,000 m, the range also boasts a 3,556 m peak (Aobaoyida). Vegetation in this
mountain range grows along vertical bands such as alpine shrub meadow, decidu-
ous broad-leaved forest, mixed forest, the Qinghai spruce forest, the oil pine forest,
mountain steppe type, and so on. The Helans form the dividing line between the
temperate desert and temperate desert steppe and are the watershed of the North-
west area of influx and outflow regions. Towering terrain and good vegetation play
an important role in the affluent Yinchuan Plain’s ecological environment protec-
tion.

1.1.1.3 Basins

As the above overview attests, Northwestern China is vast in territory and wide-
ranging in geological scope, and mountains, basins, rivers, plains and oases alternate
in distribution. Below, three major basins (the Tarim, the Junggar, and the Qaidam)
will be described and their importance delineated.
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The Tarim River Basin in southern Xinjiang is China’s largest inland basin. It
is located between the Tianshan, Kunlun, and Altun mountains and has a length
of 1,400 km from east to west, a north-south width of 550 km, and an area of
53 x10* km?. The Tarim River Basin is flanked to the south by the Kunlun, Kara-
korum, and Altun Mountains, to the east by the Kitayama hills and Kumtag, to the
north by the Tianshan Mountains, and to the west by the Pamirs and Kunlun Moun-
tains. Due to the depths of the hinterland and the barriers formed by the Tianshans
and Kunluns blocking the entry of moist Indian Ocean and Pacific air, the climate
is extremely arid. There is little precipitation and only sparse vegetation, which is
not surprising that China’s largest desert, the Taklimakan (which is also the world’s
second largest mobile desert), also finds its home base in this region. The Takli-
makan Desert features rolling and shifting sand dunes measuring 70-80 to 250 m
in height and little to no vegetation.

In contrast, ringing the edges of the basin and nurtured by mountain snowmelt
water, are numerous fertile oases known collectively as the “Silk Road”. These oa-
ses serve as the main point of contact for the region, both internally and externally,
and as the focal point of the area’s economic and social development. For instance,
there is the southern Xinjiang and Hetian oasis, the oasis of Yarkand, the Kashgar
oasis, the Aksu oasis, and the Korla oasis.

The Junggar Basin, located between the Tianshan and Altai Mountains, is Chi-
na’s second-largest basin, with a length of 850 km from east to west, a widest point
of 380 km from north to south, and an area of 38 x10* km?. The contour of the
basin is roughly an equilateral triangle, and the elevation is high in the east and low
in the west. The Altai gives birth to the Urumqi River and the Tianshan feeds the
Manas and Kuitun Rivers, all of which flow into the Junggar Basin. On the western
margin, water pools into Aibi Lake, Manas Lake, and so on. However, due to the
large number of irrigation projects and decreasing water resources, Manas Lake has
recently dried up and Ebinur Lake area has been significantly reduced. The central
part of the basin features China’s second largest desert: the Gurbantungate Desert.
The southern margin of the basin is irrigated by the Tianshans’ snowmelt water and
consequently developed oasis-based agriculture and urbanization.

China’s third-largest basin, the Qaidam Basin, is located 2,600-3,100 m above
sea level. Its structure belongs to the Qaidam Depression in the East Kunlun fold
system around the basin, surrounded by the Kunlun, Altun, and Qilian Mountains.
The basin is about 700 km long, running in an east-west direction, and its north-
south width is 300 km, giving a total area of about 22 x 10* km?. The Qaidam Basin
has a cold dry climate (with underground permafrost) and scarce rainfall, but it
also has plenty of sunshine and thus abundant solar energy resources. Additionally,
aeolian landforms are widely developed there, and water is delivered via short riv-
ers and mountain snowmelt. As befits such an environment, vegetation is mainly
super-xerophytes shrubs and semi-shrub, suitable for camel grazing. However,
there are many lakes and salt marshes and abundantly rich deposits of ferrous and
non-ferrous metals, rare metals, and oil. Despite the arid and cold climate, the ba-
sin’s river- and lakesides provide fertile pasture land, so animal husbandry plays an
important role in the local economy.
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The Hexi Corridor, located between the Qilian Mountains and Beishan, is a nar-
row mountain basin. About 1,000 km and 50-60 km wide, the Corridor’s main
features are the Shule River, the Heihe River Basin, and the Shiyang River Basin.

From a landform perspective, Northwest China includes a wide array of
different types and sub-types, such as lacustrine landforms, fluvial landforms,
aeolian landforms, dry landforms, loess landforms, periglacial landforms, gla-
cial landforms, volcanic landforms and karst landforms. Fluvial, aeolian and dry
landforms comprise 24.65, 26.10 and 31.34 % of the landscape, respectively (Chen
2010). In the mountains, the exterior forces and surface composition of the material
form a unique topography of glacial, periglacial, sand, and loess (Zhao et al. 1995).
In the plains area, due to strong wind erosion, the formation of a number of different
types of aeolian landforms can be divided into aeolian landforms and wind erosion.
The former is carried by wind, and sandy material accumulates in the desert as a
typical representative (such as the Taklimakan Desert, the Gurbantunggut Desert,
Kumtag Badan Jaran Desert, Tengger Desert, and Ulan Buh).

1.1.2 Climatic Characteristics

Situated far from the sea, the relatively secluded Northwest region has a typical
continental climate marked by scarce precipitation, high evaporation, wide tempera-
ture fluctuations and strong winds. Other than for the high mountainous areas of
Yili Tacheng in the west, annual precipitation is less than 250 mm. Southeasterly,
southwesterly, westerly, and Arctic air flows are effectively barred from entering the
Northwest by the mountains. What little precipitation and moisture does make it past
these natural barriers is soon evaporated. Generally, precipitation decreases from
west to east, with the junction of Gansu and Xinjiang receiving the least. In the Tur-
pan Basin, the average rainfall is only 6.3 mm, with 1 year recording only 0.5 mm.

In addition to precipitation amounts, there is also a seasonal distribution ele-
ment in different regions within the arid zone. The Yili and Tacheng mainly receive
spring precipitation; the Hexi Corridor and eastern Xinjiang get 60 % of their annual
rainfall in summer; while in the Junggar and Tarim River Basins to the west, sum-
mer precipitation accounts for only about 40 % of the annual rainfall.

Temperature differences in the zone are also significant, both in annual range and
diurnally. The annual average temperature in the north is lower than that in the south,
and the mountainous regions are colder than the plains. The hottest temperatures can
be found in the Turpan Basin, where summertime daytime maximums can peak at
50°C.

Cloudy days are a rarity in the Northwest, which boasts China’s longest sunshine
hours (2,550-3,500 h annually). Solar radiation heat is 54.4x108-71.2x10% J/
(m?-a), making it a rich resource. This is not only beneficial for crop growth and
development, but also provides favorable conditions for the extensive use of solar
energy. In addition, because the ground is dry, less solar energy is expended for
evaporation (Zhao et al. 1995).



1 Exordium 9

Fig. 1.2 Annual precipitation contour map for the arid Northwest region

1.1.2.1 Precipitation Characteristics

Generally speaking, China’s precipitation decreases from the sea-fringed southeast
to the inland northwest. Hence, the Northwest arid area suffers a serious water
shortage, with annual precipitation often below 400 mm. In the region demar-
cated by Sunitezuoqi, Bailingmiao, Etuokeqi and Yanchi, annual precipitation
ranges between 300 and 400 mm. This is considered a semi-arid area that can be
farmed but production is very unstable and the potential for severe desertification
is high. Between this line and the Helan Mountains, annual rainfall reaches only
200-300 mm. Natural vegetation growths are mainly desert grassland and agricul-
ture must be irrigated. In the broad desert region to the west of the Helans, annual
rainfall is less than 200 mm, with inland basins such as the Qaidam and the Tarim
receiving less than 50 mm.

The mountains receive the highest levels of precipitation. Southeast of the north-
west region, the East and South Asian monsoons strongly influence precipitation,
with annual rainfall around 600 mm. In the western portion of the arid zone, Xinjiang
feels the affects of the prevailing westerlies, with annual rainfall averaging between
400 and 600 mm in the Tianshan Mountains, and up to 800 mm in the Pamirs
(Fig. 1.2). However, in low-lying areas like the Gobi Desert, the southern Xinjiang
Basin, the Qaidam Basin, the western end of the Hexi Corridor, and the Badan Jaran
Desert in western Inner Mongolia, annual precipitation hovers in the 50-200 mm
range, leading to the formation of extreme droughts (Fig. 1.2). Most of the water
resources of Northwest China come either from precipitation or mountain snowmelt.

Arid areas in China have a vertical distribution of annual precipitation. In gener-
al, precipitation increases with altitude, but usually just up to the tree line of moun-
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tains. In the western mountains of the Altai Mountains and Junggar Basin, most of
the annual precipitation falls as snow. From November to March, the snowfall in
these mountains averages 270 mm, accounting for 46% of the annual precipita-
tion, while the hilly areas receive 50 mm and the basin 30 mm, or 35 and 23 % of
their annual allotment, respectively. Then, come spring, when temperatures rise, the
snowmelts and recharged rivers bring the spring floods.

Xinjiang is located inland, far from sea. The surrounding mountains prevent the
maritime air stream from entering the inland basin, thus creating an extremely dry con-
tinental climate. Water vapor moving in from the west is therefore the main source of
precipitation in Xinjiang, whereas water vapor from the north accounts for only about
a quarter of the westerly flow, and its influence is confined to the Altai Mountains
vicinity. According to Xinjiang Meteorological Bureau estimates, water throughput is
11,540 x 108 m? in Xinjiang and the average precipitation from vapor is 2,400 x 103 m?,
accounting for 20.8 % of the total water vapor transportation. This is equivalent to an
average annual rainfall of 150 mm (Xinjiang hydrological Station 1985). In terms of
regional distribution, the Tarim River Basin accounts for 51-56% of the total water
vapor, the Junggar Basin accounts for 3643 %, and the mountains only for 6.5-8 %.
Regarding seasonal distribution, the summer receives the most precipitation, account-
ing for 42.7% of the annual rainfall, the winter gets the least (12.7 %), and spring and
autumn precipitation accounts for 24.4 and 20.2 % of the annual amounts, respectively.

Along with being scarce, precipitation in Xinjiang is very unevenly distributed.
For instance, more than half of the regions receive less than 100 mm annually, and
only one-sixth of the Xinjiang area (mainly the mountains) gets more than 300 mm.
Annual precipitation is most abundant (900—1,000 mm) in the forest farm region
upstream of the Yili River Valley and least (only 7.3 mm) in Tuokexun County in
the Turpan Basin.

Despite being uneven, the geographical distribution of precipitation in Xinjiang re-
veals a clear pattern. Specifically, northern Xinjiang receives more precipitation than
the southern regions, the west more than the east, and there is a general reduction from
the northwest to the southeast. The Tianshan mountain ridge forms the boundary:
North Xinjiang gets 255 mm annually, and the southern border 106 mm. In the plains,
the average annual precipitation of the northern Yili River Valley and Tacheng Basin
is 250-350 mm, the fringes of the Junggar Basin receive 150-200 mm, the abdomen
of the basin get 100—150 mm, the northern and western edge of the Tarim River Basin
in southern Xinjiang get 50—70 mm, the eastern and southern area receive more than
50 mm, and the Qiemo and Ruoqiang to the southeast area get only about 25 mm.

Here, again, a pattern emerges, in that precipitation is higher in the mountains
than the plains, with the leeward slopes getting more than the windward sides, and
the mountains overall receiving 2—3 times more rain and snowfall than the adjacent
plain areas. Average annual precipitation in the mountains is above 400 mm. The
maximum precipitation (more than 600 mm) occurs in the Altais; west of the Jung-
gar Basin and northwest of Baerluke have annual precipitation of around 500 mm,;
and precipitation in the Tianshans measures about 1,000 x 108 t, accounting for
more than 40% of the total amounts in Xinjiang. Differences in annual precipita-
tion even within a single region are exemplified in the following: the Tianshans up-
stream of the Yili River receive 600—800 mm; the middle of the mountains receives
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500-600 mm; the eastern portion of the mountains gets 400500 mm; and the
southern slopes receive between 300 and 500 mm.

Precipitation in Xinjiang also exhibits significant seasonal differences, with most
precipitation occurring during the summer months. The northern mountains receive
40-50% of their annual precipitation in the summer; the higher altitudes receive 60 %;
and the southern border mountains get 5070 %. Mountain precipitation is much less
in winter, with precipitation accounting for only about 5—15 % of annual amounts.

In contrast, the plain areas have more uniform precipitation distribution through-
out all four seasons, with spring or summer receiving slightly more. However, there
are some regional disparities. For instance, precipitation in the Junggar Basin is
mostly concentrated in the summer (50% of the annual rain and snowfall), with
winter receiving only about 10%. A similar pattern occurs in the southern Xinjiang
Turpan Basin, where summer rainfall is 50—70 % of the annual allotment and winter
brings less than 10 %.

The main moisture source for the Hexi Corridor is moist air flowing in from the
Pacific and Indian Oceans. Hexi Corridor’s distribution of annual precipitation is
contrary to Xinjiang’s in that it decreases from east to west. During the height of the
summer, masses of warm moist air drift in from the Indian Ocean to blanket the Qin-
ghai-Tibet Plateau east of the Hexi Corridor. Circulation then occurs due to thermal
low pressure. In the Shule region, high pressure brings little precipitation, whereas
in the Zhangye Qilian Mountains, the low pressure northern airflow clashes with the
Qinghai-Tibet Plateau, leading to higher levels of rainfall in Shiyang and the Heihe
River Basin at the junction and the Mongolian Gazelle and Zamu Rivers. In the west-
ern areas of this region, westerly circulation of Atlantic water vapor results in Shule
River Basin precipitation during the year in the Hexi Corridor, although the eastern
areas fare significantly differently. To the west, the precipitation is concentrated from
May to August, while to the east, rainfall is heaviest from June to September.

Annual precipitation within the mountainous region of the Hexi Corridor has
three high-value centers: the Mongolian Gazelle Lenglongling River, the Heihe
Daejeo Ma River, and the Lai River. In the eastern Shiyang River Basin, precipita-
tion can top out at 600 mm or more, while the western portions receive only about
200 mm. In the piedmont, annual precipitation is 80-160 mm, decreasing from
south to north and from east to west, Wuwei gets about 162 mm, Zhangye about
128 mm, Jiuquan about 86 mm, and Dunhuang around 45 mm.

Annual precipitation in the Hexi Corridor occurs mostly in the warm seasons.
The western portions, in spring, receive between 10-20 mm, while the central and
eastern parts get around 30 mm. In summer, the northwest gets generally less than
50 mm, while the central and eastern portions receive between 50 and 150 mm. In
autumn, the western Hexi Corridor gets between 3—15 mm and the central and east-
ern areas between 15-40 mm.

The Qaidam Basin gains precipitation from the Bay of Bengal’s tropical south-
west monsoon moisture, which flows northward from east to west, thereby signifi-
cantly decreasing the precipitation trend from east to west. The precipitation en-
gendered by the moist air flow also has a great impact on river runoff recharge and
river hydrological regimes. Nonetheless, the eastern part of the basin (e.g., Zelin
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ditch, Xiangride) features an annual rainfall of only around 200 mm or more, and
the northwest less than 20 mm.

1.1.2.2 Temperature Characteristics

Temperatures in the Northwest arid area are characterized by hot summers, cold
winters, and large diurnal differences. In winter, the main factor affecting the cli-
mate in Xinjiang is cold air streaming down from Siberia. Urumgqi averages about
20° below zero in winter, although it has been known to dip into the —40 °C range
or even lower. For instance, on twenty-first February, 1960, Fuyun county reached
—51.5°C, which is the coldest temperature recorded in the region.

In summer, the southern regions of Xinjiang are hotter than the northern areas.
The Turpan Basin generally records the highest temperatures, averaging about 40 °C
in July °C, with extremes occasionally nearing 50 °C. In many parts of Xinjiang, the
diurnal temperature range is between 20 and 25°C. In the arid desert portions of
Turpan, the maximum diurnal temperature range is 50 °C. However, in Ruoqgiang
county along the south of the Taklimakan Desert, the annual average daily tem-
perature is poor to 16.2°C, and the maximum diurnal temperature range is around
27.8 °C. However, such stark changes between daytime and nighttime temperatures
are conducive to the accumulation of carbohydrates of fruits.

The Hexi Corridor has a warm arid continental climate. In January, the average
temperature, from the northwest to the southeast, is — 10 to —2 °C, respectively, and
the average temperature in July is 23 °C. Regarding seasonal temperature varia-
tions, Mongolia in the winter experiences cold high pressure control, leading to
temperatures of —11 to —7°C, with extreme minimums dipping to —32 to —27°C.
In spring, due to variations in solar radiation, the cold and warm air masses boost
the daily temperature readings in the Hexi Corridor to between 6 and 12°C. In
summer, daily temperatures fluctuate between hot days and cool nights, while in
autumn, as the solar radiation gradually weakens, the cold air forces rapid cooling.
In the Hexi Corridor in fall, temperatures generally range from 5 to 9 °C.

The Qaidam Basin experiences a typical alpine continental desert climate: cold,
dry, plenty of sunshine, intense solar radiation, and gusty wind. The average tem-
perature in the Basin in January is —9.8-13.9°C, and in July 13.6-19.2°C. The an-
nual temperature range in Basin is 25.2-30°C.

1.1.2.3 Light, Heat and Wind

The Northwest arid area is rich in solar energy resources. In Xinjiang, the annual
average number of sunshine hours is 2,500-3,550, which is the highest in China,
and the eastern portion of the arid zone receives more sunlight than the western por-
tion. For instance, the annual average sunshine time in the east is more than 3,100 h,
and this decreases as one moves from the basins to the mountains. However, not all
mountains receive less sunshine than the plains. The southwest slope of the Altai
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Mountains, along with the southern and northern slopes of the Tianshan Mountains
and the western Junggar Basin, decrease sunshine hours with increasing altitude,
but in the Pamir Mountains, the annual average sunshine hours actually increases
the higher one goes.

In the growing season (April-September), in the plains of the northern and east-
ern Xinjiang oases, there are 1,700 h of sunshine, while in southern Xinjiang there
is less. The highest tally of sunshine hours occurs in July, with more than 300 h, and
the fewest (82-204 h) happen in December in the northeast of South Xinjiang and
North Xinjiang. Meanwhile, in the southwest of South Xinjiang and East Xinjiang
in January, there are about 174-212 sunshine hours.

Xinjiang not only has plenty of sunshine hours, it also receives large amounts of so-
lar radiation, ranking it second in the country after the Qinghai-Tibet Plateau. Accord-
ing to recent estimates, the solar radiation beamed onto Xinjiang for 1 year is 100 times
the total energy generated by the world in 1980. However, different parts of Xinjiang
receive different amounts of solar radiation. Overall, the total amount of radiation in
Xinjiang reduces as the latitude increases. The highest total radiation is in Hami, and
the lowest occurs in Wusu, Jinghe and Karamay in North Xinjiang. This is attributed
to the sandy soil of the desert. In the southwestern corner of the Tarim River Basin,
due to constant dust storms, the global solar radiation is less than it could be otherwise.

Seasonally, solar radiation varies according to numerous factors. In winter (De-
cember—February), the minimum amount of total solar radiation is 520-890 MJ/
(m?- quarter), accounting for 10-16%. In spring (March-May), solar radiation
is 1,490-1,930 MJ/(m? - quarter), accounting for 28-33%. In summer (June—Au-
gust), the largest solar radiation is 1,800-2,200 MJ/(m? - quarter), accounting for
32-39.6 %, while in autumn (September to November), the solar radiation ranges
from 900 to 1,450 MJ/(m? - quarter), accounting for 18.0-23.5% of the total annual
amount of radiation. Solar radiation can be absorbed by plants, which is called
photosynthetically active radiation. Currently, there is no observed data for photo-
synthetically active radiation in meteorological stations in Xinjiang. The calculated
active radiation measures from 2,400 to 3,100 MJ/(m?- a); in southern and east-
ern Xinjiang, from 2,800 to 3,100 MJ/(m? - a); and in North Xinjiang, from 2,400
to 2,600 MJ/(m? - a). In the Hexi Corridor, the total annual solar radiation is from
5,800t to 6,400 MJ/(m? - a) and 5,800-6,200 MJ/(m? - a), with annual sunshine hours
numbering 2,200-3,030 h, giving a frost-free period of around 85-165 days.

The annual average number of sunshine hours in the Qaidam Basin is generally
3,100, although in the western portion it can reach 3,200-3,500 h (the highest number
ever recorded being 3,532.3 h). The percentage of sunshine in the basins is more than
70 %, resulting in solar radiation and sunshine amounts that are second only to Tibet.

Due to low levels of precipitation, large diurnal temperature fluctuations and
sparse vegetation, the Northwest arid zone often experiences extremely windy
weather, especially in spring. In northwestern Turpan, along the Lan-Xin Railway
and 13 Rooms in Hami, strong winds blow up to 100 days a year, while in Karamay,
the wind gusts on average for 75 days. The wind can be so extreme at times that it
disrupts railway transportation and oil production. However, if the strength of such
winds could be converted to heat and electrical energy, it would be of great benefit.
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Based on the current world level of technology, the seven windiest areas in Xinjiang
could generate 7.1 million W of power, which is equivalent to four times the gener-
ating capacity of Xinjiang in 1978.

Strong winds also dominate the Hexi Corridor region in the summer monsoon
season. Due to the uplift of the Qinghai-Tibet Plateau, a downdraft airflow is formed
in the Corridor, where strong winds near the cold front are exacerbated by the nar-
row and flat terrain. The annual maximum wind speed is generally 14-28 m/s, al-
though in the Corridor’s northwest, it is 25-28 m/s.

As wind energy is virtually inexhaustible and has almost no environmental pol-
lution, it is worthwhile to develop and utilize. However, the potential for dust storms
that wind farms might create should also be taken into consideration.

1.1.2.4 Evaporation Characteristics

The mountains in arid region of the Northwest have high precipitation levels and
little evaporation capacity, while in the plains there is low precipitation and high
evaporation. Using this perspective, the evaporation of the land surface has a verti-
cal zonal pattern.

Evaporation is generally low in northern Xinjiang and high in southern Xinjiang.
Likewise, it is generally low in the west and high in the east; low in the mountains and
high in the basin; and low at the center of the basins and higher at the basins’ edge.
The annual evaporation in northern Xinjiang measures between 1,300 and 2,300 mm;
in the Yili River Valley, 1,200 and 1,600 mm; in Karamay, Bole and Alashankou,
more than 3,400 mm; in south Xinjiang, 2,000-3,000 mm; and in Turpan and Hami,
3,000—4,000 mm. Qijiaojing and Balikun in Hami experience the largest evaporation
in the Xinjiang area, with an annual evaporation of between 4,000 and 4,500 mm.
In the mountains, evaporation usually measures below 1,500 mm in the north and
below 2,000 mm in the south. In spring and summer, evaporation rates are highest
from April to August, accounting for more than 70 % of annual evaporation.

As the temperature increases sharply in spring, drought results when high evapo-
ration rates do not kept pace with irrigation. In winter, however, the low tempera-
tures, low solar radiation, low wind speeds and high relative humidity cause the least
amount of evaporation. In terms of months, the lowest levels of evaporation occur in
January and the maximum evaporation happens in July (or in June in windy areas).

1.1.3 Rivers and Lakes

Water is important not only for maintaining the ecological balance of the natural
environment in the Northwest, but also for enabling socio-economic development.
As outlined in previous sections, China’s arid Northwest zone has unique natural
and geographical conditions that render it susceptible to extreme dryness and even
drought. Although there are various types of rivers and lakes, their water amounts
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are small, and they are mostly seasonal bodies of water supplied primarily by ice-
and snowmelts from the mountains and from forest precipitation recharge. Precipi-
tation is generally so low in the plains areas that there is little to no runoff.

Moreover, most of the rivers originate in the surrounding mountains and con-
verge inside the basins, constituting a radial river system. These rivers rely mainly
on glacial meltwater for their existence and usually have a short flow length. Ac-
cording to recent statistics, the number of inland rivers in Northwest China is 676 in
total, which breaks down to 570 rivers in Xinjiang, 55 in the Hexi Corridor, and 51
in the Qaidam Basin. Due to snow and ice-melt water regulation, interannual river
runoff in the Northwest changes little, but river water is mainly concentrated in the
summer. Hence, summer accounts for more than 60 % of the full year’s runoff. Gla-
ciers and snow cover provide a unique form of water resources in the arid region,
covering an area of approximately 3.24 x 10* km? (Zhang 2002; Zhao et al. 1995).

In addition to seasonal rivers, the region has many seasonal inland lakes. How-
ever, due to generally low runoff and little groundwater, the lakes are subject to
strong evaporation and often devolve to lagoons or salt lakes.

Water resources in the Northwest mainly come from mountain snowmelt water
and mountain forest precipitation. The Altai Mountains, Kunlun Mountains, Tian-
shan Mountains and Qilian Mountains, along with other high mountains in the area,
are blessed with abundant rain and snow. This results in mountain glaciers and per-
manent snow cover, which plays a regulatory role in surface runoff and the forma-
tion of inland rivers, of which there are about 676 (Qin 2002). The largest of these
are the Irtysh River, the Manas River, the Kuitun River, and the Urumgqi River in
northern Xinjiang; the Yarkand River, the Aksu River, the Hotan River, the Kaidu-
Kongque River, and the Tarim River (four sources and one mainstream) in southern
Xinjiang (Chen 2010). The Hexi Corridor also has sizeable rivers such as the Heihe
River, the Shule River and the Shiyang River. The mountains and inland basins in
these regions have a topographic distribution pattern, which makes the rivers origi-
nate in the mountainous areas and flow together to form a larger river at the heart
of the basin. This feature aids the survival and development of oases. However, the
surface water and groundwater relationship is complex. In this particular arid zone’s
water cycle, the seepage of the surface water into subterranean chambers accounts
for 60—-87 % of the groundwater recharge (Tang 1995). The cycle of water resource
determines the characteristics of the inland river basins with regards to the surface
runoff and groundwater resources. These are likewise closely linked not only to
ecological balance but economic development.

1.1.3.1 The Tarim River

The Tarim River contains the Hotan, Yarkand, Aksu, Kaidu-Kongque, Kashgar,
Cherchen, Dina, Weigan, Kuche, and Keriya Rivers. These are the nine major river
systems of the 144 rivers in the area. Currently, only the Aksu, Hotan, Yarkand
and Kaidu-Kongquehe Rivers have surface water contacts with the Tarim River
(Chen 2010). From the Yarkand Laskaimu River to Taitema Lake, the total length of
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the Tarim River is 2,437 km. The confluence of the three major tributaries—Xiao-
jake—marks the beginning of the river’s main stream.

The Tarim is a typical braided river, forming a north-south alluvial plain with a
width of more than 100 km. By river erosion and stacking interactions, the riverbed
is very unstable and the river swing strong. In the 1950s, Taitema Lake was the
Tarim’s tail lake. However, when the Daxihaizi reservoir was built in 1972, it re-
placed the Taitema Lake as the end of the Tarim River, leaving 266 km of the Yingsu
dry. In order to protect and improve the ecological environment and the cross-strait
green corridor of the lower reaches of the Tarim River, the Daxihaizi Reservoir
began to deliver water downstream of the Tarim River in 2000.

The Aksu River includes two major tributaries. The first of these is the Kumal-
ake River (also known as the Kunmalik River), which originates in the Kyrgyzstan
Tianshan glacier. The other tributary, the Tuoshigan River, has its source at the bor-
der of China and Kyrgyzstan in the southern Tianshan Mountains. These two rivers
flow together in Wensu County, forming the Aksu. From this point of confluence
in Wensu to the Tarim River, the Aksu measures 130 km in length and is the source
of the Tarim River. During the summer flood season, the Hotan and Yarkand Rivers
also flow into the Tarim River.

The Hotan River, formerly known as the Khotan, runs in the southwestern Tarim
River Basin. It is the largest river in the northern slope of the Kunlun Mountains.
The headstream, Yurungkax, comes from the northern foot of the Kunlun Moun-
tains, while the smaller headstream, the Karakax River, descends from the Kara-
koram Mountains. Where the Yurungkax and the Karakax converge, the Hotan
River begins. The Hotan is divided into two tributaries. The eastern branch of the
old Hotan River downstream has completely dried up, but the western branch of the
new Hotan River runs for 806 km through the Taklimakan Desert, in the vicinity
of the upstream reservoir and the Aksu and Yarkand River confluence, where the
Tarim River begins.

The Yarkand River, which, at 996 km, is the Kashi region’s longest river, origi-
nates in the Karakoram Pass of the Karakoram mountains in northern Kashmir. It
forms where the Laskaimu and Arcatagai Rivers flow together at the Helbalongke
of Karakoram Pass. The Yarkand flows from the southwest to the northeast, running
through the Kashi region, the Kirgiz Autonomous Prefecture, and the Hotan and
Aksu Prefectures. The drainage area is 108,000 km?, and the irrigation areas are the
Taxkorgan, Yecheng, Poskam, Yarkand, Markit and Bachu counties as well as ten
mission fields in the Agricultural Division, giving a total land mass of 2,883.78 mil-
lion m?. Water from Chogori feeds the Yarkland, along with snowmelt water, spring
river floodwaters, and rain.

The Kaidu River is the third largest river in Tianshan and has its source in the
Albion mountain in Tianshan Mountains. Nearly 560 km in length, the Kaidu Riv-
er flows through the Yurdusi Basin at the upstream section of the river and ends
at Bosten Lake. Bosten Lake is the source of the Peacock River in the southwest
area of the Yanqi Basin. The Peacock then flows into the Tarim River Basin along
Tiemenguan injection.
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1.1.3.2 Urumgqi River

The Urumgqi River, with a total length of 214.3 km, has its source in the northern
slopes of the Tianshan Kalawucheng Mountains. After meandering through the city
of Urumgqi, it then disappears in the Northwest Territories of Miquan County. The
Urumgi is a typical transverse river, running downstream along the northern slope
of the Tianshans and being fed by runoff whose multi-year average volume is small
(230 million m*). Nonetheless, more than 2 million people in Urumqj, the capital of
Xinjiang, rely on the water from the Urumgqi River for their domestic and industrial
needs. In recent years, with the gradual increase in water consumption, issues sur-
rounding water supply and demand in the region have become increasingly prominent.

1.1.3.3 Heihe River

The Heihe River is Northwest China’s second largest inland river. Starting from
Shandan in the east portion of the arid zone, the Heihe River flows to the west of
Jiuquan, south of the Qilian Mountains from Qilian County, and north of Gashun-
noel and Suoguonoel of Ejinaqi. The river is 820 km long and has a basin area of
1.3 million km?. The Heihe River proper is fed by the Shandan, Liyuan, Fengle,
Daduma, Balang and Taolai River tributaries.

The Heihe River has its source in the Qilian Mountains. From there, it flows
to the valley south of the Qilian Mountain community, bordering the Republic of
Mongolia to the north, then eastward adjacent to the Shiyang River Basin, west-
ward with the Shule River, and finally north again to the Inner Mongolia Autono-
mous Region within the Juyanhai in Ejinaqi and the Mongolian People’s Republic
border. The Heihe River Basin has 35 small tributaries and three separate sub-river
systems. The western sub-water system includes the Taolai River, covering an area
0f 21,000 km?; the central sub-river systems includes the Maying and Fengle Rivers
and ends in the Gaotaiyanchi-Minghua Basin, with an area of 0.6 million km?; and
the eastern sub-water system includes the Hei and Liyuanhe Rivers and covers an
area of 116,000 km?.

The upper portion of the Heihe River is 303 km long, covering an area of
10,000 km?. There, the river banks are formed by high mountains and deep valleys,
making for a steep riverbed. This area serves as the Heihe River Basin runoff zone.
The climate is damp and cold, with an annual average temperature of less than 2°C
and annual rainfall of 350 mm.

The 185-kilometer span of the Hei River from Yingluoxia to Zhengyixia form
the middle reaches of the river, covering an area of 25,600 km?. The land flanking
this portion of the Hei river is flat with plenty of light and heat resources but also
severe drought. Annual precipitation measure a scant 140 mm, the average tempera-
ture is 6-8 °C, and yearly sunshine hours are in the 3,000-4,000 range. The evapora-
tion capacity on an annual basis is 1,410 mm, and there is extreme land salinization.

The third sub-river system is the Justice Gap, the 333-km long downstream por-
tion of the River Hei. It covers an area of 80,400 km? and includes smaller rivers
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and deltas as well as most of the Gobi desert. The annual precipitation averages only
47 mm, and the annual average temperature is 8—10 °C. The extreme minimum tem-
perature is —30°C and the extreme maximum temperature exceeds 40 °C. Annual
sunshine hours are in the 3,446 range, and annual evaporation capacity can reach
as high as 2,250 mm. Not surprisingly, given these conditions, the climate is very
dry. The drought index is 47.5, categorizing the area as extremely and consistently
drought-ridden, and the sandstorms are monumental. Indeed, this area is the main
source of dust storms for all of northern China.

1.1.3.4 The Shule River

The Shule River, with a total length of 580 km, is located in the western part of the
Hexi Corridor and is mainly composed of the Petroleum, Changma, Poplar, Tashi,
Dang and Annanba Rivers. The Shule is the second largest river in the Hexi Cor-
ridor in Gansu Province. It originates in the Qilian Mountains’ Unity Peak and flows
through the alpine meadows of Subei County, across the Snowy Mountains—Can-
yons in Tuolainan Mountains and then through the Changma Basin, and ends in Lop
Nur. The area before Changma Gap is the upstream of the Shule River, the water
current is swift; the midstream is between the Changma Gap and plain, and then the
river is divided into East and West sections, the west branch is the mainstream; the
downstream is below the Anxi Twin Towers reservoir.

1.1.3.5 The Shiyang River

The Shiyang River is located in the eastern part of the Hexi Corridor. Originating in
North Lenglongling in the Eastern Qilian Mountains, the Shiyang is formed by the
confluence of numerous tributaries that flow through Wuwei, Gulang, Yongchang,
and across the plains. The river then flows across Minqin Basin to Qingtu Lake, for
a total length of more than 300 km.

From east to west, the Shiyang River is mainly composed of the Dajing, Gulang,
Huangyang, Zamu, Jinta, Xiying, East and West Rivers. All of these rivers flow
into the middle of the river near the city of Wuwei, where they merge to create the
Shiyang River’s main stream. Afterwards, the combined waters flow into the Hon-
gyashan Reservoir and then into the Minqin Basin. The western rivers and part of
the East River to the north of the city of Yongchang merge into Jinchuan, and finally
end into Jinchang basin.

The Shiyang River Basin, which lies lower in the south than in the north, can
be divided into four major geomorphic units: the southern Qilian Mountains, the
Central Corridor plain area, the northern hilly area, and the desert areas. In the
southern Qilian Mountains, the higher elevations are about 2,000-5,000 m, with the
mountains ranging in a roughly northwest-southeast direction. The Central Corridor
plain area is divided into northern and southern basins. The South Basin includes
the Dajing, Wuwei, and Yongchang Basins, and has an altitude of 1,400-2,000 m.
The North, Mingin, and Jinchuan-Cangning Basins are 1,300—1,400 m above sea
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level. The northern hilly areas, with an altitude of less than 2,000 m, are relatively
low for hills and sprawl into a desert formation.

1.1.3.6 Bosten Lake

Bosten Lake is located in the southeast portion of the Yanqi Basin, south of the
Tianshan Mountains. With an area of approximately 990 km?, Bosten is the larg-
est lake in Xinjiang and also China’s largest inland freshwater lake. Bosten Lake
is not only the Kaidu River’s tail lake but also the source of the Kongque River; it
has the function of flood irrigation and protection of Korla and Yuli (the two oases
of production and live water) and plays an important role in the lower reaches of
the Tarim River’s ecosystem and the environment (Tan et al. 2004). Bosten Lake is
14 km from Bohu City and 24 km from Yangqi county, at an elevation of 1,048 m.
The lake is 55 km long, running in an east-west direction, and is 25 km wide from
north to south, showing a slightly triangular form. The water storage capacity of
Bosten Lake is 9.9 billion m>. There are about 10 rivers flow into the Bosten Lake,
Kaidu River, Huangshuigou River, and Qingshui River are the main rivers, runoff
that from Kaidu River accounts for about 87.4 % of the water entering the Bosten
Lake. The water flows out towards the southwestern through the Kongque River,
and ends in Lop Nur. When the water level of Bosten Lake is 1,045 m, with the area
of 886.5 km?, the capacity of the lake is 5.37 billion m?; while the water level of
Bosten Lake is 1,049 m, with the area of 1,262.3 km?, and the capacity of the lake
is 1,262.3 km?. The highest water level recorded was 1,049.39 m in 2002, while the
lowest level recorded was 1,044.81 m in 1986.

Bosten Lake is surrounded by high mountains and experiences low precipitation,
high evaporation, and an average sunshine rate of 67—68 %, which is characteristic of a
temperate arid desert climate. The spring climate is variable, the summer is hot and dry,
the autumn cools off quickly, and winter is frigid with high evaporation. Overall, the
sun shines throughout the year, giving an annual average temperature of 7.9 °C. This is
broken down to an average temperature in January of —12.7 °C (extreme low —30.2 °C)
and an average temperature in July of 22.8 °C, with extreme temperatures up to 38 °C.

1.1.3.7 Aibi Lake

Aibi Lake, located 35 km north of the city of Jinghe County, is the largest lake of the
Junggar Basin and is also the largest saltwater lake in Xinjiang. The Boertala, Jinghe,
and Kuitun Rivers flow into Aibi Lake from the west, south, and east, respectively,
and are the lake’s main water sources. Estimated at around 189 m above sea level,
Aibi Lake is oval-shaped and has an area of 650 km? and an average depth of 2-3 m.

Aibi Lake is fed by 11 large rivers, which gives it an annual supply of 600 mil-
lion m? of surface water. Earlier in the past century, the lake area comprised
1,200 km?, but that has now shrunk to 500 km? due to desertification resulting
from falling water tables. Indeed, desertification has greatly accelerated in the
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surrounding area of the basin, and is now estimated at 38 km? per year. The main
reason for the deterioration of the ecological environment is the total water resourc-
es available due to the contradiction between supply and demand. This arose mainly
from the human-based activities of the 1950s to the 1970s, due to population growth
and large-scale land and water development. As Aibi Lake has an average depth of
only 1.4 m, the lake inflow is very sensitive to increases or decreases in water. Host-
ing an abundance of wildlife and plant species, the lake is listed as a Xinjiang Uygur
Autonomous Region Wetland Nature Reserve.

1.1.4 Vegetation Characteristics

Northwest China arid zone has low vegetation coverage and thus experiences con-
tinuous soil erosion. The arid climate and barren salt soil severely limit plant growth,
development, and dissemination. The plant species that do survive in this zone are
mainly small trees, shrubs and semi-shrubs that have adapted to harsh desert habitat
conditions through a variety of physiological and ecological mechanisms. Primar-
ily, most plants have reduced or degraded foliage instead of green shoots to acti-
vate photosynthesis. Being sparse, the forest coverage rate is less than 1.6 %, which
means that the amount of residual litter falling into the soil surface is scant. In hot
and dry climatic conditions, soil organic matter mineralizes rapidly, so soil organic
matter content is very low (e.g., below 0.5% or 0.3 %, and rarely more than 1 %).

1.1.4.1 Relatively Poor Species

Although the Northwest arid zone is vast, the severity of the environment makes
plant species relatively poor. According to statistics, there are only 1,704 kinds of
seed plants in the region. These belong to 82 subjects and 484 genera, accounting for
only 6.31 % of similar species in the whole country, 24.34 % of the subjects, 15.53 %
of the genera. Among these, Gymnosperms have only 3 subjects (Ephedra, Panacea
and Cupressaceous), 4 genera, and 17 species; Dicots have 63 subjects, 384 genera,
and 1,349 species; and Monocots have 16 subjects, 96 genera, and 338 species.
Plants in the arid zone include a variety of early and super-early shrubs, small
shrubs and semi-woody plants. Specifically, Chenopodiaceae, Asteraceae Tamari-
caceae, Tribulus terrestris Branch, ephedra and Polygonaceae play a leading role
in the zone’s ecosystems. The extremely harsh ecological conditions and special
topography make a more ancient type remain within the region, along with a large
number of endemic species and genera, such as the sand holly and dwarf sand holly.
These are early relic species of the Paleogene subtropical evergreen broad-leaved
forest, and also the only evergreen shrub in the desert area. As well, there are cot-
ton thorns, Prunus mongolica, and bare fruits, which are classified as isolated relic
plants. The most well-known endemic genera are core Brassica and lily Artemisia.
All together, there are 84 endemic species, accounting for 4.93 % of the region’s
total number of species. Compared with other regions, species endemism in the arid
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zone is higher than in Inner Mongolia but less than in the northeast, north, central
and southwestern regions (Wang 1997).

The geographical distribution of arid zone plants is extremely uneven. Overall,
Alashan has the most abundant seed plant species, with a total of 59 subjects, 309
genera and 606 kinds, followed by the Hexi Corridor region, with 54 subjects, 156
genera and 326 kinds. The Qaidam Basin’s seed plants have 41 subjects, 130 genera
and 255 species; the Junggar Basin’s seed plants have 30 subjects, 121 genera and
245 kinds; the massive (50,104 km?) Tarim River Basin area has only 35 subjects
of seed plants, 105 genera and 165 species; and the eastern Xinjiang gashun Gobi
is extremely poor in seed plants, with a total of only 34 species (Pan et al. 2010).

The ecosystem of arid areas is generally fragile, and Northwest China is no ex-
ception. Over the years, human activities have exacerbated the deterioration of the
environment, leading to even poorer plant diversity. According to statistics, at present
there are 36 rare and endangered plants. (1) Agricultural activities have severely dam-
aged shrub, grassland, desert forest, and local vegetation. For instance, in 1949, the
total area of irrigated oases was 1.3 % 10* km?. Then, by the late 1980s, this area had
extended to 5.87 km?, resulting in a sharp decline in oasis peripheral vegetation. (2)
Predatory firewood collection and digging have also caused a wide range of vegeta-
tion recession and a reduction in species diversity. In the Junggar Basin desert regions,
the average household burns 2t H. ammodendron firewood each year, cutting 6-7 hm?
of the natural Haloxylon forest, creating dunes. The Tarim River Basin’s original Eu-
phrates poplar forests, which once measured at 53 x 104 hm?, was decreased by more
than half over the course of only one decade. Xinjiang’s original tamarisk shrub, es-
timated at 400 x 10* hm?, has also been cut more than a half. Destructive excavation
of herbs and precious medicinal herbs, such as licorice, ephedra and cynomorium,
likewise caused severe damage. In addition, abusive animal husbandry methods and
extreme overgrazing have also led to serious degradation of grassland resources. (3)
The lack of water, construction of reservoirs, and flood-control intercept a large num-
ber of water resources, resulting in rivers downstream of the water supply suffering a
water shortage or even drying up completely. Since the 1960s, China’s infamous dry
lakes include Lop Nur Lake, Manas Lake, Taitema Lakes, Aydin Lake, and East and
West Juyanhai. Lakes that have been drastically reduced include Aibi Lake, Wulungu
Lake, Ancient Lake and Bosten Lake. The reduction of a downstream water convey-
ance leads to the shrinkage or drying up of lakes. As a consequence, the presence of
lake plants will either sharply drop or disappear altogether, which is what occurred at
Lop Nur, the Manas River and Knoll Lake. Aibi Lake has seen a severe reduction in
reeds, while Bosten Lake and its downstream Lake District saw its reed production
decreased by one-third over the past 30 years.

Moreover, due to development interventions, river portions downstream of the
water supply are reduced, resulting in a large area of dead or reduced natural or
planted stands. This occurred in the Tarim River, where numerous agricultural ir-
rigation water projects upstream made the downstream flow of the river sharply
decline, resulting in a reduction in Populus euphratica, from Yingsu to the Kuergan,
from 4.5x%10* hm? to 1.6 x 10* ha. Similarly, agricultural irrigation in the middle
region of the Hexi Corridor’s Heihe River, blocked a huge amount of water, thereby
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reducing the downstream flow from 12 x 108 m? in the 1960s to less than 5x 10% m?
in the 1980s. This led to a reduction in Populus euphratica downstream, and the
Tamarisk forest was reduced from 15x10% to 10x 10* hm?. The Shiyang River’s
downstream portion suffered similar problems, reducing the Minqin oasis planta-
tion, the natural Populus, and the Tamarisk forest by two-thirds.

1.1.4.2 Significant Vertical Zone Effects

Temperature generally declines with mountain altitude, a natural phenomenon that
is called vertical zoning. The basic condition to form a vertical band is the uplift of
the mountain, while the direct cause is the moisture and heat change that occurs rap-
idly with increasing height. Temperatures usually drop 6.5 °C for each kilometer of
altitude. The basic outline of the Northwest arid area is formed by a series of moun-
tains, basins, hills and plateaus. Kunlun and Karakoram, whose ridge lines’ average
height is 6,000 m, are located in the south and southwestern margins of the arid
areas, respectively, and combine with the Qinghai-Tibet Plateau into one feature.
The western margin of the zone has the Pamirs, Junggar, and Altai Mountains. To
the east are the Helan and Yinshan Mountains, while Wolf Mountain demarcates the
start of the extreme arid region. From here, the Mongolian Plateau is situated to the
northeast, and the Tianshan and Altun-Qilian Mountains cross the central portion.
These intersect with the Altai and Kunlun Mountains, with the eastern Tianshan
internal rift forming the Turpan-Hami Basin 154 m below sea level. The Tianshan
bifurcation forms the Ili Valley. To the west, this portion of the arid region is divided
into the Junggar, Tarim and Qaidam Basins and the Alashan Plateau. Each zone fea-
tures a mountain in the Hong alluvial fan Basin Desert (Gobi) terrain system, which
is also referred to as a mountain-basin system (Zhang 2001).

In a mountain-basin system, vegetation distribution has clearly defined zonal
properties. In Xinjiang, for example, the northern slope of the Tianshan Mountains,
the southern slope of Tianshan, and the Kunlun Mountains are all mainly populated
by Tianshan spruce. In the lower portions of the mountains and valleys, there is
also some Poplar and Birch distribution. In the Altai forest in Xinjiang, larch pre-
dominates, followed by Xinjiang spruce. In the Haba River and the Burqin forest,
which is northwest of Altai, we find Xinjiang firs and Xinjiang pines. The western
Junggar, Saul and Baerluke Mountains mainly feature valley spruce, Siberian larch
forest, and Tianshan spruce, while willows flourish in the low reaches of the valley.
In contrast, the northern slope of the Kunlun Mountains and Pamil forest have an
arid climate, and vegetation is sparse there.

On the plains, broadleaf forests are the predominant growth types. Among these,
Desert Populus is liberally distributed in the Tarim and Junggar Basins on both sides
of the river terraces and floodplain. The main species are Populus and Gray Poplar,
in the valley’s secondary forest, in the Ili and Irtysh Rivers’ riverbed shallow zones,
the main tree species are E-river Poplar and Miye Poplar, Bitter Poplar, Silver Pop-
lar, Populus nigra, lobular, and white willow. The desert shrub is widely distributed
in Xinjiang’s vast desert region, especially in the alluvial fan and fan-edge areas in
the southern and northern rivers, the floodplain, the riparian terraces, around the
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river basin, on the fixed or semi-fixed dunes, and on the dune slacks. Desert shrubs
generally have strong fecundity and are important vegetation for establishing sand
dunes. As well, they maintain the desert’s ecological balance and protect the eco-
logical security of peripheral oases. Shrubs that are resistant to drought, salinity and
wind include the Tamarix and Haloxylon (Yuan et al. 2008).

Approximately 58% of the grassland in Xinjiang is located in the mountains.
South of the Kunlun Mountains, in central Tianshan and north of the Altai Mountains,
rising ladder fault-block mountains occur. Thus, enormous amounts of sediment are
formed at the top of the mountains. Additionally, there are sedimentary deep loess
in the valleys and basins between the mountains. These provide an excellent soil
base for prairie plant development. In the alpine and subalpine regions of the Kun-
lun, Pamir, Tianshan and Altai Mountains, alpine steppe and alpine desert grassland
flourish in the harsh environment. The vegetation mainly occurs in cold dry bunch-
grass, resistant to cold, drought, and wind. Artemisia and pad-like semi-shrub occur,
but the main dominant species are Stipa, Xinjiang silver spike grass, hard-leaf sedge,
alpine Artemisia silk, Ceratoides, cushion-like Ceratoides, Tibet Chrysanthemum,
and short flower Stipa. In the north of the Tianshan Mountains watershed subalpine,
temperate meadow steppes and mountain meadows abound that feature vegetation
such as xeric and wide xeric perennial grasses. In the middle mountain zone of South
Xinjiang and the low mountain zone of North Xinjiang, the temperate steppe vegeta-
tion is mainly perennial xeromorphic bunchgrass plants. Here, the dominant species
are fescue, ditch fescue, Stipa, Northwest Stipa, Kunlun Stipa, and wheatgrass, fol-
lowed by Artemisia shrubs and shrubs, which are mainly cold Artemisia, Xinjiang
Chrysanthemum, alpine Artemisia silk, and golden pheasant. In the northern pied-
mont plains, low mountains, southern middle mountains and subalpine, vegetation
is of the temperate desert steppe variety, composed of small perennial grasses, desert
Artemisia half-shrubs, salt firewood class, semi-shrubs and drought shrubs. In the
plain areas, which feature lake basins, low mountain valleys, and river basins, the
valleys mainly have flat meadow and temperate desert grassland, and the vegetation
is raw, dry, wet grass, legume grass and miscellaneous grasses and shrubs. These are
mainly Haloxylon, Haloxylon persicum, Calligonum, Tamarix, Ephedra przewalskii,
King, Ceratoides, Reaumuria, Anabasis, Artemisia, reeds, Splendens, licorice, bitter
beans, A. sparsifolia, Iris lactea, big-leaf white linen and caspica (Yuan et al. 2008).

1.1.4.3 Significant Levels of Differentiation

Regarding the spatial distribution of vegetation, the southeast Tarim and Qaidam Ba-
sins and the western Hexi Corridor are arid in their central portions though become
wetter towards their fringe areas. Higher plant-life is rare in the desert areas of the
Gobi and the salt flats. Similarly, in the north and east, the vegetation transitions to
types commonly found in deserts and desert steppes, connecting with the deserts in
Central Asia to the west. To the south and southwest, the transition is to an alpine des-
ert, desert steppe and alpine grasslands. Here, the differences in latitudes reflect the
effects of temperature and rainfall. From north to south, there is a temperate steppe
desert (Altai Mountains, north of East Alashan), a temperate desert (Junggar Basin,
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Alashan, and most of the high plains), the temperate plateau desert (Qaidam Basin)
and warm temperate desert (Tarim River Basin). Specifically, desertification holds
sway in this arid zone, and the constructive species are the super-xerophytic trees,
half-shrubs, small shrubs and bushes. The desert occupies almost all sandy alluvial
plains, wide terraces, alluvial fans, former hills and low mountains in the basins, in
addition to the Altai Mountains south and east in northern Alashan. It even sprawls
into the Kunlun Mountains, up the northern slope of the middle zone and south of the
valley alpine zone that demarcates the Kunluns’ main plateau ridge. Grassland, shrub
land, forest and meadow vegetation are mainly distributed in the rainy mountain
runoff water accumulating in the desert areas on both sides of the river, where the fan
margin of the water overflows the low-lying land around the lake (Ni et al. 2005).

1.2 Socio-Economic Characteristics

The main human activities of China’s arid Northwest are agriculture and animal
husbandry. The multicultural population is mainly distributed in areas of sufficient
moisture, such as the oases, where oasis agriculture is the mainstay. However, pro-
ductivity is not as high as it could be, even given the generally arid conditions of
the natural environment.

1.2.1 OQasis Economy Characteristics

From a global perspective, an oasis economy has three main characteristics. The
first of these is dispersion, meaning the economy is distributed along the water and
disperses in the desert (e.g., the Gobi). Such dispersion is generally a few kilometers
or even hundreds of kilometers between oases. The size of the oasis and the degree
of concentration depends on the density of the river size. The second characteristic
of an oasis economy is its enclosed property. Oases are usually small and surround-
ed by desert. This quality means they are likely also prone to poor communication
networks, long transport lines, high shipping costs, and sporadic interaction with
the outside world. The third main characteristic of an oasis economy is self-suffi-
ciency. Such a market is usually in the transition phase to a commodity economy.

The evolutionary trajectory of the oasis economy in Northwest China arid area
is as follows: hunting (including hunting and fishing) — nomadic — livestock and
agricultural or different emphases, the rise of gardening — the development of
agriculture and animal husbandry and handicrafts, commerce — agricultural de-
velopment mainly nomadic, the rise of industrial — modern oasis economy with
completely categories. An oasis economy performs as a significant characteristic of
the arid zone and the main body of an agricultural economy. It features small-scale
production, low levels of concentration, and has transformed from a semi-closed to
an open, export-oriented system of trade.

The main body of oasis agriculture has the following three aspects:
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1) An oasis economy is an agricultural industry supplemented by the development
of non-agricultural industries. Statistics show that the total income in rural areas
of the arid oasis region includes a non-agricultural income of 46.2 %. In Xinji-
ang’s rural regions, per capita net income accounts for only 7.45 %.

2) The agricultural output structure is based on farming and pastoral structures,
but the share of agriculture predominates. In 2011, the proportion of agricul-
tural output value accounted for 73.54 %, whereas the proportion of animal hus-
bandry output value was only 21.22 %.

3) Food crops in oasis areas are mainly corn and wheat, and the main cash crops
are sugar and cotton. In 2011, in the Xinjiang oasis, the proportion of corn pro-
duced was 43.11 % and the proportion of wheat was 48.02 %. Economically, the
proportion of crop yields was 59.27 % for sugar and 33.10 % for cotton.

1.2.2 OQasis Distribution

Oasis distribution is determined by the availability of water resources in the arid
zone. Hence, oases in Northwest China are mainly distributed south of the Tianshan
Mountains and north of the Kunlun and Qilian Mountains and the Qaidam Basin.
Generally, oases develop along a river whose geomorphological structure has likely
been affected by human activity. The following is a brief introduction of the distri-
bution and characteristics of three typical oases in Northwest China.

1.2.2.1 Xinjiang Oasis Region

Xinjiang has the most widely distributed and largest oases in China, mainly in the
South Tianshans, north Kunlun-Altai Mountains, the Yili Valley and the Irtysh Riv-
er Basin. The Xinjiang oases includes the Junggar oasis with 12 countries, the Tarim
oasis with 42 countries, the Turpan oasis with 3 county, and the Hami oasis with 1
county.

(1) Oases along rivers

Water distribution is a key factor in determining the layout of an oasis. In Xin-
jiang, the distribution of water resources has obvious regularity. Specifically,
there are more water resources in the east and fewer in the west, more in the
mountains and fewer in the plains, and more on the windward slopes and fewer
on the leeward sides of the mountains. A clear line can be drawn in a northeast-
southwest direction from Qinghe in the Altai Mountains, past Changji in the
Tianshan Mountains, and on through to Hotan in the north Kunlun mountains.
This area is affected by the prevailing westerly winds and steep mountains
which cause higher levels of precipitation, form large glaciers and swell river
waters, all of which results in large oases.

However, southeast of this line, one finds the opposite conditions. For example,
from west to east along the Tianshan Mountains, the average annual precipi-
tation is 300400 mm in the Yili River valley, 200-300 mm in Changji, and
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50 mm in Hami. In contrast, the western portion is wet, the central part is mid-
wet, and the eastern part is dry. The western oases areas of the north Tianshan
Mountains and the western part of the south Tianshan Mountains are basically
zonal contiguous distribution areas, while the eastern part of the north Tianshan
Mountain oases feature small block distribution. In the more arid south, small
oases consisting of only a dozen or even a few acres of land dot the landscape.
These are irrigated by waters from the Karez in the Turpan-Hami Basin. Kun-
lun and Altun have less rainfall and lack rivers and glaciers, but their northern
reaches support a large oasis space.

Oases around basins

Oases are generally located in mountain passes along the rivers, plains, lakes,
and river deltas. However, wherever there is an adequate and reliable water
supply, an oasis may form. Oases need a special combination of soil, water,
light and heat to develop. For example, a few large oases in the south of the
Tianshan mountains are located at the alluvial plain of the middle and lower
reaches of the Yarkand, Aksu, Hotan, Weigan, Kashgar, and Kongque Rivers,
whose annual runoff is more than 10 x 108 m?. Other large oases can be found in
the north of the Tianshan Mountains and alluvial-diluvial plains of rivers such
as the Manas, Kuitun, Hutubi, Toutun, Urumgqi, Boertala, and Jinghe. In the
alluvial-diluvial plains of these rivers or the alluvial fan in the lower part of the
water, the soil is deep and suitable for farming. An oasis develops with soil and
water; as channels extend and improve the basin irrigation area, spring wells
can be drilled to expand land reclamation, and the oasis will continue to spread.
Oases are generously distributed around the Tarim and Junggar Basins. Espe-
cially in the Tarim River Basin, artificial oases within the natural oasis ring basin
is in the form of a discontinuous distribution pattern of the diamond or circle.
This is closely related with the topography, water distribution and the formation
of the alluvial plain. The southern Tarim River Basin oasis stretches 1,100 km
from east to west, and its width ranges from a few to more than 100 km.
Dotted distribution

Different geomorphological parts form different types of oases. For instance,
alluvial fans are more likely to produce oases, as shown in Changji, Manas, and
Shawan of the Tianshan Mountains. The presence of terraces on both sides of
a river valley may also lead to the formation of an oasis, such as occurred at
the Yili and Wushi oases. Additionally, downstream of a river where the water
diffuses and disappears may give rise to a dry delta oasis, such as the Jiashi or
Bachu oases. A flood alluvial plain at the middle and lower reaches of a river
may also develop into a large oasis, such as the middle and lower reaches of
the Tarim River oasis, the middle and lower reaches of the Yarkand River oasis,
and oases generated at of the sides of plains lakes such as the Yanqi oasis at the
Bosten Lake West Bank and the Jinghe oasis at Aibi Lake’s south bank. Oasis
distribution is different in the two basins. The Junggar Basin, north of the Tian-
shan Mountains, is an open semi-enclosed basin that features larger amounts
of precipitation and hence larger oases, whereas Tianshan south of the Tarim
River Basin is a fully-enclosed basin where there is little precipitation. Hence,
this oasis area is generally small, with beaded and blotchy distribution.
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1.2.2.2 Oases in the Hexi Corridor

The Hexi Corridor measures about 1,000 km in length from east to west and 10 km
in width from north to south. The Corridor includes 17 cities and counties. Gansu,
Yumen, Anxi, and the Dunhuang plain belong to the Shule River system; most of
Zhangye, Gaotai, and the Jiuquan plain belong to the Heihe River system (although a
small proportion belongs to the North River system); and Wuwei and the Mingin plain
belong to the Shiyang River system. The Hei, Kuantai, and Dahuangshan Mountains
separate the Corridor into the Shiyang, Hei, and Shule interior-drainage rivers. These
three rivers originate in the Qilian Mountains and are supplied by snowmelt water
and rainfall. The river infiltrates the Gobi desert to form a subsurface flow, or is used
for oasis irrigation. In the Hexi Corridor, the accumulation of material carried down
by the mountain rivers form the adjoining piedmont sloping plains. Downstream in
the larger rivers, one finds the formation of alluvial plains, where soil is either a fine,
sandy loam, or loam-based composition. This is the main distribution area of the
Hexi Corridor’s arable land, registering a thickness of 1 m. Under irrigation and with
healthy organic matter content, soil fertility is generally good. This feature, combined
with of the long hours of sunshine throughout the year (up to 3,500 h annually), yields
rich growing conditions particularly suitable for the accumulation of fruits and sugar.

1.2.2.3 Oases in the Qaidam Basin

Qaidam is a fall basin with an elevation of 2,600-3,000 m. Precipitation in the basin
region is low, with a general decreasing trend from east to west. Chaka, which is
located at the eastern margin of the basin, receives about 200 mm of precipitation
annually, but the western part of the basin gets only 20 mm. the aridity index is
2.0-9.0 in the east, and 20 in the west. Due to the extreme dryness, there is neither
agriculture nor irrigation in the basin, but there are about 40 inland rivers that origi-
nate in the Kunlun and Qilian Mountains. These rivers are short, with annual runoff
of surface water measuring 44.1 x 108 m3 (Ren 2004). After 1949, the construction
of agricultural oases along rivers such as the Chahanwusu, Xiangride, Golmud and
Bayan, created the mohair agricultural areas of Golmud, Nuomuhong xiangride,
Chahanwusu, Chachaxiangka and Delhi (Bai 1997).

Overall, oases regions in China’s arid Northwest cover an expanse of more than
7% 10* km?, accounting for 4.5 % of the total land area. These oases are not only the
product of long-term development and operation, but also the carriers and support-
ers of human civilization. In China’s arid zone, the vast majority of the population,
economic activity and social wealth are concentrated in oases. Hence, the North-
west’s economy is essentially an oasis economy, especially in Xinjiang.

1.2.3 Population and Ethnic Structure

The socio-economic activities of Northwest China arid zone are intrinsically con-
nected to the water resources and ecosystems. Indeed, population distribution and
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Table 1.1 Northwest arid area’s population composition in 2011

Region Popula- ~ National population Rural population Agricultural
tion/10* population

Minor- Propor-  /10* 1% /10* 1%
ity/10* tion/%

Hexi Corridor  342.41 28.39 9.2 319.57 93 251.68 74.0

Qaidam 48.93 30.38 62.08 18.27 373 21.19 433

Xinjiang 2,208.71  1,306.72  59.16 1,073.72  48.6 1,318.51 59.7

Nationwide 134,735 11,132.48 8.26 65,656 48.7 88,521 66.7

ethnic composition are directly impacted by the water resources’ location and utili-
zation and also have an effect on ecological environment construction and protec-
tion as well as the content and quantity of socio-economic activities.

1.2.3.1 Population Distribution

Natural conditions form the basis for the survival of mankind. These provide basic
human living space and in natural conditions and regional differences that affect
population distribution. Northwest China arid area is a vast and complex region
with diverse types of terrain and climate. Within this framework, the natural and
socio-economic conditions vary greatly.

The ethnic distribution of the different regions of the arid Northwest also has
unique characteristics. Ethnic minorities in Xinjiang include Uygurs, Kazaks and
others. The Uygur and Kirgiz peoples are concentrated in the south; the Kazakhs
have settled in the north; the Xibe live in the Yili; and the Hui are more concentrated
in Ningxia and Qinghai Province. Meanwhile, the living habits of different ethnic
groups also play an important role in where they choose to settle. The Han, Uygur,
and Hui are engaged in agriculture, industry and commerce, especially handicrafts.
These peoples live mainly in the basin plains. The Kirgiz, Kazak and Mongols, with
their traditional form of animal husbandry, are located in the middle zone, and the
Tajiks are perched in the alpine zone.

1.2.3.2 Ethnic Composition

The ethnic composition of the Northwest is as complex as its land variations. At
present, Xinjiang has 46 ethnic minorities, including Uygur, Kazak, Hui, Mongo-
lian, Kirgiz, Xibe, Tajik, Uzbek, Daur, Tatar, and Russian. In the Hexi Corridor oasis
region, there are 40 ethnic minorities, the main ones being Hui, Tibetan, Dongxiang,
Tu, Man, Yugu, Baoan, Mongolia, Sala, and Kazakh. The Qaidam oasis also has doz-
ens of ethnic minorities from Tibet, Mongolia, Kazakhstan, and so on. In these three
areas—Xinjiang and the Hexi Corridor and Qaidam oases—the minority population
outnumbers the national average at 59.16, 9.2 and 62.08 %, respectively, meaning
that minorities form the main population base of Northwest China (Table 1.1).
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1.2.3.3 High Proportion of Agricultural Population

Because the arid area’s oasis economy is agricultural-based, the rural population
and the proportion of agricultural population are high. The proportion of rural popu-
lation in Wuwei City is 72.5 %, much higher than the national average of 48.73 %.
Similarly, the proportion of agricultural population is relatively high. In Xinjiang
and Qaidam Basin, the numbers are slightly lower than the national average of
66.7 %, with the Hexi Corridor agricultural population accounting for 74.0 %.

1.2.3.4 Oasis Population Density

Currently, the population density of the Northwest arid oases (12.33/km?) has
exceeded the population density of arid zone limits (12/km?). This is especially
problematic in Xinjiang, where more than 95 % of the population live in less than
6 x 10* km? of the oasis area, giving an oasis population density close to 300 people/
km?, which is close to the average population density of the coastal provinces in
eastern China. This causes a great deal of pressure on the ecological environment,
especially on the oasis environment. Meanwhile, with the increase of the popula-
tion in Xinjiang, the total population distribution has greatly expanded (Table 1.2).
After 1994, there was a general movement in population from the mountain alluvial
fan edge zone to the center of the basin or downstream of the river. Many new oa-
ses have been built in the natural desert and continue to extend to the desert. The
handover part, which transitions from artificial oasis to desert, is often the area
that is prone to reversal in ecology and environment. This distribution and expan-
sion of population greatly exacerbates the difficulties inherent in ecological and
environmental protection, and also exacerbates the possibility of ecological and
environmental degradation.

1.3 Production and Ecological Problems

1.3.1 Productivity Development Lags Behind

The Northwest arid area is a typical continental arid and semi-arid zone. The re-
gion’s average annual precipitation is 186.8 mm, which is 28.8 % of the correspond-
ing national average annual precipitation (648.4 mm). Surface water and groundwa-
ter is 1 710.8 x 108 m3, accounting for only 7 % of the total water resources. This is
vastly disproportionate to the land size (one-third of the country’s total area), which
means there is a scarcity of water resources, and the spatial and temporal distribu-
tion is extremely uneven. The land area in southeastern Xinjiang is almost the same
size as the northwest, but the region’s water resources account for only 7% of the
total area. Similarly, the Hexi Corridor makes up 68.2 % of the land area in Gansu
province, but its water resources account for only 27.3 %. The water resources per
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capita in Gansu, Ningxia, and Inner Mongolia are also far below the national aver-
age, especially in the densely populated and economically developed oasis areas,
which continuously experience serious water shortages.

On the other hand, the precipitation in the region has space differences. Gansu,
Ningxia and Qinghai, west of Lanzhou, have an annual precipitation of less than
300 mm; 100 x 10* km? of the desert and Gobi region have a low annual precipita-
tion of 50 mm; the Ruoqiang area (southeastern Tarim River Basin) has less than
10 mm of precipitation, with the annual number of precipitation days clocking in at
around 13, making it the country’s most arid region. Seasonal distribution of pre-
cipitation in the region shows more obvious differences. In the Hexi Corridor (in the
eastern part of Xinjiang), rainfall in July and August accounts for 60 % of the annual
precipitation. Conversely, in northern Xinjiang and the western Tarim River Basin,
the summer rains comprise only 40% of annual precipitation, while Yili-Tacheng
has more precipitation in spring.

The shortage of water resources and fragile ecological environment are impor-
tant factors constraining economic and social development in the Northwest. Large-
scale, high-intensity activities change the water/space allocation, destabilizing the
relative balance. Moreover, with rising economic development, ecological prob-
lems become increasingly prominent. Over the past 50 years, the oases area in the
Xinjiang region has increased by nearly three-fold. At the same time, desertifica-
tion has expanded to encompass 8,600 km?; grassland degradation involves an area
of 670 x 10* hm?; desert vegetation has declined 50-70%; lake water has reduced
nearly 50 %; and soil salinization has increased to more than 30% of the existing
arable land. Additionally, the integrity of the mountain ecosystem has been severely
damaged, water conservation efforts have declined, and flood and drought disasters
have compounded.

1.3.1.1 The Expansion of Desertification Areas

The most important ecological problem of the Northwest is desertification. In Xin-
jiang, the natural desert formed after the Quaternary Pleistocene, especially during
the late Pleistocene to Holocene. It should be noted that this period of development
was a natural process. In contrast, in the historical period (especially in the recent
past), humans have either changed the original oases into desert or contributed to
the deterioration of the original desert environment.

In the arid area, desertification takes three main forms: (1) blowing sand and
dune movement encroaching on the original non-desert land; (2) irrational human
economic activities, such as overgrazing and firewood scavenging, which contrib-
utes to the drying up of rivers and lakes, the changing of surface conditions, and the
exacerbation of aeolian erosion, forming new quicksand; and (3) fixed and semi-
fixed desert destruction of vegetation desert activation. In the past, people paid
more attention to the first form while ignoring the other two forms. Today, mod-
ern desertification is called the “ecological processes of desertification”, accurately
showing the real causes of desertification.
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Table 1.3 The Hexi Corridor land desertification: degree and distribution characteristics (10* hm?)

Area Jiuquan Wuwei Zhangye Jiayuguan  Jinchang Total

Desertifica-  340.1 154.14 33.46 0.45 8.37 536.5
tion area

Mild deserti- 107.24 41.03 4.78 0.01 0.34 153.4
fication
area

Moderate 67.04 15.95 13.86 0.16 7.96 104.97
desertifica-
tion area

Serious 165.8 97.16 14.82 0.28 0.07 278.13
desertifica-
tion area

Proportion 48.75 63.03 44.29 62.22 0.84 51.84
of serious
desertifica-
tion area

Historical desertification of Xinjiang’s land area is approximately 3.05 x 10* km?,
accounting for 17.27 % of China’s desert land, of which 30 % occurred in the past
century. Take as an example the edge of the Taklimakan Desert and the desert on
both sides of the river. Over the past 2,000 years, the formation of desertification
land area measured 2.83 x 10* km?, while in just this past 100 years 0.86 km? of
desertification was added. These statistics do not take the dunes into account.

Desert activation is the main form of desertification in Xinjiang and is a direct
threat to adjacent oases. In the Gurbantungate Desert, for example, the original
quicksand area was only about 3 % of the land area but has now grown to en-
compass 15-21%, increasing to 5856 ~8784 km?. This increase occurred over a
40-year period, between the 1950s and the late 1990s. At present, desertification
exists in 80 counties and cities and 90 mission fields in Xinjiang, and 1200 x 10*
of the population is impacted. More specifically, an average of 66.67 x 10* hm?
farmland is impacted, as well as 0.08 x 10% km? of grassland. This loss through
rapidly encroaching desertification results in annual economic losses of up to
25 % 108RMB. Desserts are expanding at an annual rate of about 400 km?, ac-
counting for about 15% of China’s overall desertification. Considering the rate
of desertification expansion, Xinjiang is facing a grave crisis. Its desert environ-
ment (including the Gobi Desert) comprises about half of its natural environment.
When oasis expansion space is limited, and salinity, drought and other factors
reach a certain level, desertification’s net growth will rapidly increase and quickly
affect the existing oases.

The Hexi Corridor in Gansu Province is also one of China’s worst land desertifi-
cation hazards. As we can see from the status of land desertification and the extent
of its distribution characteristics (Table 1.3), except Jinchang, almost all of the des-
ert land accounts for more than 44.3 % of the total land area of the Hexi Corridor.
Of this area, Wuwei and Jiayuguan account for more than 62 %, showing the extent
of desertification in the region.
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According to 1996 land desertification census results from the Forestry Survey
of Design Institute of Gansu Province, the development of land desertification in
the western part of the Hexi Corridor had progressed rapidly over the previous
50 years. By the mid-1980s, the drive for economic development in the area had
spurred desertification to an annual growth rate of 2.15%, and a similar degree of
desertification was occurring in the Jinta area at the edge of the Badan Jaran Desert.
Prior to the 1980s, the evolution of land desertification was substantially less, at
0.37%. In the Zhangye Prefecture, land desertification was also occurring, but to
a lesser extent. Since the 1990s, however, land desertification in the Hexi Corridor
area has significantly slowed.

Overall, then, the desertification in the Corridor region was most extreme during
the 1970s and 1980s, after which it slowed and even in some sections experienced
a partial reversal. Moreover, desertification in the western part of the Corridor is
significantly stronger than in the eastern portion. In the middle reaches of the Heihe
River Basin, the process of desertification block phenomenon is most obvious
(Wang and Cheng 1999). Since the 1980s, the artificial oases area in the middle
reaches of the basin has increased by an average annual rate of 2.1 %, while deserti-
fication increased by only 0.21 %. This is related to the large-scale Sand Control
efforst in the basin’s middle reaches.

Despite attempts to intervene in the desertification process or even to undo the
damage done previously, in most parts of the Heihe River Basin the formation and
development of land desertification is controlled by the river water changes. Re-
duced surface runoff is the most important driving factor in land desertification of
downstream areas (Zhu and Chen 1994). The Ejinaqi, situated in the lower reaches
of the Heihe River, has a land area of 70,712 km?. The natural oasis area there was
reduced from 3,655 to 3,328 km? in the mid-1980s, a decrease of 8.95 %. Since that
time, desertification has increased 31.75 %, from 25,834 to 34,038 km?.

Salinization of the land is another major form of ecological degradation. The
Hexi Corridor region’s arable land salinization covers 11.24x 10* ha, of which
7.09 x 10* ha is secondary salinization. In recent years, the land salinization process
between the middle and lower reaches of the basin showed opposite changes. In the
upper and middle reaches of the Shiyang in the Heihe River Basin zone, salinization
of the land area has been gradually reduced by falling water tables, while the down-
stream region, such as northern Minqin Basin, shows an increasing trend. Salinized
arable land grew by 1.05x10* ha in 1958; 1.23x10* ha in 1963, 2.21 x 10* ha in
1978, and 4.08 x 10* ha in the mid-1990s. By 1995, Ejinaqi’s salinized land mea-
sured 66.41 x 10* hm?, accounting for 49.5 % of the area’s degraded land.

1.3.1.2 Shrinking Rivers and Lakes

In tangent with desertification, rivers and lakes in China’s arid Northwest region
are shrinking and even completely drying up. There are 570 small rivers in Xinji-
ang; the vast majority of these are genus rivers with a small amount of water and
a relatively short run. Due to the continuous development of artificial canals, the
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water levels in many of the rivers downstream have sharply dropped or dried up.
For instance, the Tarim River, which is China’s largest inland river, saw its down-
stream water reduced from 13.5x 108 m? in the 1950s to the current 2.84 x 10% m?>.
Similarly, the Daxihaizi reservoir is almost dried up, and the northern slopes of the
Tianshan water system have been changed. Major rivers that once formed reservoirs
have been reduced so that they no longer flow into the desert. Even the famous Ma-
nas River has been completely replaced by an artificial canal.

Likewise, lakes have been adversely affected by human activity. Xinjiang is a
multi-lake area with more than 139 lakes greater than 1 km?. Overall, there is a total
lake-water area of 9,700 km?, accounting for 7.3 % of China’s total lake water and
ranking the area fourth in the country. However, by the late 1970s, the total lake
water dropped to 4,748 km?, which was a loss of nearly 5,000 km?. According to a
recent survey made of 16 representative lakes, nearly 3,000 km? of Lop Nur Lake
and 550 km? of Manas Lake, Aydin Lake, and the Taiwan Lakes have shrunk by
1,200 km?. Aibi Lake has been reduced to 500 km?.

Unfortunately, as lake areas are reduced, lake salinity increases and water dete-
riorates. Until the end of the 1950s, the salinity of the lower reaches of the Tarim
River did not exceed 1 g/L. Now, however, even in the wet season of 1994, Daxi-
haizi reservoir salinity is still as high as 3.04 g/L; in the dry season, the river has
a high salinity of more than 5 g/L, resulting in reservoirs along the river having a
salinity of 1 g/L or more. The highest is up to 8 g/L (Mirzali reservoir, the Dakar-
quga reservoir, June 1997). As river water quality deteriorates, so does the quality
of the lake water. From the 1960s to the 1980s, the salinity of China’s largest inland
freshwater lake—Bosten Lake—increased by 0.4—1.8 g/L. After 2000, lake salinity
began to decrease, but since 2006, it started a rebound trend, rising to 1.2—1.5 g/L
in 2012. Changes in the lake environment pose a serious threat to drinking water in
Korla. River water quality deterioration is a direct threat to agriculture and aquacul-
ture as well, further exacerbating the water crisis.

The Tarim River and its tributaries, along with Bosten and Aibi Lakes, can
change the overall ecological impact of Xinjiang. In this, natural ecosystems play a
crucial role. For instance, Bosten Lake is important for the regulation of the river,
the protection of agricultural production, aquaculture development, and the devel-
opment of new tourist venues. Aibi Lake is a saltwater lake that contributes to the
salt industry development and Artemia production. Additionally, the lake serves as
a habitat and breeding ground for millions of migratory birds. Today, however, the
lake has atrophied, resulting in a large area of exposed lake bottom and the forma-
tion of new sources of sand. Furthermore, the Tarim River’s outlet is a huge threat
to the economic belt on the northern slope of the Tianshan Mountains and the New
Eurasian Continental Bridge. As a result, there is an urgent need in Xinjiang to
implement protection of the ecological environment of key waters in order to curb
further deterioration of the environment.

The Heihe River inflow from Inner Mongolia into the Ejinaqi River plays a de-
cisive role in the fertility and growth of the Ejina Oasis. Irrigation and water con-
sumption have increased year by year, drying out the river. At the end of the Ejina
River is Juyanhai, whose catchment area prior to industrial development in the
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region was Multi-lake Lakes. In the 1940s, the water depth of western of Juyanhai is
2.9 m, with the area of 190 km?; while in the eastern of Juyanhai, the water depth is
4.1 m, with the area of 35.5 km?. Until the 1960s, the western of Juyanhai has dried
up, the eastern of Juyanhai has changed a lake. In the early 1980s, the lake shrank
to 23.65 km? and a depth of only 1.8 m; by 1999, it was completely dried up. Since
then, through the implementation of ecological water transport to the lower reaches
of the Heihe River, the downstream ecological landscape has changed significantly,
with varying degrees of ecological recovery reproducing the landscape of the past.

1.3.1.3 Decrease in Natural Forest Area

The Xinjiang forest coverage rate increased from 1.03 % at the end of the 1970s to
the current level of 1.68 %, a gain of 0.65 % points, which is equivalent to an area
of 107x10* ha. This is mainly due to a substantial increases in plantation area.
However, there were also measurement standard changes, including canopy density
standards and forest types. Only part of the natural forests, including montage for-
est, valley forest and desert riparian forest, have recovered. The area experienced
a serious reduction (more than one-third) in mountain forest resources, where only
about 40 % of the forests remain. Of this, growth is poor, and the young forest does
not compare with the original natural forest in terms of ecological benefits (e.g.,
virgin forest water conservation water is 1 % compared to 0.1 % of new-growth for-
ests). The valley forest suffered more severe damage. Although there is some degree
of recovery in the desert Populous, the desert shrub area was reduced by up to 50 %,
and due to deterioration in water conditions and the lack of natural regeneration
conditions, closing measures alone are inadequate to restore the area to its former
state. Therefore, in addition to water resources control, it is also necessary to deal
with the implementation of appropriate protection measures in key areas.

Ejina likewise faces serious degradation of its forest ecosystems. From 1958 to
1982, in the downstream delta area along the river, Populus, Elaecagnus, and tama-
risk willows were reduced by 5.73 x 10* hm?, with an average annual reduction of
0.26 x 10* hm?. Since the 1980s, Populus angustifolia, Tamarix ramosissima and
shrub areas decreased 19.24 x 10* hm?, with an annual decline of 1.374 x 10* ha. In
the Minqin Basin in the 1950s, the natural Chai Wan covered nearly 13.33 x 10* hm?.
However, in a survey in 1981, only 7.242 x 10* ha remained, and in the 1990s, near-
ly 3.6 x 10* hm? of the stand were close to death.

1.3.1.4 Grassland Degradation

Like the rivers and lakes, Xinjiang’s natural grassland area is shrinking rapidly.
Grassland degradation has reached 2,133 x 10* hm?, with the severely degraded area
measuring 670 % 10* ha and the available grass area reduced to 240 x 10* hm?. The
identified grass degradation rate has likely reached 29 x 10* ha, with some research-
ers setting the rate even higher, at 66.7 x 10* ha. The grassland degradation means



36 Y. Chen

a rapid decline in productivity. In yield per unit, area grass in the 1960s decreased
by 30-50%, and by as much as 60—80% in some places. Such a drastic decline
in grassland has also produced landslides, making the development of grassland
animal husbandry difficult and underscoring the urgent need to establish suitable
grassland protection practices.

The continuing deterioration of the ecological environment in Xinjiang due to the
maintenance of the status quo is a prominent issue. It indicates that the complexity
of the task of environmental protection and construction is arduous and long-term,
and that there is a present dearth of leadership in ecological matters. Society, nature,
people and the environment form a continuum; only if they live together in harmony
will they be able to make progress together and create sustainable development.

After nearly 50 years of deleterious human activity, the Hexi Corridor grassland
region has sustained reduced forage yields and grassland desertification and has sig-
nificantly reduced its carrying capacity. The degradation of the Heihe River Basin’s
upstream grassland area has reached 52 % of the available grassland, and the overall
degradation of the basin-wide grass area is at 46.72 %, resulting in the desertifica-
tion of grassland in an area covering 28.101 x 10* ha. In addition, sand has further
reduced the grass area by 29.35 x 10* ha. Meanwhile, the Shiyang River watershed
is suffering degradation of around 45.07 % of its total grassland area, with a grass
overload rate of 111.2%. The Shule River, although not yet in an overloaded con-
dition, has a grassland degradation of 27.01 %. Over the past 50 years, the Hexi
Corridor area’s grass overloading rate reached 69.1 %, with a degradation rate of
46.86 %. At the same time, due to the limited moisture factor and the continuous
reduction of the amount of water basin downstream of plant species, the density,
coverage and yield consistently dropped. Since the early 1980s, the vegetation in
Ejinaqi has had a coverage of more than 70%. Specifically, shrub meadow with the
coverage of 70 % has been reduced 78.26 %; while the shrub meadow with the cov-
erage of 30—70% has been reduced 40.45 %, and the grassland reduced by nearly
50.5 %; on the contrary, the Gobi desert with the coverage of 10-30 % and the desert
with the coverage less than 10% expanded 67.63 %.

1.3.2 Serious Ecological Degradation

Due to limitations in natural conditions, ethnic characteristics, weak infrastructure
and many other factors, the economy in the region has been at a low level and its
productivity development has lagged behind other regions. The main reasons for
this state of affairs are as follows:

1.3.2.1 Weak Economic Advantage

China’s arid Northwest covers an enormous amount of territory. The terrain of this
region features huge mountain ranges and vast basins and valleys. The oases are
mostly widely dispersed and relatively small, and are surrounded and isolated by



1 Exordium 37

the Gobi desert and desert grasslands. The vast majority of the arid zone’s social and
economic activities occurs in the oasis regions, while there is little or no human ac-
tivity in the periphery areas. Moreover, there is little economic activity with regards
to transportation lines because the oases are so far apart.

If we view the oases as a discrete system, we see that this system’s surface region
is highly dispersed. Each node has direct contact only with a small number of other
nodes, mainly through one or two communication lines, resulting in less contact
with internal and external discrete systems. This rudimentary level of contact and
communication renders the flow rate too slow, detrimentally impacting both the eco-
nomic concentration and the diffusion effect. These properties cause the oasis econ-
omy to be closed, limited and unbalanced, slowing the arid region’s development
and giving it a distinct disadvantage in the national and international marketplace.

Northwest China’s arid zone accounts for about one-quarter of the country’s to-
tal area. Although rich in solar, mineral and petroleum resources, it features sparse
vegetation, soil desertification and salinization. The ecological environment is very
fragile and forms the weakest link in the population-resources- environment chain.
Since 1949, due to ever-changing economic policies, the oases areas have under-
gone sporadic expansion and development, improving the area for human habita-
tion but destroying many aspects of the natural ecological environment. Human
activities in the Northwest have led to drying lakes, worsening desertification, ex-
panding deserts, loss of biodiversity, and narrowing transition zone between oases
and deserts. Worst of all, especially in light of future development plans, the vul-
nerability of the arid zone’s ecological environment causes a low bearing capacity,
which can have a serious impact on economic development.

1.3.2.2 Irrational Industrial Structure

Although agriculture has been the mainstay of the oasis economy in Northwestern
China, the irrational industrial structure restricts further economic development in
the region. This structure is mainly manifested by the disproportionate role that
agriculture plays in the economy. For example, in Aksu, Xinjiang, in 2011, agri-
cultural output accounted for about 53.43 %, industrial output for about 27.67 %,
and tertiary industry 18.90%. We can see from this division that the proportion of
agricultural is too large. Moreover, within the structure of agriculture, farming ac-
counted for about 88.37 %, animal husbandry for 5.49 %, forestry for about 1.07 %,
and other activities for about 4.65%. The unreasonable and dominant proportion
agriculture constrains further development of the oasis economy.

China’s oasis economy is based on agriculture but also includes animal husbandry
and the primary processing of materials. At present, the Sinotrans supplies in Xinji-
ang are: crude oil, oil products, coal, salt, Glauber’s salt, cotton, cotton, wool, leath-
er, fruit, sugar and other raw materials and primary processed products. In the Hexi
Corridor, the supplies are: commodity grain, cotton, sugar beets, oil, fruits and veg-
etables, oil, coal and nickel and other raw materials, and primary processed products.
The seed industry also plays an important role in Hexi Corridor’s oasis economy.
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With its focus on agriculture, the region’s economic development depends on
high water consumption. Generally speaking, the economy in the arid zone is dif-
ferent from the eastern part of China, where precipitation is abundant. The oasis
economy grew because natural rainfall was insufficient to nourish crops in the arid
region; hence, agricultural production and human economic activities are closely
related to the development and utilization of water resources. The main general
characteristics of water resources in China’s arid zone are low water resources and
uneven geographical distribution. Specifically, the area is more mountainous than
flat, has more windward slopes than leeward ones, and has few perennial rivers.
Most water sources are highly seasonal and include intermittent streams, temporary
surface runoff, and short-run rivers fed by mountain snowmelt water and glaciers.
The annual runoff of surface water volume is 9.46 x 108 m?, accounting for only
3.34% of the water in the entire country.

Not surprisingly, the water consumption in the arid region is significantly higher
than the national average. For instance, water consumption in the Hexi Corridor is
1.3 times higher than the national average and Xinjiang’s consumption is nearly 6
times higher. Furthermore, the water-use efficiency of the gross national product in
developed countries is 10.3 $/m?, whereas in China it is 10.7 yuan/m?, which only
accounts for 1/8 and 1/25, respectively. In Xinjiang, the water-use efficiency of the
gross national product is 27 yuan/m?, which is only 1/4 of the average value in the
whole country, and far behind the developed countries.

Overall, there is a high water diversion rate and a low water utilization rate in
the arid region. Although the water diversion rate of rivers is around 60-80 %,
the water is not yet fully utilized in irrigation areas. Other than for the Tianshan
Mountains and the Shiyang River in the Hexi Corridor, the gross irrigation quota
ranges between 1,800 and 27,000 m3*/hm?, while in the Heihe River it ranges be-
tween 7,500 and 12,000 m*/hm?. The canal system utilization factor is 0.35-0.45
in most parts, whereas in the Tianshan Mountains and eastern Hexi Corridor it
reaches 0.5-0.6. In the high-level irrigation area of the Manas River and the Hexi
Corridor, 1 m? of water can produce 0-1.0 kg grain (the water consumption of
grain being 1.0-1.6 m%/k). Likewise, 1 m? of water can produce 0.16 kg cotton
(the water consumption of cotton being 6.3 m/kg). In the low-level irrigation of
the Tarim River Basin, Qaidam Basin and Shule River in the Hexi Corridor, 1 m?
of water can produce 0.15-0.3 kg grain (the water consumption of grain is 3.0—
6.6 m*/kg) and 1 m? of water can produce 0.03 kg cotton (the water consumption
of cotton is 8-28 m3/kg). Industrial water consumption accounts for only 0.6 %
of the total amount of water used. For instance, the water consumption of 10,000
yuan industrial output value is 141-223 m?, which is close to the national aver-
age. From the above, it is can be seen that the agricultural economy in the oasis
arid region is supported by water resources. Despite this dependency, water-use
efficiency is low, and the investment in water resources and output in agricultural
are asymmetric. Economic development in this region is based on high water
consumption.
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1.3.2.3 Low Level of Productivity

Water resources in the arid Northwest region give birth to the oases and the extent
of the water resources effectively determines the size and productivity of the oases.
A small oasis area per capita translates to a low GDP of per capita and hence to
a low economic productivity level. As outlined in previous sections, Xinjiang is
a typical example of an oasis economy. Studies (Wu et al. 2011; Abaydulla et al.
2006) have shown that the distribution and scale of an oasis has a close relation-
ship with the water diversion rate of surface and groundwater. Taking the water
consumption in Xinjiang in 1995 as an example, 1 x 10® m? of water can create an
artificial oasis measuring 1.58 x 10* hm? (equivalent to 23.74 x 10* acres). Per acre,
an oasis in South Xinjiang uses about 500 m? of water, while in North Xinjiang,
an acre uses 343 m? of water, and in Turpan it uses 780 m3 of water. Moreover, the
absolute land area in Xinjiang is large but the available area is small. Although the
land area totals 166 x 10* km?, land suitable for agricultural production comprises
only 5% of that total. As of 2011, the cultivated land area in Xinjiang measured
412.6 x 10* hm?, accounting for only 2.48 % of the total area. The desert, barren
lands, and other unused land areas totaled around 1.02 x 10® hm?, giving a land
utilization rate of 38.64 %.

As can be seen from the above, the oases in Xinjiang account for only a small
amount (5%) of the total land area. However, under the dual constraints of water
shortages and landscape structure, oasis development is limited. Despite these re-
strictions, the population in Xinjiang has grown rapidly, from 4,333,400 in 1949
to 22,087,100 in 2011. This represents a growth rate of 409.70% over the past 62
years, which is far higher than the national average of 148.74%. In the Xinjiang
oases, this means that 95% of the population lives in only 5% of the total area
(Committee of Natural Resources Series 1995). Such an imbalance clearly inhibits
the region’s potential social and economic development and is also serious threat to
the environmental carrying capacity.

At the same time, and not surprisingly, the economic benefits of capital construc-
tion investment in the oasis area are relatively low. Since 1994, the delivery rate
of fixed assets of infrastructure has been much lower than the national average, as
have been funds interest rate and labor productivity. During the “Sixth Five-Year
Plan” period, the rate of capital profit tax was only 50 % of the country’s; however,
by the “Ninth Five-Year Plan” period, most of the enterprises began to gain signifi-
cant earnings.

Numerous factors can cause the phenomenon of low economic efficiency. In
addition to the afore-mentioned water constraints, such factors include a weak
economic foundation, the small scale of enterprises, outdated production equip-
ment, and long transport lines. Agriculture and animal husbandry have formed the
mainstay of the traditional oasis economy for years, but productivity is low and
economic accumulation weak. Some progress has been made since 1949, but small-
scale production, even in an industrialized setting, rarely garners larger economic
benefits. The tools of agricultural production in the oasis region are traditional,
which, while quaint, causes low productivity. Further compounding the situation
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are long transport lines and high transportation costs, which reduce the region’s
ability to compete with the east. The limited capacity of transportation also leads
to a backlog of supplies, resulting in a further weakening of competitiveness in the
market-based economy. For example, due to transport issues, the abundant coal
resources are confined to west of Lanzhou.

1.3.3 Causes of Ecological Degradation

Damage caused to an ecosystem is generally associated with that system’s own
fragile ecological environment. A normal ecosystem can maintain a dynamic bal-
ance between the biological and the natural environments, but if the structure and
function of the ecosystem are changed, the equilibrium of the original ecosystem
will be disrupted, and the structure and function of the system will change or be ob-
structed. The ecosystems in the arid region of Northwest China are extremely frag-
ile due mainly to the following two factors: (1) large-scale regional environmental
factors, that is, the internal factors of ecological processes; and (2) the interference
of human activities, or so-called external factors.

1.3.3.1 Natural Factors

(1) Special Conditions of Landform Terrain The arid region of Northwest
China is located in the hinterland of the Eurasian continent, far from any ocean.
The terrain of this region is characterized by huge mountain ranges and vast basins
or valleys; the oases are widely-dispersed, relatively small, and surrounded by the
Gobi desert and desert grassland. The Junggar and Tarim River Basins are closed
inland basins, the Tarim being fully enclosed. At the edge of the Basin is gravel,
then sheet oasis, and finally the wide expanse of the Taklimakan Desert. Irrigation
drains into the basin, so the soil has a high salt content, which then flows into the
farmland with the surface water. Due to strong evaporation, the land is prone to
secondary salinization. In addition, the Heihe River also ends in the Ejina Desert
due to the topography.

(2) Fragile Ecological Environment The climate in the arid region is drought-
prone and the harsh natural conditions create extreme sand and soil salinization.
The long-term dry weather is a key factor affecting the development of plant groups,
which are exposed not only to dangerously low levels of precipitation and irrigation
but also wind erosion and desertification (Huang 1993). Although there are azonal
hydrothermal conditions in the arid region, alien species find it difficult to survive
here, so plant species in this region are simple. For example, the forest coverage rate
in Xinjiang is only 1.68 %, indicating a vulnerable ecosystem. Moreover, this veg-
etation community has a great deal of irreversibility; once destroyed, it is difficult
to restore, which further exacerbates land degradation.
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1.3.3.2 Human Factors

Recent human activities have greatly changed the distribution pattern of the original
natural ecological environment in Xinjiang. An artificial ecosystem is slowly re-
placing the natural ecosystems. Consequently, we see farmland and planned forests
instead of natural forests and grassland, artificial channels instead of natural rivers,
artificial reservoirs instead of natural lakes, and so on. These human activities have
seriously impacted the stability of the desert ecosystems.

(1) Population Growth The excessive growth of the region’s population has
already put extreme pressure on the fragile ecological environment in Xinjiang.
Coupled with the discordant development of the basin regional (basin), the con-
sumption of water resources and desertification process has been significantly exac-
erbated. More than 95 % of the population lives in oases that account for only 8.89 %
of the land area in Xinjiang. In 1950, Xinjiang’s population was just 4,100,000.
This increased to 16,613,600 by 1995 (representing an oasis population density of
111 people per km?) and to 22,087,100 by 2011. Such rapid growth in population
requires an appropriately expanded scale of production and construction. Hence,
Xinjiang’s arable land area grew from 121.0 x 10* hm? in 1950 to 310.0 x 10* hm? in
1990. By 2011, the population had increased to 412.46 x 10* hm?, placing a tremen-
dous strain on the environment.

The land area in the Hexi Corridor is about 27.4 x 10* km?, comprising 60 % of
the total land area in Gansu Province. However, the arable land only accounts for
18.2% of the total area of cultivated land in Gansu Province, and this 18.2% of
land provides 35 % of the food and 90 % of the cotton output in Gansu Province.
The oasis area has expanded threefold over the past 50 years, and the population has
increased exponentially, leading to a population density of around 15/km?, far more
than the international standard of 7/km? for arid regions. According to the statistics
released in 1998 (Wang 2002), the population density of the Hexi Oasis is around
200 people per km?, and in the Wuwei Oasis, it is a staggering 570 people per km?.

The pressure on the environment is increasing with the rising population. In
order to meet the needs of the rapidly expanding population, development strate-
gies are being proposed to reclaim wasteland and expand the scale of agricultural
production. However, desert vegetation is invariably destroyed in the reclamation
process. According to recent statistics, in 1950, arable land area in Xinjiang mea-
sured 121.0x 10* hm?; this increased to 412.46x10* hm? by 2011. Thus, arable
land in the region increased by about nearly four-fold over a 61-year period. More
recently, in just the past 10 years, irrigated arable land in the middle of the Heihe
River increased 721.01 km?. The Hexi Corridor provides 70% of the commodity
grain, 90 % the cotton and sugar beets, and about 40 % of the oil, melons, vegetables
and other agricultural products of the entire Gansu Province. In this process, water
resource utilization exceeds 65 %.

Overall, the processes of land reclamation and expanding farmland did not bring
long-term economic benefits but instead produced a series of ecological and en-
vironmental problems. First of all, the rivers were generally shortened during the
large-scale reclamation of wasteland, unplanned irrigation, and dam building. This
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led to a decrease in the middle and lower reaches of Tarim River waters, resulting
in 321 km of the river’s downstream portion drying up. Furthermore, the coastal
green corridor is in danger of disappearing as millions of acres of grassland that
relied on the river’s downstream waters become desertified. As well, the floodplain
forest is over-cultivated in the Ebinur Lake, damaging about 8 x 10* hm? of Populus
euphratica and 4.7 x 10* hm? of Phragmites communis. This, in turn, has caused the
original fixed and semi-fixed sand dunes to turn into liquidity dunes. In addition,
the Ejina and Juyanhai Rivers downstream of the Heihe River are drying up, and the
Ejina Oasis is atrophying.

Lakes are also suffering serious shrinkage. In the early 1950s, there were more
than 100 lakes in Xinjiang, with a lake area of 97.0 x 10* km?. However, by the end
of the 1970s, the lake area was reduced to 47.5x 10* km?, a drop of nearly 50 %.
Many of these lakes dried up completely or had the quality of their water signifi-
cantly compromised.

Some land reclamation projects caused soil and water imbalances which led to
further deterioration of the ecological environment as well as failed projects. Ac-
cording to statistics, in Hetian, the accumulated land reclamation was 2.33 x 10* hm?
from 1988-1996, but the arable land area was only 15.96 x 10* hm? in 1996, an in-
crease of a mere 8 x 10* hm? compared with 1988. Despite such dismal showings,
the scale of reclamation was further expanded in the early twenty-first century, with
most of the new wasteland (which in the meantime had become “man-made sand”)
being abandoned due to water shortages.

Almost all of the desert vegetation in the arid region is associated with rivers
and lakes. However, as most the rivers have been rerouted into artificial irrigation
channels, their courses and lengths have been substantially shortened. This has led
to significant declines in the groundwater table as well as the degradation of riparian
vegetation. It has also expanded the desertification of the lower reaches of rivers.

Because rivers have either been rerouted or their lower reaches have disappeared
altogether, the lakes they once fed have either shrunk or dried up. Manas Lake,
for example, has succumbed to drought brought on by a rerouted river, leading to
the death of Phragmites communis and the extinction of numerous aquatic species.
Sincere but misguided attempts to prevent this from happening elsewhere include
8.7x 108 m3 of water being injected into the Wulungu Lake in northwest edge of
the Gurban desert since the 1950s. In recent 10 years, due to water scarcity in the
Tarim River’s downstream portion, desert vegetation around the riverside has with-
ered and the desertified land area expanded from 106 to 140 km?. The original
Populus in the green corridor in Korla and Ruogiang has decreased from 6.1 x 104
to 1.6 10* hm?, and approximately 0.7 x 10* hm? of the Populus euphratica and
Haloxylon are now dead.

Groundwater exploration has likewise increased to meet the needs of the expand-
ing arable land areas. This has caused a significant decline in groundwater levels
at the edge of the oases and in newly reclaimed land. For example, after more than
2,000 new wells were drilled in the Tarim River, the groundwater level declined
30-50 m. Over the past 10 years, the desert vegetation that depended on groundwa-
ter has died, biodiversity has been damaged, and the vegetation coverage reduced.
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(2) Extensive Management Water usage of irrigated land in Xinjiang is 930 m?
per acre, indicating relatively low efficiency. The utilization coefficient of the chan-
nel system is about 0.41, and the irrigation quota is around 13,500-16,500 m3/hm?.
There is also extreme seepage of water used in farmland, and water conservation
facilities cannot keep pace with land development. This leads to declines in ground-
water levels and increased soil salinity of arable land, causing secondary saliniza-
tion. Currently, the total area of secondary salinization in the Tarim River is about
3.6 x 10* hm?, which accounts for 43—-60 % of the arable land. The worst of the sec-
ondary salinization has occurred in the middle of the Tarim River. Depleted ground-
water and rising river salinity are the two most important causes of soil salinization
in irrigation areas.

Overgrazing also destroys ecological balance. In Xinjiang, the degradation of
grassland caused by overgrazing is widespread and prominent, as the expansion of
livestock-related industries has exceeded the capacity of grass to sustain the herds.
Between 1949 and 1996, the number of livestock in Xinjiang nearly tripled or in some
cases more than quadrupled. At the same time, the available area of pasture decreased
by 266.7 x 10* hm?, reducing the average portion of grass from 5.39 to 1.77 hm?. Con-
sequently, about 2,000 x 10 livestock barely survive the hunger and cold of winter
and spring, economic losses are in the 10 x 108 yuan range, and 40 x 108 kg of grass-
land is being degraded. To make up for this loss, human production must generate
20x 103 yuan, but this does not take into account the impact of such production on
the ecological environment. At present, the grassland in spring and autumn is over-
loaded by more than 70 %; in winter, the overload is around 50 %, and only summer
sees a surplus. Grasslands overloads occur to different degrees in different regions.
In Urumgqi, the grassland overloads about 2.7 times in spring and autumn, and 1.25
times in winter, which causes a decrease in grass production of 50-70%, while in
Changji, the grassland overloads about 4.1 times in spring and autumn.

There is also severe overgrazing of grassland in the upstream and middle reaches
of the Heihe River Basin, at an average rate of 21.68 %. The overload rate of the lo-
cal Sunan pasture has reached 70 %, and the available area of pasture in winter and
spring only takes 39 % of the total grassland area. Although the theoretical stocking
rate is 98.76 x 10* of sheep, the actual stocking rate is 260.4 x 10*, so the overload-
ing rate is as high as 163.67 %. The overgrazing phenomenon of grassland also hap-
pens in summer in the regions of Minle, Gaotai, Zhangye and Linze and averages
2,264 x10% The overgrazing of grassland has likewise become an important factor
in grassland degradation in the upper and middle reaches of the Heihe River, where
there is an over-concentration of livestock grazing the shrub meadow in the river’s
downstream portion.

Moreover, excessive felling results in the demise of large swathes of desert veg-
etation. Desert vegetation plays an irreplaceable role in fixing moving sands, reduc-
ing wind erosion, and improving the environment, and many desert herbs and small
shrubs are nutritious forage and also have medicinal value. Due to the seemingly
endless drive for economic development, excessive hunting, deforestation and other
destructive human activities damage the area’s natural fixing plants such as Tama-
risk and Haloxylon. Consequently, the desertification process expands rapidly and
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biodiversity is sharply reduced. As a sad example, the desert Xinjiang tiger and
bullhead are now extinct.

In the 1950s, there were 193 x 10* hm? of licorice resources in Xinjiang, but now
there are only 67 % 10* hm? and licorice storage has been reduced from 400 x 104
to 100 x 10* t. The annual excavation of licorice exceeds 3 x 10* t, but digging up
1 km of licorice will damage 5 km? of grassland. In total, 1.5 x 10* hm? of grassland
is damaged in this way per year. Xinjiang has around eight enterprises to product
ephedrine, which has a production capacity of about 30—40 t. This number trans-
lates to a rate of 1/8 of total storage per year. So far, the digging of wild herbs has
destroyed more than 33 x 10* hm? of the grassland area. In addition, the damage to
grassland caused by mining and gold digging is also extreme. The desert shrub in
the Junggar Basin and Populus euphratica in the Tarim River Basin decreased 68.4
and 84.0 %, respectively, over the past 50 years.

(3) Weak Sense of Environmental Consciousness The ecological environmental
degradation is the combined result of natural factors, socio-economic factors, tech-
nological innovation, and policies and regulations. Degradation in the arid region is
closely related to a low level of consciousness of ecological and environmental pro-
tection and outright ignorance of the feedback effect on the ecological environment.
Therefore, publicity and education should be strengthened to improve the ecologi-
cal and environmental protection consciousness and establish a positive concept of,
and concern for, the ecological environment.

The current laws, regulations and policies in China are inadequate to address land de-
sertification issues. For example, there are no criminal laws specifically addressing land
desertification caused by the unreasonable use of land. Because of this lack of existing
laws, regulations and policies, the misuse of resources is not only permitted but repeated
again and again, which is the main cause of human-induced land desertification.

The degradation of desert ecosystem is caused by the synergism of nature and
humans. The unique natural conditions of the arid region create a fragile ecologi-
cal environment, but dense population, oasis reclamation and overgrazing causes
degradation and destruction. However, the people still live in poverty, a condition
that drives them to exploit the natural resources more intensely, leading to a vicious
cycle. Due to poverty and rudimentary production processes, people lack the neces-
sary financial resources, material resources and technology to cope with the impact
of natural disasters in a fragile ecological environment. At the same time, due to
the vulnerability of the environment, people lack the opportunity to choose not to
excessively utilize their natural resources, thereby putting pressure on the environ-
ment and eventually creating imbalances across the entire ecological spectrum.

1.3.4 Changes in Ecology and Environment

Global warming has become an irreversible present and future trend. Give this in-
escapable condition, the evolution of desert ecosystems in Northwest China arid
region will be determined by the following aspects:
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1.3.4.1 Water Resources

Global warming has accelerated the melting of the glaciers, which will result in an
even further reduction of already dwindling water resources in the near future. Since
the 1970s, global warming has hit the high latitudes of the Northern hemisphere es-
pecially hard, including arid Northwest China. There, temperature and precipitation
have significantly changed. Research shows that temperatures have increased sub-
stantially over the past 50 years, with the most significant warming trends happen-
ing in North Xinjiang and the Qaidam Basin. Meanwhile, precipitation not only in
the mountains and hills but also in the basin and desert has continued an increasing
trend, especially in South Xinjiang, and evaporation has likewise increased. How-
ever, precipitaiton of some meteorological stations in North Xinjiang have shown
decrease trend (Ren and Yang 2008). Climate change in most of Xinjiang means
rising temperatures, increased precipitation, melting glaciers and increased runoff.

1.3.4.2 Changes in Glaciers

There are 46,377 glaciers in China, covering a combined area of 59,425 km?. More
than 80% of the glaciers are located in the Qinghai-Tibet Plateau and surround-
ing mountains. Nowadays, glaciers in China are decreasing at an average rate of
131 km? per year due to the increase in CO, emissions. Based on this estimate, about
one-third of China’s glaciers will disappear by 2050. However, the trend towards
increasing precipitation in the mountains will offset the melting trend of glaciers
to a certain extent. It is predicted that if temperature rises 1°C, precipitation will
increase 10 %, and the glacial runoff in northern Xinjiang will increase 7.8—12 %. At
the same time, glaciers will shrink 4.3 % to 6%. Therefore, even if temperatures and
precipitation both increase, the melting trend of glaciers cannot be completely offset.

These changes in glaciers have a major impact on water resources. The runoff re-
charge proportions from glaciers will increase significantly in the short-term, which
will have a positive effect on water resources and the ecological environment. How-
ever, the accelerating melting rate will reduce the water resources over a longer
period, which will then bring severe challenges to the Northwest.

Although climate change accelerates the melting trend of glaciers, it will have
some positive effects on the mountains’ ecological system. The gradual recovery
of forest and vegetation will enhance the ecological completeness and improve soil
and water conservation.

1.3.4.3 Increased Frequency of Floods

Floods often occur in the Tarim River Basin area, especially in the Tianshan and
Kunlun Mountains. Being at high elevations, the mountains retain their winter
snows due to the effect of the Siberian cold air up until the summer, when the
snowline retreats from subtropical highs. In addition, there is large gap in elevation
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between the mountains and basins, which leads to flooding of low altitude areas.
Analysis of climate change in the Tarim River Basin over the past 50 years shows
that the temperature and precipitation of the basin experienced a jump-point in the
mid-1980s. Since then, temperature and precipitation have substantially increased
mainly in the autumn and winter, while increasing precipitation mainly occurs
in the summer. The mountains are experiencing increased warming, whereas hu-
midity is rising in the plain region. Warming in the mountains will increase the
probability of snow floods and increased precipitation leads to increased flood
frequency of rain-fed rivers. According to statistics, flood frequency generally in-
creased from the 1950s to 2000 but has become especially prominent since 1987.
Likewise, disaster-related losses in Xinjiang have increased nearly ten-fold over
the past few decades.

The accelerated melting of snow and permafrost due to rising temperature causes
soil erosion. It is predicted that about 80-90% of the permafrost in the Qinghai-
Tibet Plateau will disappear by 2050 and that the surface area of permafrost will be
reduced by 10-15 %, while the permafrost lower bound will uplift 150-250 m (Qin
2002). In summary, increases in precipitation and loss of permafrost, coupled with
increased flood frequency, will increase the probability of geological disasters such
as mudslides and landslides now and into the future.

1.3.4.4 Expanded Areas of Artificial Oases

With increases in population, the pressure on land is rising. As a result, artificial
oases increase and natural oases decrease. Even though the protected forest area
within artificial oases is expanding, the natural oases and transitional zones between
oases and deserts is atrophying. Hence, the natural barrier of ecological benefits
at the peripheral oasis zone is reduced, as the desert forest and desert grassland
area are decreasing. Due to rising temperatures, surface runoff has increased. This
ensures irrigation, meaning that oasis ecosystem productivity will significantly im-
prove and the carrying capacity of the oasis will be enhanced. However, the produc-
tivity of natural organisms in the desert area of the peripheral oasis will decrease
due to the limited water supply, as the ecosystem tends to be fragile and unstable in
these natural areas.

Rising temperatures will shift plant-growth boundaries in the mountains, and
grasslands could expand their domain up to 400 m (Qin 2002). At the same time,
it is predicted that the area of desertification is likely to increase by nearly 43 %
by 2050 due to increasing evaporation in the plains and desert areas. Of course,
this figure depends on many factors, including management investments in anti-
desertification projects as well as changes in precipitation forecasts. The plains re-
gion in Xinjiang has become warmer and wetter in the past five decades, and such
changes may well reverse many present instances of desertification. However, even
as desertification moderates in some regions, in other areas rising temperatures will
worsen the desertification process.
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1.3.4.5 Influence on Biodiversity

Increases in temperature and precipitation will change the phenophase and habitat
conditions of original species, especially affecting plants and insects. Species are
more likely move up (vertical band) to find a suitable living environment, meaning
that the diversity of the desert plains will be reduced and the mountain region’s bio-
logical diversity will increase. In addition, climate change will increase C, plants
and decrease C, plants of some herbs and shrubs (Epstein et al. 2002). The study
shows that the concentration of CO, in the air will cause thousands or even tens
of thousands of biodiversity hot spot regions to disappear, and that even the most
vulnerable species will grow in the mountains. Climate change also affects the mi-
gration of ecosystem zones because plant or vegetation zones are determined by a
combination of water and heat conditions. In light of current warming trends in the
arid region, vegetation zones may move upward, resulting in an extension of the
plain desert area and atrophying the steppe and forest ecosystems.

1.3.4.6 Change of the Utilization of Water Resources

The expansion of artificial oases and arable land as well as increases in domestic
water usage will strain water resources, as much more water is used for artificial
oases than natural ones. As well, soil salinization remains a serious problem, and
climate change will aggravate salinization in the plains. Rising temperatures will
exacerbate land surface evaporation, which will inevitably result in salt accumula-
tion in the shallower areas of groundwater depth. The effect of this salt accumula-
tion on the oases regions will be especially significant.

The fragile ecological environment and limited available water supply in the des-
ert areas heighten the conflict between ecological utilization of water resources and
the economy. Nonetheless, in this battle, the ecological use of water should be of
greater concern, as sustainability of water resources is the key element in social and
economic development. How to maintain the stability of desert ecosystems in arid
areas is a major ongoing challenge. The past and present method of robbing natu-
ral rivers to build artificial irrigation channels has resulted in a drastic drop in the
groundwater table, resulting in the decline in shallow root plants essential for fixed
and semi-fixed dunes and expediting desertification. Increased precipitation alone
cannot undo this process. What is needed are strict laws that prevent further irriga-
tion projects that rob natural resources and a general education program that height-
ens people’s awareness of the importance of preserving their natural environment.
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Chapter 2
Climate System in Northwest China

Yaning Chen, Baofu Li and Changchun Xu

Abstract A comparative analysis for detecting temperature and precipitation
changes in the period 1960-2010 was conducted using data from 74 meteorologi-
cal stations in China’s arid northwest. Significant increasing trends (P<0.01) were
revealed through the investigation, showing rates of 0.343 °C/10a and 6.07 mm/10a,
which is higher than the global average. The winter temperature rate increased
0.486°C/10a, while the summer temperature changed at a rate of 0.232°C/10a.
However, although precipitation increased 2.51 mm/10a in summer, it slowed in
winter to a rate of 1.16 mm/10a. Regionally, the highest increasing rates of tem-
perature and precipitation occurred in northern Xinjiang, and the lowest rates were
recorded in southern Xinjiang and the Hexi Corridor. We found that, among the four
seasons, winter saw the greatest temperature changes. We also found that the winter
temperature in this region had a strong association with the Siberian High (correla-
tion coefficient: R=—0.715) and greenhouse gas emissions (R=0.51).

Keywords Increased temperature change + Dynamic precipitation change
Extreme temperature and precipitation - Past climate change * Future forecast

Over the past century, carbon dioxide emissions into the atmosphere caused by hu-
man activities increased from 9.4 billion tons in 1960 to 33.5 billion tons in 2010.
Accordingly, concentrations of carbon dioxide increased from 315 ppm in 1960 to
389 ppm in 2010, respectively. Meanwhile, other greenhouse gas emissions are also
on the rise. Significant changes in atmospheric composition and radiative forcing
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result in a severe damage to climate systems with regards to the natural energy bal-
ance, which then causes varying degrees of changes in the evolutionary processes of
the natural environment (Guo 2010). The fourth assessment report of IPCC (2007)
points out that the linear growth rate of the global average temperature was 0.74 °C
from 1906 to 2005 and that it exceeded the rate from 1901 to 2000. On average,
temperature increases were more prevalent in high latitude areas of the Northern
Hemisphere, and warming was more prevalent in continents than in oceans.

Overall, climate change has exerted extensive and profound influences on the
natural world. In response to these challenges, scholars have stepped up their re-
search efforts into climate change variability, effects and forecasting. However, two
disadvantages exist in climate change analysis and simulation on a global scale: the
first is that simulated results are not always the same and may even vary for differ-
ent simulation methods; the second is that simulated results obtained on a global
scale are usually not applicable to a regional scale, which has negative impacts on
the suitability of comprehensive policy-making. For these reasons alone, it is im-
portant to carry out research on regional climate change and its effects on natural
and man-made environments (Tebaldi et al. 2005; Pierce et al. 2009; Mariotti et al.
2011; Ashrafi et al. 2012).

The climate of China’s arid northwest region is characterized mainly by dryness.
In earlier studies in this area, researchers focused on the formation and evolution
of arid climacteric conditions (Zhang and Jiang 1992; Zhang et al. 2000), along
with the characteristics of climate change (Chen et al. 1984; Li et al. 1995) and the
projection of future climate (Shi and Zhang 1995). However, the scope and depth of
research was limited. In 2002, Shi et al. (2002) pointed out that, over the past 100
years since the end of the Little Ice Age in the nineteenth century, Northwest China
was in a fluctuating warm-dry period. Specifically, and using the area to the west of
the Tianshan Mountains as being representative, a warm-dry to warm-wet climate
emerged after 1987. Accompanying it was increasing precipitation, ice-snowmelt
water and surface runoff, which resulted in increases in lake levels, flood disasters,
vegetation improvements and decreasing dust storms.

Meanwhile, increasing precipitation and runoff were also found in the middle
and west of the Qilian Mountains and other areas of Xinjiang. Projections by exist-
ing regional climate modes confirmed the transformation into a warm-wet climate,
but the rate and magnitude of the transformation still needs further discussion. Sub-
sequent studies confirmed the transformation (Li et al. 2003, 2011; Zhang et al.
2010a), although questions were also raised about the regional consistency of the
change. Zhang et al. (2000) pointed out that Northwest China showed a warm-dry
climate as a whole, except in some areas where warm-wet signals appeared. In view
of the recent noticeable climate change, precipitation varied greatly, increasing in
some places and decreasing in others. The evaporation potential also increased due
to increasing temperatures. Overall, the arid index rose, accompanied by more fre-
quent drought disasters. As can be seen from this brief summary, the climate change
of Northwest China is complex, and viewing it from a short-term and isolated per-
spective cannot accurately reveal the process and development of precisely how the
climate is changing.
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2.1 Temperature Change

In recent years, the issues and challenges of climate change have attracted wide-
spread social attention, and numerous scholars have researched the impacts and
predictions of changing climate patterns (Abouabdillah et al. 2010; Stahlschmidt
et al. 2011). Recently, regional effects have been detected to make strategies to ad-
dress climate change (Moriondo et al. 2011; Segev 2010).

With recent socioeconomic development, China’s northwest has become an im-
portant energy base due to its vast area and abundant resources. At the same time, its
ecological system is becoming increasingly fragile and sensitive to regional climate
effects. Therefore, it is important to know how changes in climate will affect the
region not only from a weather aspect but also from environmental, economic, and
human aspects.

To study the impact of climate change on the natural environment and human
activities, it is necessary to know how the regional climate has changed in recent
years. Previous scholars’ research on climate changes in China’s northwest reveals
that the climate has generally trended warmer (Shi and Zhang 1995; Shi et al. 2007).
However, analyses of temperature and precipitation changes in this region have
been limited to the late 20th century or earlier (Shi et al. 2003; Xu et al. 2003; Zhang
and Li 1982; Zhang et al. 2010).

In contrast, in our study, we use the latest (1960—2010) meteorological data from
meteorological stations to explore historical and predicted temperature variations
from different perspectives (i.c., years, seasons, decades, and so on). We also ana-
lyze relationships among temperature, precipitation, latitude, longitude, elevation
and atmospheric circulations. Our intention here is to identify the direct causes of
temperature change, hoping that results will provide a scientific basis for predict-
ing future climate trends, assessing the impact of climate change, and formulating
strategies to address its impact.

2.2 Characteristics of Temperature Change

2.2.1 Methods

(1) Mann—-Kendall Non-Parametric Statistical Test The non-parametric Mann—
Kendall method was used to detect change trends in precipitation and tempera-
ture which do not require data to comply with a certain statistical distribution. The
method is used to detect possible trends in meteorological elements and is widely
used in trend analysis. In the test, the null hypothesis (HO) states that the data (x,,
X,,..., X ) comprise a sample of n independent and identically distributed random
variables. The alternative hypothesis (H1) of a two-sided test is that the distribution
of x, and x; is not identical for all k and i. The test statistic (Kendall’s S) is calcu-
lated as follows:
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n

S=§ngn(xk—x[) (2.1)

i=1 k=i+l

Time series x, are ranked fromi=1,2....... n—1and X; fromj=i+1,...,n. Each data
point x, is used as a reference point and is compared with all other data points X,
such that:

1 6>0
sgn(6) = 0, =0 2.2)
-1, <0

If the data set is identically and independently distributed, then the mean of S is zero
and the variance of S is:

[n(n —D)@2n+5)= Y H(t=1)(2t+ 5)}

var[S] = T

2.3)

in which n is the length of the data set, and ¢ is the extent of any given tie and de-
notes the summation overall ties. For larger sample sizes, statistic S is converted
to Z_ (a statistic that is approximated by a normal distribution) and is calculated as
follows:

i’ S$>0
JJvar(S)
Z, = 0, §=0 (2.4)
SHL oo
|/ var(S)
The magnitude of the trend is given as
X, —X,
ﬁzMedian( — ), Vj<i (2.5)
1=J

in which 1 <j<i<n. A positive value of £ indicates an ‘upward trend’ and a negative
value of § indicates a ‘downward trend’.

With the null hypothesis (HO) of =0, where f is the slope of trend, the Mann—
Kendall test rejects HO if [Z |>Z, ,, in which +Z, ,and —Z, , are the standard
normal deviates and a is the significance level for the test. In this study, we use
significance levels of «=0.1 and 0.05, with the corresponding standard normal de-

viates of 1.28 and 1.96, respectively.
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(2) Abrupt Change Point Analysis The MK non-parametric test is widely applied
to determine the occurrence of abrupt change points of meteorological and hydro-
logic series. Advantages of the method include simplicity of calculation, confirma-
tion of the starting time of abrupt changes, and clear identification of the area of
abrupt changes.

Letx,,..., x, be the data points. For each element x,, the numbers r, of elements
X, preceding it (j<i), such that x. <x; are computed. Under the null hypothesis (no
abrupt change point), the normally distributed statistic S, can be calculated via the
formula:

k

S,=>r (2<k<n) (2.6)

i=1
Mean and variance of the normally distributed statistic Sk can be given by:

< _ES)=k(k=1)

2.7

! 2 (2.7
-2

var(s, ) = FEZDCk+S) 2.8)
72

The normalized variable statistic UF, is estimated as:

S, -8,

UF, = M (2.9)

Jvar(S,)

The normalized variable statistic UF, is the forward sequence, and the backward
sequence UB, is calculated using the same equation but with a reversed series of
data. When the null hypothesis is rejected (i.e., if any of the points in the forward se-
quence are outside the confidence interval), the detection of an increasing (UF, >0)
or a decreasing (UF, <0) trend is indicated. The sequential version of the test used
here enables detection of the approximate time of occurrence of the trend by locat-
ing the intersection of the forward and backward curves of the test statistic. If the in-
tersection occurs within the confidence interval, it indicates an abrupt change point.

(3) Correlation Analysis Method The correlation analysis method is applied
to detect the relationship between or among two or more variables. We used this
method to detect correlation degrees and properties among variables. The correla-
tion coefficient (r) is usually calculated as follows:

= z(xi_f)(yi_.]_/)
- X0 -»

(2.10)
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The distribution range of the correlation coefficient 7 is between — 1 <r<+1. When
the correlation coefficient is positive, the correlation between variables indicates
a positive correlation; when the correlation coefficient is negative, it indicates a
negative correlation. The greater the absolute value of the correlation coefficient
|7, the closer the degree of correlation between two variables. In addition, to deter-
mine if the correlation coefficient is meaningful or not, it is necessary to carry out
a significance test.

(4) R/S Analytic Method R/S analysis is also called rescaled range analysis. It is
usually applied to analyze long-term records of runoff time series (Rehman 2009;
Rehman and Siddiqi 2009). Its principle is as follows. In considering the time series
of annual runoff in a certain river, X(t), for any positive integer t> 1, the mean value
series is defined as:

1 T
<X>T:;ZX(’) r=12,.. @.11)
t=1
The accumulative deviation is
t
X(t,n)=Y (Xw)—(X),) 1<t<7 (2.12)
t=1

The extreme deviation is

R(T)=rlnax X(t,T)—¥nin X1 7=1,2,. (2.13)
<t<t <i<t

The standard deviation is

T

S(7) = [17 (X(t)—(X),):|2 7=12,... (2.14)

t=1

When analyzing the statistic rule of R(7)/S/7)R/S, Hurst discovered a relational
expression

r H
R/sx(z) (2.15)

which can be used to identify the Hurst phenomenon in the time series and where H
is called the Hurst exponent. Apparently, H is given by the slope coefficient of R/S
versus /2. According to (1, R/S), H can be obtained by the least squares method
(LSM) in a log-log grid.

In 1965, Hurst proved that, in an independently random series with limited vari-
ance, the exponent H=0.5 and H (0<H< 1) is dependent on an incidence function
C(v):
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C()=2"""1 (2.16)

When H>0.5, C(t)>0. This signifies that the process has a long-enduring char-
acteristic and that the future trend of the time series will likely be consistent with
the past. In other words, if the past showed an increasing trend, the future will also
show an increasing trend. When H<0.5, C(t)<0, which indicates that the process
has an anti-persistence characteristic and that the future trend of the time series will
likely be opposite from the past. In other words, if the past showed an increasing
trend, the future will assume a reducing trend. When H=0.5, C(t)=0, meaning that
the process is stochastic.

(5) Kriging Method Kriging is an advanced, computationally intensive, geostatis-
tical estimation method that generates an estimated surface from a scattered set of
points with z-values. Consider a continuous field variable z(x) defined in a domain
Q. The domain is represented by a set of properly scattered nodes x,, [=1, 2, ..., N,
where N is the total number of nodes in the whole domain. Given N field values,
z(X,), ..., Z(Xy), the problem is to obtain an estimate value of u at a point x € Q. Let
us consider a set of nodes x,,i=1, 2, ..., n, surrounding point x , inside a sub-domain
Qx, € Q. Here, a small letter index is used in place of a capital latter to emphasize
that the numbering is referred to the sub-domain Qx. The Kriging estimated value
Z* (x) is a linear combination of Z (xi)(i =1,2,...,n) ,i.e.,

Z" (x)= 2 A.Z(xi) 2.17)

where Ai are the (Kriging) weights and n is the number of nodes inside Qx,. Krig-
ing weights Ai can be obtained by solving Kriging equations and are determined by
requiring that the estimator Z* (x) be unbiased and optimal (minimum squared error
of estimation), i.e.,

E[Z',(0)-Z,(0)]=0 (2.18)

Var(Z',(x)~Z,(0) | = E[ 2" (x)~ Z,(x)| — min (2.19)

Using the Lagrange method for constraint optimization problems, the requirements
of minimum variance and unbiased estimator lead to the following Kriging equa-
tion system.

Ordinary Kriging is a linear geostatistical method. The Kriging approach uses
the semivariogram to express spatial continuity (autocorrelation) and requires two
separate steps. The first step is to calculate and model/fit the semivariogram for
the whole area; the second step is a Kriging estimation of unmeasured points in
the area. The semivariogram measures the strength of the statistical correlation as
a function of distance. Typically, an authorized variogram model (e.g., exponential
or spherical) is fitted to the experimental semivariogram values, calculated from
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data, for given angular and distance classes. In bounded models (e.g., spherical
and exponential), semivariogram functions increase with distance until they reach a
maximum, named sill, at an approximate distance known as the range. The range is
the distance at which the spatial correlation vanishes, and the sill corresponds to the
maximum variability in the absence of spatial dependence.

E[Z(x)]=m (2.20)
c(h) = E[Z(x)Z(x+h)]-m’ .21)
Zv(x,) =+ [ Z(xydx (2.22)

0 V g .

Ordinary Kriging is based on the assumption that the set of unknown values is a set
of spatially dependent random variables; hence, each measurement z(xi) is a partic-
ular realization of the random variable Z(xi). In (2.23), the optimal Kriging weights
M are determined by solving the Kriging equations that result from minimizing the
estimation variance while ensuring unbiased estimation of Z (x0) by Z*(x0). In
Ordinary Kriging, the Kriging weight decreases as the datum location gets farther
away from the location being estimated, and so negative Ordinary Kriging weights
can occur. Typically, negative weights arise when the influence of a specific datum
is screened by that of a closer one.

Z'v= z A.Z(xi) (2.23)

(6) Inverse Distance Weighted (IDW) Interpolation The inverse distance
weighted (IDW) method was used to interpolate climate change trends. It is a
simple and widely used spatial interpolation method that estimates the value at an
unsampled location using the values of nearby sampled points, which are weighted
inversely by their distance to the location (Ruelland et al., 2008). With a set of
points, their coordinates and values are (X, Y) and Z (i=1, 2, ..., n), the Z value at
a location (X, 7) is calculated by the following equation:

3]

Z= —1 (2.24)
b

Where Z is the interpolated value for the location, # is the number of nearby points
(a value of 12 was used in the study), and d, is the distance from the ith nearby point
to the location, which is calculated by the following equation:
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Fig. 2.1 Trends in temperature during 1960-2010

d’=(X-X)+(¥-Y) (2.25)

2.2.1.1 Inter-Annual Variability

(1) Temperature Change in Northwest China The linear tendencies of tempera-
ture over Northwest China for the period 1960-2010 (Fig. 2.1) shows that the air
temperature trended toward higher values at 73 (98.65 %) of the 74 sites analyzed in
the study area. All of the positive trends are statistically significant (P <0.05, under
the Mann—Kendall test). The one site that does not show a significant trend has a
decreasing temperature value. The increasing rate in mean annual air temperature
is 0.343°C/10a in China’s northwest (Fig. 2.2), which is noticeably higher than the
global rate of 0.13°C/10a (IPCC 2007).

Regionally, temperature increases show stark differences. The temperature in
northern Xinjiang increased the fastest, at a rate of 0.386°C/10a, followed by the
Hexi Corridor at a rate of 0.352°C/10a. Southern Xinjiang showed the slowest in-
creasing rate (0.283 °C/10a).

(2) Temperature Change in the Mountain-Oasis-Desert Areas

Trend of mean annual temperature The Mann—Kendall test found that the mean
temperatures of all three landscape types showed significant increasing trends dur-
ing the period 1960-2010 (P<0.01), with Fig. 2.3 charting the linear tendencies of
temperature at 51 stations. To some extent, this map presents the spatial distribution
of temperature variation in China’s arid northwest for the period under study. Of the
51 stations, only one has a slightly decreasing trend, showing a slow rate of 0.056 °C
per decade; all of the others have increasing trends. The mean temperature readings
of all 51 stations reveal a slight increasing trend at a rate of 0.341 °C per decade.
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Fig. 2.3 The temperature trends at the meteorological stations in the three landscapes for the
period 1960-2010

Of the three landscape types, the desert has the highest per-decade increasing
rate (0.360°C), followed by the oasis (0.339°C) and the mountain (0.325°C). A
possible reason for the mountain having the slowest increasing rate is the wide-
spread occurrence of snow and glaciers, along with vegetation diversity and high
ecosystem stability. Mountain areas impose a certain buffer action on global climate
change, while the desert region does the opposite.

To further clarify the temperature change of each area in different periods, the
time series were divided into two periods: prior to the 1990s, and after the 1990s.

Prior to the 1990s, temperature trends among the 51 stations were inconsistent.
For instance, seven stations (all located in the mountain and oasis areas) had de-
creasing trends (Fig. 2.4a). Overall, however, the trend in the 51 stations was a weak
rising one, with a mean rate of 0.151°C per decade. Sixteen of the 19 mountain
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stations had increasing trends, with the mean increasing rate of the mountain land-
scape at 0.103°C per decade. Seventeen of the 21 oasis stations had increasing
trends, with the mean increasing rate of this landscape being 0.138 °C per decade.
All stations in the desert areas had increasing trends during this period, with a mean
rate 0f 0.214 °C per decade. One reason for these variations among landscape types
is that the ecosystem in the mountain area has high stability, whereas the desert
ecosystem has low stability. Another reason is that the arid area of the northwest had
a small population density during this time period and thus there was little human
interference with the natural order of the oasis and mountain areas.

After the 1990s, the entire area experienced rapid temperature increases
(Fig. 2.4b). The mean of the increasing rates at the 51 stations was 0.517°C per
decade. The oasis areas had the highest rising rate (0.60 °C per decade), followed
by the mountain area (0.542°C per decade). Both oasis and mountain areas had
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Fig. 2.5 Time series of temperature of snowmelt period and its linear trend for a entire north-
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95 % of their stations showing increasing trends, and while all stations in the desert
areas had increasing trends, their mean rate was only 0.402 °C per decade, the low-
est among the three landscapes. We suspect that human activity was a major factor
contributing to the formation of this pattern. Since 1990, China’s arid northwest has
experienced rapid population growth along with rapid expansion of industrializa-
tion, tourism, and urbanization. Greenhouse emission and the “urban heat island”
effect may contribute to variations among different landscapes over the background
of global warming and regional climate change.

Trend of Snowmelt Period Temperature in the Mountain Area During the 1960—
2010 timeframe, the mean air temperature of the snowmelt period in the north-
west mountainous areas of China exhibited an upward trend, with an increasing
rate of 0.168 °C/10a. This increasing trend carries a P<0.001 level of significance
(Fig. 2.5a). Over the past 51 years, the air temperature in the snowmelt period
increased by 0.857°C, which is higher than the world average (Brohan et al. 2006;
IPCC 2007) for the same period.

Figs. 2.5b, c and d show the temporal variations of linear tendencies of the tem-
perature of snowmelt periods over different areas from 1960 to 2010. From this
figure, it can be seen that all parts of the northwest mountainous areas of China
have a positive temperature tendency during their snowmelt periods. The northern
Qilian Mountains have a relatively high positive tendency, whereas low positive
tendencies are observed in the southern Tianshans and northern Kunlun Mountains.
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Fig. 2.6 The date of maxima daily temperature (9 day moving mean) in every decade over Aksu
River and Yarkand River

However, all of these trends are statistically significant (£<0.05, under the Mann—
Kendall test).

Regionally, temperatures during the snowmelt period in the northern Qilian
Mountains increased the fastest (1.05 °C), followed by those in the southern Tian-
shan Mountains (0.903 °C). However, temperatures in the northern Kunlun Moun-
tains increased the slowest, by only 0.617°C.

Next, we take the Aksu and Yarkand Rivers as objects for further analysis on
the date change of the maximum daily mean temperature in different decades (a
9-day moving average). For the period 1960-2000, the date of the maximum daily
temperature in the Aksu River moved ahead 22 days (Fig. 2.6) compared with that
in 1990s, while the date was delayed 5 days for the period 2000-2010 (which is
basically consistent with that in the 1980s). The maximum daily temperature in the
Yarkand River occurred 10 days ahead in 1960s—1980s, while the date was delayed
in 1990-2010. However, the date for the period 20002010 was basically consistent
with that in the 1960s.

Overall, the dates for maximum daily temperature in the mountains appear ear-
lier in the 1970s and 1980s, while the date has been delayed in the first decade of
the twenty-first century.

(3) Temperature Changes in Typical Rivers In this section, 11 rivers of five
typical river areas in three typical areas in China’s arid northwest zone form the
research topic (Table 2.1). The three typical areas are northern Xinjiang (the south
slope of the Altai Mountains and the north slope of the Tianshan Mountains), south-
ern Xinjiang (the north slope of the Kunlun Mountains and the south slope of the
Tianshan Mountains) and the Hexi Corridor (the north slope of the Qilian Moun-
tains), which basically includes all of the main inland rivers in China’s arid region
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Table 2.1 The rivers and weather stations information in the arid region of Northwest China

Areas Typical river areas Rivers Weather stations (Information
sessions)
Hexi Corridor The north slope of Qilian Heihe Qilian (1957-2010)
Mountains Shiyang River ~ Wushaoling (1957-2010)
Shule River Tuole (1957-2010)

Northern Xinjiang

The south slope of Altai

Mountains
The north slo:

Kelan River

pe of Tian-  Urumgi River

shan Mountains

Manas River
Kuitun River

Altai (1957-2005)

Daxigou, Yingxiongqiao
(1957-2006)

Kenswatt (1957-2006)

Jialeguola (1957-2006)

Southern Xinjiang The south slope of Tian- ~ Aksu River Toergate, Aheqi (1957-2010)
shan Mountains Kaidu River Bayinbuluke (1957-2010)
The north slope of Kunlun Hotan River Hotan (1957-2010)
Mountains Yarkand River  Taxkorgan (1957-2010)
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Fig. 2.7 The weather and hydrological stations of rivers in the arid region of northwest China

(Fig. 2.7) (Li et al. 2012a). To minimize the impact of human activities and make
the regional climate changes more clear, data from the selected weather stations
represent climate changes for each mountain area. We use the mean value of the
data to represent temperature and precipitation.
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Fig. 2.8 Temperature anomalies trends in typical river areas in the arid region of Northwest China

Over the past five decades, the temperature in each river area (the south slope of
the Altai Mountains, the north slope of the Kunlun Mountains, the north slope of the
Qilian Mountains, and the south and north slopes of the Tianshan Mountains) has
increased, fluctuating at an average rate of 0.32°C per decade (Fig. 2.8) (Li et al.
2012). The temperature on the south slope of the Altai Mountains rose the fastest,
increasing by 0.64 °C/10a; the second fastest increase (0.29 °C/10a) occurred on the
north slope of the Qilian Mountains, while the slowest increases occurred on the
south (0.24 °C/10a) and north (0.24 °C/10a) slopes of the Tianshan Mountains and
on the north slope (0.25°C/10a) of the Kunlun Mountains. In addition, the Mann—
Kendall test showed that the increasing temperature trend in each river area was
statistically significant, at P<0.01 (Table 2.2).

From the perspective of coefficients of variation, temperature variations were
the largest on the north slope of the Qilian Mountains, indicating strong variability.
This was followed by temperature variations on the southern slopes of the Altai and
Tianshan Mountains, suggesting moderate variability, while temperature variations
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Table 2.2 Temperature trends and tests in different typical river areas in the arid region of north-
west China

Areas Typical river areas Cv Zc Step change Periods (a)
points
Hexi Corridor  The north slope of Qilian 1252 4.68%*% 1994** 19%*
Mountains
Northern The south slope of Altai 0.327  5.53%¥*% 1984** 19%**
Xinjiang Mountains
The north slope of Tianshan 0.087  5.14%* 1978** 17%*
Mountains
Southern The south slope of Tianshan 0.148  2.65*%* None 20*
Xinjiang Mountains
The north slope of Kunlun 0.083  3.76*¥* (1980,1987)** 19**
Mountains

*P<0.05; **P<0.01

on the north slopes of the Tianshan and Kunlun Mountains were the smallest, point-
ing to weak variability (Table 2.2).

2.2.1.2 Seasonal Variability

From 1960 to 2010, spring air temperatures trended to larger values at 73 (98.65 %)
of the 74 sites (Fig. 2.9), declining at only 1 site. Most of the upward trends were
statistically significant (P<0.05, under the Mann—Kendall test). At sites regis-
tering no significant trends, temperature values increased at 8 stations (10.96 %
of all sites), and declined only at 1. The increasing rate of mean air temperature
was 0.268°C/10a across the entire arid region. Specifically, the increasing rate of
temperature in northern Xinjiang was the highest (0.286 °C/10a), followed by the
rates in the Hexi Corridor (0.270°C/10a) and southern Xinjiang (0.248 °C/10a)
(Table 2.3).

In summer during the period under study, the air temperature generally increased
at 67 (90.54 %) sites and decreased at the remaining 7, and the majority of the posi-
tive trends were significant (P <0.05, under the Mann—Kendall test). Of the stations
showing no significant trends, 6 sites (8.96 %) showed rising temperature trends
and 3 showed declining temperature trends. The rising rate of mean summer air
temperature was 0.232 °C/10a in the study area, which is lower than that in spring.
The rising rate of temperature was the highest in the Hexi Corridor (0.292°C/10a),
followed by northern Xinjiang (0.231 °C/10a) and southern Xinjiang (0.173 °C/10a)
(Table 2.3).

In autumn for the same time period (1960-2010), the air temperature increased
at 72 sites (97.30% of total) and decreased at the other 2 sites. The trends were
significant (P<0.05) at all sites except for the 2 (2.78 % of total). The rising rate
of mean temperature was 0.360°C/10a, which is notably higher than the rates in
spring and summer. Northern Xinjiang had the highest rate of temperature increase
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Table 2.3 The annual and seasonal trend in temperature over different regions

Region Spring Summer Autumn Winter Annual
(°C/10a) (°C/10a) (°C/10a) (°C/10a) (°C/10a)
ANC 0.268%* 0.232%* 0.360%* 0.486** 0.343%*
Northern 0.286* 0.231%** 0.451%** 0.587** 0.386**
Xinjiang
Southern 0.248* 0.173%* 0.303%* 0.385%* 0.283%*
Xinjiang
Hexi Corridor ~ 0.270%** 0.292%%* 0.326** 0.486** 0.352%%*

*P<0.05; **P<0.01

(0.451°C/10a), followed by the Hexi Corridor (0.326 °C/10a) and southern Xinji-
ang (0.303°C/10a).

In winter over the same 50-year time frame, the air temperature trended toward
higher values at 73 (98.65 %) of the 74 stations (Fig. 2.9) and toward a lower value
at the 1 remaining site. The trends were all statistically significant (P<0.05) except
at 5 sites (6.85 % of total) that showed rising temperatures and 1 site that showed de-
clining temperature. The increasing rate of mean air temperature was 0.486 °C/10a,
which is higher than that in spring, summer and autumn. The increasing rate of tem-
perature in northern Xinjiang was the highest (0.587 °C/10a), followed by the Hexi
Corridor (0.486 °C/10a) and southern Xinjiang (0.385°C/10a) (Table 2.3).

2.2.1.3 Decadal Variability

In the 1960s, the mean temperature in China’s arid northwest was 6.453 °C; by the
1970s, it had increased only by 0.045°C. Overall, however, the temperature had
risen at 55.41% of the meteorological stations. The sites with temperature reduc-
tions were located mainly in the southern Tianshan Mountains and in eastern Xin-
jiang. Temperature increases occurred in southern Xinjiang (0.11°C), followed by
the Hexi Corridor (0.029 °C) and northern Xinjiang (0.016 °C) (Fig. 2.10).

In the 1980s, the mean temperature in the study area rose by 0.297 °C, which
was a more substantial increase than during the 1970s. Overall, the temperature at
83.78 % of the meteorological stations had increased. The sites with temperature
declines were located mainly in the Qilian Mountains. Temperature increased the
most in northern Xinjiang (0.466 °C), followed by the Hexi Corridor (0.249 °C) and
southern Xinjiang (0.153 °C).

In the 1990s, the mean temperature increased by 0.507 °C, which was a faster
rate of increase than the 1960s, 1970s, or the 1980s. Overall, the temperature in-
creased at 87.84% of the meteorological stations. Temperatures in the Hexi Cor-
ridor and in northern Xinjiang increased by 0.597°C and 0.564 °C, respectively,
while the temperature in southern Xinjiang increased only slightly (0.356 °C).

During the period 2000-2010, the mean temperature showed a continuous in-
creasing trend. However, the increasing rate was 0.487 °C, which is less than in the
1990s, and 9.5% of the stations showed declining temperatures. Moreover, there
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Table 2.4 Results of Mann—Kendall test for annual and seasonal precipitation and temperature

Parameter Annual Spring Summer Autumn Winter

Precipitation 8.01°(172.38) 1.78 (43.93)  2.55%(78.48) 1.72¢(35.50) 1.73°(13.80)
(mm/decade)

Temperature 0.35*(7.20)  0.24*(9.18)  0.26°(17.75) 0.41*(7.40)  0.39°(-8.83)
(°C/decade)

The data in the parenthesis are the mean of the study area
&b delineate the significance at 5%
b delineate the significance at 1% significance level

were only slight differences in the extent of temperature increases in the Hexi Corri-
dor, northern Xinjiang, and southern Xinjiang, with increases of 0.483 °C, 0.415 °C,
and 0.571 °C, respectively.

2.2.1.4 Spatio-Temporal Distribution of Monotonic Trends

In Table 2.4, the regional MK trends for annual and seasonal air temperatures are
investigated. For air temperature, significantly increasing trends occurred across the
entire region for all seasons. The most significant change occurred in autumn, with
a regional trend magnitude of 0.41 °C/decade.

The spatial distribution pattern of temporal trends for air temperature at both
individual stations and at basins (Fig. 2.11 and Fig. 2.12) shows that, for annual
air temperature, about 97 % of the stations had a significant trend (P<0.05), and
that all of the basins showed statistically significant increases (P<0.01), especially
the Cherchen River, the Bayi Basin and the Heihe River (Fig. 2.12a). About 61 %
and 73 % of the stations had statistically significant increasing trends in spring and
winter, respectively (Figs. 2.11b, e). Moreover, the spatial distribution of trends
in spring also had the same pattern as those in winter, with stations in southern
Xinjiang and the Hexi Corridor showing larger trend magnitudes (Figs. 2.12b, ¢).
Regarding summer-time air temperature, 80 % of the stations exhibited statistically
significant trends (Fig. 2.11c), and all of the basins (except for the rivers in the
castern section of the north slope of the Tianshan Mountains [the NSET Rivers],
the Weigan River and the Yarkand River) showed significant changes at a 0.05 sig-
nificance level (Fig. 2.12c). Similarly, in autumn, approximately 95 % of the sta-
tions demonstrated statistically increasing trends (Fig. 2.12d), with the Hotan and
Aksu River basins exhibiting the most significant changes compared to other basins
(Fig. 2.12d). It can therefore be concluded that the air temperature increased sig-
nificantly, resulting in a warmer climate in the arid region of northwestern China.

2.2.1.5 Spatial Distribution Characteristics of Temperature Extremes

Minimum temperature The spatial distribution of minimum temperature in
the arid region of northwest China is inconsistent, ranging from 2.4 to 4.7°C
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(Fig. 2.13a). The highest minimum temperature region is located in the eastern por-
tion of the northern slope of the Kunlun Mountains, at a range of 3—4.7°C. In the
outer ring of this area, the minimum temperature reduces to 2-3 °C. In the vast area
of the Tianshan Mountains and part of eastern Xinjiang, the minimum temperature
ranges from 0 to 2 °C. The minimum temperature in the northern Tianshan Moun-
tains, including the central Hexi Corridor, is the lowest in the study area, with an
average annual minimum temperature reaching —2.4 °C. Thus, we can see that the
minimum temperature distribution is quite similar to the mean temperature distribu-
tion, which, to a certain extent, suggests that the minimum temperature has a larger
influence on the average annual temperature.

The trend magnitude (Z value) for minimum temperature (Fig. 2.13b) shows a
clear rising trend. Even the lowest Z value can reach up to 4.0 (P<0.01). In most of
the region under study, Z values range from 5 to 6, except in three sites, where the
Z value is greater than 6. In southern Xinjiang and the northern Qilian Mountains,
the Z value reaches 4.5. The uneven distribution of the Z value indicates that the
minimum temperature has increased sharply, far more than the variation of mean
temperature, though the scopes of minimum temperature are different.
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Fig. 2.13 a Minimum temperature distribution and b trend variation Z in the arid region of North-
west China

Maximum Temperature The distribution change for maximum temperature is
similar to that of average and minimum temperature (Fig. 2.14a), showing a lat-
itude-orientation characteristic. In other words, the higher the latitude, the lower
the maximum temperature. Maximum temperature ranges from 10 to 19°C, with
great spatial variation. In the northern slope of the Kunlun Mountains, maximum
temperature ranges from 17 to 19 °C. In the Altai, Alashan and the northern slope of
the Qilian Mountains, maximum temperature ranges from 11 to 14 °C. In the rest of
study area, it ranges from 14 to17°C.
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Fig. 2.14 a Maximum temperature distribution and b trend variation Z in the arid region of North-
west China
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Fig. 2.15 Relationship between the trends in temperature and elevation, latitude and longitude

The Z value distribution for maximum temperature shows that it increases grad-
ually from west to east, and then reduces slightly beyond the central Hexi Corridor,
with a Z value from 3 to 4 (Fig. 2.14b). Except for a small area on the northern slope
of the Tianshan Mountains, the Z values for the rest of the area meet the significance
level of 0.01. Overall, the Hexi Corridor sees the greatest maximum temperature
increases.

The influences of elevation, longitude and latitude on seasonal temperature
trends are examined by correlation analysis (Fig. 2.15, Table 2.5). The results show
that there is no significant association between the spring temperature trend and
any other factor. However, the correlations between summer temperature trends
and longitude are significant (at the P<0.05 level of significance) and the impact
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Table 2.5 The relationship Item Spring  Summer Autumn Winter  Annual

between seasonal temperature (°C/10a) (°C/10a) (°C/10a) (°C/10a) (°C/10a)

;rrfg‘:eavr;‘tliz‘;ng‘mde’ latitude {0 ctde 0.02 031  0.05 0.16 0.18
latitude 0.14 0.06 0.38* 0.42%* 0.32*
elevation 0.18 0.13 0.06 0.36* -0.14

*P<0.05; **P<0.01

of latitude on autumnal temperature trends is also significant (P<0.05), as are the
effects of latitude and elevation on winter temperature trends (P <0.05).

Although our results show only a weak correlation between trends in tempera-
ture and elevation and temperature and latitude/longitude, some researchers find
that climate changes are related to elevation (Beniston and Rebetez 1996). Nonethe-
less, our results are consistent with other recent studies (Vuille and Bradley 2003).
Although the relationship is not simple or linear, reductions in latitude generally
coincide with decreases in the rate of temperature change, and some increases in
latitude coincide with increases in the rate of temperature change (Fig. 2.15), which
is consistent with previous research (He et al. 2005; Lu 2009).

2.2.2 Step Change Detection for Temperature

The Mann—Kendall method was used to detect step changes in temperature in the
arid region of Northwest China. Results show that step changes probably occurred
in 1988 (P<0.01) for regional annual air temperature (Fig. 2.16), but no similar
results can be found at a seasonal scale. Step changes in 1998, 1996, 1987 and
1986 (P<0.05) were detected for spring, summer, autumn and winter for the whole
region, respectively. Regarding basin scales, step changes in annual air temperature
occurred in 1988 for 17 basins and in 1996 for 10 basins. Step changes at a seasonal
scale were found in 1998 for spring (15 basins), in 1996 for summer (21 basins), in
1986 for autumn (15 basins), and in 1985 for winter (19 basins). This shows that the
step-change point years on a basin scale are in accordance with the results for the
entire arid region. Thus, for example, step changes for annual air temperature were
observed in 1988.

Step change detection was done for temperature in the mountain, oasis and des-
ert areas (Fig. 2.17). It was found that step changes occurred first in the desert area
in 1987, followed by changes in the oasis area in 1990 and in the mountain area
in 1997 (P<0.05). For the five typical river areas, step changes (P<0.01) were
found in the northern slope of the Qilian Mountains in 1994, the southern slope
of the Altai Mountains in 1984, the northern slope of the Tianshan Mountains in
1978, and in the northern slope of the Kunlun Mountains in 1980 and 1987. How-
ever, the southern slope of the Tianshan Mountains, a step change was not found
(Table 2.2).
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Fig. 2.16 Cumulative sum (CUSUM) charts for annual and seasonal air temperature

2.2.3 Potential Causes of Winter Temperature Change

2.2.3.1 Increasing Temperature

The Mann—Kendall (MK) statistical test revealed a significant rising trend in air
temperature in the arid region of Northwest China from 1960 to 2010 (P<0.001),
at a rate of 0.343 °C/decade. These values are consistent with results from previ-
ous research (Shi and Zhang 1995; Wang et al. 2008; Zhang et al. 2010). A rising
trend was found in both oasis areas and mountainous areas, with a lower changing
rate in the mountainous areas (0.325 °C/decade) and a higher rate in the oasis areas
(0.35°C/decade). Even the lower rate in the mountainous areas, however, is much
higher than the average for China (0.25 °C/decade) (Ren et al. 2005) or the average
of the entire globe (0.13 °C/decade) (Brohan et al. 2006; IPCC 2007). Due to the
relatively low population density in China’s arid region, we do not consider hu-
man activities as a major factor driving the overall regional temperature change to
deviate considerably from the national and global trends. The finding that the tem-
perature of China’s northwest is quickly on the rise is consistent with results from
previous research (Wang et al. 2008; Zhang et al. 2010; Sun et al. 2010) and with the
statement in the Fourth Assessment Report of Intergovernmental Panel on Climate
Change (IPCC) that the mid-high latitude regions of the northern hemisphere are
experiencing a high rate of temperature increase.
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Fig. 2.17 Temperature step changes in a mountains, b oasis, ¢ desert landscapes

The importance of the change of one season in an annual change is quantified
as its proportion in the total change of the four seasons. This proportion was cal-
culated for the four seasons of each year from 1981 to 2010, a process that can be
represented as follows:

| i = T soso-tom |
[U. _ s, s.1960-19%0 | 100 (2.26)
2| Ts,i _7:',1960—1980 |
s € {spring, summer ,autumn, winter}
where 7 . . is the importance of the winter temperature variation of year i in the
winter, i

overall temperature variation of the same year, and in this study i=1981, 1982,
...2010; T, . ; is the winter temperature of year i; fwim’l%o_mo is the average
winter temperature from 1960 to 1980; and 7 . is the seasonal temperature of year i.

Using Eq. (2.26), we calculated the seasonal importance in the yearly change for
each year between 1981 and 2010. Over this period, the mean importance values for
spring, summer, autumn, and winter were 19.3 %, 13.7%, 23.6 %, and 43.4 %, re-
spectively (Fig. 2.18). For the period 1984-1995, during which SHI was the weak-
est in the past 50 years, the importance of winter change was 57.01 %. These results
suggest that winter temperature change is the most important factor affecting the
rising annual air temperature in China’s arid northwest.
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Table 2.6 The correlation coefficients between the winter temperature in the entire region (the Arid
Region of Northwest China), mountains, oases and certain factors that may affect the temperature
Factor SOI AAOI NAOI AOI PNAI WCI SHI CDE
Entire region —0.256 0.128  0.329* 0.371* 0.023  0.377* —0.715*%*  0.510%**
Mountains ~ —0.238 0.078  0.220* 0.276  0.021  0.236  —0.629**  0.498**
Oases —0.255 0.177  0.350* 0.388* 0.033  0.402* —0.723**  0.504%**

*P<0.05; **P<0.01

2.2.3.2 Potential Causes of Winter Temperature Change

The Pearson’s correlation coefficient values (Table 2.6) show that the winter tem-
peratures in Northwest China have a strong and significant correlation with the
Siberian High Index (SHI, R=—0.715, P<0.001) and with China’s carbon dioxide
emissions (CDE, R=0.51, P<0.001). For all of the other tested atmospheric circu-
lations, the correlations are much weaker and less significant. Another feature worth
mentioning is that the correlations in oases are higher than in those in mountains,
which means that the impact of atmospheric circulation on temperatures in oases
are stronger than in mountains. In general, the Siberian High and the winter tem-
peratures in the region have an almost perfect “mirroring” relationship during the
1960-2010 period, suggesting a direct impact of the former on the latter (Fig. 2.19).
Particularly, the Siberian High intensity in the region had a deep “valley” between
the late 1980s and the mid-1990s, which confirms the findings of D’Arrigo et al.
(2005), Panagiotopoulos et al. (2005), and Gong and Ho (2002), who contend that
the 1980s and 1990s was the weakest period for the Siberian High in the past 100
years. The aforementioned ‘valley’ of the Siberian High intensity coincides with
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Fig. 2.19 The Siberian High Intensity and the winter temperature in the arid region of northwest
China

the most obvious peak in winter temperatures in the region. Recently (2005-2010),
however, the winter air temperature has been falling, along with the Siberian High
intensity’s recovery.

Excessive greenhouse gas emissions are generally regarded as the main cause
of global warming (Crowley 2000; Mahlstein and Knutti 2010; IPCC 2007). How-
ever, as shown by Fig. 2.20, while the carbon dioxide emissions in the past 20 years
maintained a strongly increasing trend, the winter temperature did not follow suit.
It can be inferred from this that the rising winter temperature during the 1960-2005
period seems to be more associated with the Siberian High than with China’s carbon
dioxide emissions.

The R value calculated by Gong and Ho (2002) for the Siberian High intensity and
air temperature in mid-to-high latitude Asia (30N—70N, 30E—40E) was —0.58, lower
than that of China’s arid region (—0.715). This suggests that the Siberian High had a
stronger influence on air temperature in China’s northwest than in other regions.

2.2.3.3 Contribution of the Siberian High to Increasing
Winter Temperatures

The relationship between the change rate of the Siberian high in the 1961-2010
period and the winter temperature change rate of the same period was investigated
(Fig. 2.21a). Not only did the fitting equation pass the 0.01significance level test,
but in addition, the slope of the fitting equation (0.0466) was the elasticity coeffi-
cient of winter temperature change to the Siberian high change, meaning that if the
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Siberian high index changed by 1%, the temperature of China’s arid region would
change by 0.0466 %.

As the temperature in Northwest China dramatically changed in 1987, the
1960-1986 time frame is defined as a normal temperature fluctuation period, while
1987-2010 is defined as a climate change period. Furthermore, the contribution of
the Siberian High to winter temperature change after 1987 (relative to that prior to
1987) is analyzed quantitatively.

Calculations based on a contribution rate formula and Table 2.7 indicates that the
Siberian High contributed to winter temperature changes at a rate of 29.2 % for the
period 1987-2010.
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Table 2.7 The statistical characteristics of Siberian High Index, CDE, annual temperature and
winter temperature for different period

Items 1960-1986 1987-2010 Variation rate
Siberian High Index (SHI) 0.318 -0.007 102.3%
Winter temperature (°C) -9.98 —8.35 1.63
Average annual temperature (°C)  6.25 7.20 0.94
Carbon dioxide emission (kt) 1,047,662 4,067,658 288.3%

According to the above analysis, in 1987-2010, 40.9% of the average annual
temperature change was caused by winter temperature change, and 29.2% of the
winter temperature change was caused by changes in the Siberian High. Hence, we
can suggest preliminarily that 11.9 % of the average annual temperature change was
caused by changes in the Siberian High in China’s northwest arid region.

2.2.4 Future Temperature Trends

2.2.4.1 Method

Wavelet Analysis As a wavelet transform can expand a time series into time fre-
quency space, it can find localized intermittent periodicities. Wavelet analysis can
also reveal localized time and frequency information without requiring the time
series to be stationary. A continuous wavelet function (CWT) is described from a
single function ¢ by translations and dilations:

1
¢a,b (t) =| a | 2 ¢(t7a)7a9b € R (227)

where a is the scale parameter, b is the position parameter, and ¢ denotes time. The
CWT of the signal f{#)with the analyzing wavelet ¢ is the convolution of f{?) with a
set of scaled and translated wavelets:

W, (@.b)={f(t).0,,)=d" If(t)¢*( )dz (228)

t—a
a
where * indicates the complex conjugate and W/(a, b) denotes the wavelet coef-
ficient. Thus, the concept of frequency is replaced by that of scale, which can char-
acterize the variation in the signal, f(?), at a given time scale. The choice of wavelet
@ depends on the signal to be analyzed. In this case, we select the Morlet wavelet as

@. The Morlet wavelet is defined by

oty =t i 1 (2.29)
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where @, is the non-dimensional frequency (usually taken to be 6 to satisfy the
admissibility). The relation between scale a and period T of the Morlet wavelet is
4ra

2
W, ++/2+ W,

the Fourier period (T) are almost equal to the scale (a).
The wavelet variance used to detect the periods present as the power density at
different time scales, a, is calculated as:

givenas: T = ~1.033a Hence, the Morlet wavelet (with w,=6) and

N
E, = i2|Wf (a.b)f (230)
NS

where N is the length of data. The cone of influence (COI) is the region of the
wavelet spectrum in which edge effects become important. It is defined here as the
e-folding time for the autocorrelation of the wavelet power at each scale. Here, COI
is used to ignore the edge effects. The significance of the global wavelet spectrum
is using a red noise model to compare it with the theoretical global wavelet power
spectrum.

2.2.4.2 Period Analysis

The temperature change period is an important factor that affects the accuracy of
temperature simulations and future projections. In our study, we performed a time-
series analysis of variance extrapolation to analyze temperature change periods of
river areas in the northwest arid zone. The results show that the northern slope of the
Qilian Mountain, the south slope of the Altai Mountains and the northern slope of
the Kunlun Mountains have the same temperature change period of 19 years, while
the temperature change period in the northern slope of the Tianshan Mountains is
the shortest (17 years) and that in the southern slope of the Tianshan Mountains
is the longest (20 years). Overall, there is little difference among the temperature
change periods for each river area.

Further, the wavelet analysis method was used to analyze temperature periodic-
ity in the four headstreams of the Tarim River Basin (Fig. 2.22). The results show
that temperature in the Aksu River Basin had two weak periods of 3 and 11 years
and two strong periods of 18 and 22 years. Because the data length is only 50 years
in total, 18 years was taken as a reliable period. Meanwhile, the wavelet time-fre-
quency diagram of temperature shows that the wavelet coefficients real part of the
18-year period within the 1960-1974 and 1986—1997 time frames is in the negative
phase, which indicates that, in these years, temperatures were low. Conversely, the
periods of time exclusive of these years were in a positive phase, which indicates
that the temperatures were high.

Temperature in the Yarkand River basin had two weak periods of 4 and 11 years
and two strong periods of 17 and 22 years. In view of the data length (as mentioned
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above), we considered the 17-year period as being reliable. The time-frequency
distribution diagram of temperature indicated that the real part of the wavelet coef-
ficients for the 17-year period was in a positive phase from 1973 to 1983 and again
from 1997 to 2007, when temperatures were high.

Temperatures in the Hotan River basin had two weak periods of 4 and 11 years
and two strong periods of 17 and 22 years, from which the 17-year period was
assumed to be reliable, given the overall 50-year data collection timeframe. The
real part of the wavelet coefficients of the 17-year period for the 1970-1980 and
20002007 stretches were in a positive phase, indicating that temperatures during
these years were high.

Temperatures in the Kaidu River basin showed three weak periods of 7, 16 and
18 years and two strong periods of 11 and 18 years. In consideration of the data con-
sistency, an 18-year cycle was taken as being reliable. The wavelet coefficient time-
frequency distribution indicated that temperatures during the period 1964—1974 and
after 1994 were high.

2.2.4.3 Future Temperature Forecast

To further clarify temperature changes for each river area in both historical periods
and in the future, a superimposed trend prediction model was used (Table 2.2) to
predict the average temperature for the next full cycle. This was then compared
with the average temperatures for the period 1990-2010, the historical time pe-
riod 1957-1989, and the next 10 years (2011-2020). For the 2006-2010 timeframe,
simulated temperature values were used to replace temperatures where no measured
data existed.

The linear regression coefficient test (Fig. 2.23) shows that the superimposed
trend prediction model is highly accurate. The temperature simulation achieved
P<0.05 level of significance in the southern slope of the Tianshan Mountains, while
other river areas reached P<0.01, indicating that the model is suitable for tempera-
ture forecast in the study area.

In comparing the average temperatures in the periods 1990-2010 and 1957—
1989, temperature on the southern slope of the Altai Mountains showed the greatest
increase trend (Fig. 2.24), followed by temperature on the northern slope of the
Qilian Mountains, the southern slope of the Tianshan Mountains, and the northern
slope of the Kunlun Mountains. The temperature increments for these areas were
1.91, 0.94, 0.81 and 0.75 °C, respectively. The average temperature on the northern
slope of the Tianshan Mountain increased least, with an increment of only 0.63 °C.
Overall, the average temperature increased the most in northern Xinjiang, followed
by the Hexi Corridor and southern Xinjiang.

A comparison of average temperatures between 2011-2020 and 1990-2010
(Fig. 2.24) shows increasing trends in the southern slope of the Altai Mountains,
the northern slope of the Kunlun Mountain and the northern slope of the Tianshan
Mountains, with increments of 0.76, 0.19 and 0.01 °C, respectively. However, tem-
peratures on the southern slope of the Tianshan Mountains and the northern slope of
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the Qilian Mountains show a decreasing trend, with decrement of 0.52 and 0.39°C,
respectively. The decreasing temperatures may be attributed to anticipated fluctuant
changes in temperature during the 2011-2020 cycle’s low period. Therefore, while
the average temperature in some river areas may decrease over the next few years,
it does not represent a long-term climate trend in the area.
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2.3 Precipitation Change

Of all the natural resources required for economic development, water is the most
important, particularly in arid and semi-arid regions. It is widely recognized that an-
thropogenic activities will affect natural ecosystem and available water resources.
The most obvious activity is climate change, which has resulted in modified precip-
itation patterns. In recent years, the occurrence of extreme events such as droughts
and floods has been on the rise worldwide. The elasticity of runoff and water re-
sources is particularly higher for drier climates, with a higher percentage change
in runoff resulting from even small changes in precipitation in arid and semi-arid
regions. It is therefore very important for water resources managers to know about
and prepare to deal with the effects of precipitation change on hydrological cycles
and streamflow regimes (Sullivan 2001). A good place to start is to know the char-
acteristics of precipitation changes in recent years.

In our investigation, we used the latest (1960-2010) meteorological data from
meteorological stations to explore historical and predicted precipitation variations
in typical river and mountain-oasis-desert areas. In addition, we analyzed relation-
ships between and among temperature, precipitation, latitude, longitude, elevation
and atmospheric circulations, and detected step changes for precipitation. The re-
sults will provide a scientific basis for predicting future climate trends and for as-
sessing the impact of climate change on water resources.

2.3.1 Characteristics of Precipitation Change

2.3.1.1 Inter-Annual Precipitation Change

(1) Precipitation Changes in Northwest China

Over the past 50 years, mean precipitation has measured approximately
153.37 mm in China’s arid northwest region. Of the 74 sites analyzed in the study
area, 69 (93.24 %) (Fig. 2.25) showed precipitation trending toward larger values
during the 1960-2010 period, while decreases were noted at only five sites. Many
of these upward trends reached the level of statistical significance (P<0.05, under
the Mann—Kendall test); however, of the sites with trends that did not pass this level,
the precipitation values increased at 30 sites (43.48 %) and decreased at 4 (80 %).
Thus, the overall increasing rate of mean annual precipitation was 6.07 mm/10a.
This trend is significant (P<0.01, under the Mann—Kendall test), which indicates
that the climate has become wetter in the arid region.

Our study revealed varying degrees of regional differences in precipitation in-
creases. For example, northern Xinjiang had the highest rising rate (9.20 mm/10a),
followed by southern Xinjiang (5.35 mm/10a) and the Hexi Corridor of
(3.96 mm/10a).

(2) Precipitation Changes in the Mountain-Oasis-Desert Area



86 Y. Chen et al.

Precip.trend (mm/10a) N

¥ 477-2.00
¥ =200 - -0,06
e 0.24-500

@ 5.00-10.00
@ 10.00- 1500

. 15.00 - 20.00

. 20,00 - 28.33

Jkm

Fig. 2.25 Trends in precipitation during 1960-2010

N Precip. trend {mm/10a)
as!
A ‘x"‘-._,-\_’\ * -137--088 A 634 ® 1.44-380
A—x__,y_,‘ \.\ * -088-000 A -634-000 @ 380-10.15
7 o A * 000-185 A 000-1336 @ 10151466
_ \_3 A &“—-—--—\_ * 185-632 A 1336-2833 @ |465.2061
=
1 A ‘ e
A A IR
M,
= . . A A — .
-
.—"-“_} A at T
— A
_.‘__mj q * * \
e A
; s * )
Z A * * N A 'd
v . \1’-- ) Qe /'Y
* ~ h '“.-\_ A . .__f_)
L ® A - 00
\ N

o SO0 1,000
1km

Fig. 2.26 The precipitation trend of each meteorological station during the period 1960 to 2010

Trends of Annual Precipitation The linear tendencies in precipitation measured at
51 stations over an approximate 50-year period are examined (Fig. 2.26). Among
these stations, 45 had increasing trends for the period, which indicates that the over-
all trend is one of increased precipitation, with the mean rate at all 51 stations mea-
suring 5.77 mm per decade.

The mountain landscape had an increasing rate of 10.15 mm per decade, the
fastest among the three landscape types. This was followed by the oasis landscape
at 6.29 mm per decade and the desert landscape, with only 0.87 mm per decade.
The Mann—Kendall test shows that the increasing trends of the mountain and oa-
sis landscapes are statistically significant (P<0.01), while the trend for the desert
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Fig. 2.27 The precipitation trend of each the meteorological station during the periods a 1960—
1986, and b 1987-2010

landscape is not. There are four main reasons that explain the increasing precipi-
tation (Yang et al. 2009): (1) local climate characteristics like high water vapor
content in the air and favorable weather conditions; (2) temperature rises leading
to increased amounts of glacial and snowmelt water and further promoting the for-
mation of mountain precipitation conditions; (3) rising temperatures strengthening
local circulation between the plain areas and the mountains and improving air hu-
midity in the oasis area, leading to increased precipitation in the latter; and (4) the
process of global warming-driven water circulation speeding up. Bengtsson (1997)
estimated that the doubling of greenhouse gases might cause temperature rises that
could increase atmospheric water vapor content by 15 % and precipitation by 8 %.

To further clarify the precipitation change of each area over different periods, the
time series has been divided into two periods: 1960-1986 and 1987-2010.

During the 19601986 period, about a half of the 51 stations experienced in-
creasing trends and the other half decreasing trends (Fig. 2.27a). The mean changing
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rate was —4.35 mm/10a. The rate of mountain landscape was 0.98 mm/10a, with
11 of 19 stations showing increasing trends. The oasis landscape had a rate of
—1.17 mm/10a, with 12 of 21 stations showing decreasing trends. The desert land-
scape had a similar rate of — 1.12 mm/10a, with 6 of 11 stations showing decreasing
trends. Overall, precipitation changes across all types of landscape area were rela-
tively insignificant during the 1960—1986 timeframe.

From 1987 to 2010, more stations (31 stations) showed increasing trends
(Fig. 2.27b), with the mean rate of the 51 stations measuring 3.59 mm/10a, but pre-
cipitation changes were inconsistent across the different landscapes. The mountain
areas had a rising trend with a mean rate of 12.20 mm/10a, and 14 of 19 stations had
increasing trends, which was considerably more than during the 1960—1986 period.
The precipitation in the oasis area jumped in 1987, and then experienced large vari-
ances while maintaining a relatively high mean (23.02 mm, considerably higher
than the period of 1960—1986). Precipitation in the desert area increased slightly, at
only 1.31 mm/10a. Overall, increases in precipitation during the 1987-2010 period
occurred mostly in the mountain and oasis areas

Trend of Snowmelt Period Precipitation in the Mountain Area Since 1960, the
mean precipitation of snowmelt shows an increasing trend in the study area, with a
linear trend of 9.27 mm/10a at P<0.001 level in the significance test (Fig. 2.28a).
The rates of increase in precipitation in southern Tianshans and the northern Qilian
Mountains are higher, measuring 12.75 mm/10a and 10.12 mm/10a, respectively,
and reaching a significance level of P<0.05. However, in the northern Kunlun
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Fig. 2.29 Precipitation anomalies trends in typical river areas of the arid region of Northwest
China

Mountains, the rate of increase is lower (4.92 mm/10) and does not reach signifi-
cance level (Figs. 2.28b, c, d).
(3) Precipitation Changes in Typical Rivers

Precipitation Trend Precipitation in each river area shows clear increasing trends
(Fig. 2.29) (Li et al. 2012). On the north slope of the Tianshan Mountain and the
south slope of the Altai Mountains, the increasing trend of precipitation is statisti-
cally significant at P<0.01 and P<0.05, respectively, while trends on the north
slope of the Qilian Mountains, the north slope of the Kunlun Mountains and the
south slope of the Tianshan Mountains are not significant.

Since 1960, the average increasing rate of precipitation in each river area was
9.12 mm per decade. The rates of precipitation on the north slope of the Tianshan
Mountains and the south slope of the Altai Mountains increased the fastest, at 15.48
and 15.30 mm/10a, respectively, followed by those on the north slope of the Qilian
Mountains and the south slope of the Tianshan Mountains, at 7.64 and 6.75 mm/10a,
respectively, while the north slope of the Kunlun Mountains showed increase rates
of only 4.25 mm/10a.

The variation coefficient of precipitation in each river ranged from 0.12 to 0.34,
which indicates moderate variability (Table 2.8). The variation coefficient on the
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Table 2.8 Precipitation trends and tests in typical river areas of the arid region of Northwest China

Typical areas  Typical river areas Cv Zc Step change  Periods (a)
points
Hexi Corridor The north slope of Qilian 0.12 1.25 None 22%%*
Mountains
Northern The south slope of Altai 0.26 1.97* 1987* 18%*
Xinjiang Mountains
The north slope of Tianshan ~ 0.17 2.64%* 1992* 17*
Mountains
Southern The south slope of Tianshan  0.17 0.75 None 12*
Xinjiang Mountains
The north slope of Kunlun 0.34 1.72 1999%* 20%*
Mountains

*P<0.05; **P<0.01

Elevation (m)
High : 7995

l 28 mm

Low:-192

1.000
1km

Fig. 2.30 Precipitation changes of each river in different periods in the arid region of China

northern slope of the Qilian Mountains was the smallest (0.12). while that on the
northern slope of the Kunlun Mountains was the largest (0.34).

Precipitation Changes in Different Periods Compared to 1957-1989, precipitation
during the period 1990-2010 on the south slope of the Altai Mountains showed the
largest increase (55.41 mm) (Fig. 2.30), followed by the north and south slopes of
the Tianshan Mountains, which increased by 39.56 mm and 32.91 mm, respectively.
Precipitation increases on the northern slopes of the Kunlun and Qilian Mountains
were the smallest, increasing by 11.33 mm and 10.77 mm, respectively. In general,
northern Xinjiang registered the largest increases, followed by southern Xinjiang
and the Hexi Corridor.
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2.3.1.2 Seasonal Variability of Precipitation

In the 1960-2010 timeframe, spring precipitation exhibited a significant rising
trend at 58 (78.38 %) of the 74 sites (Fig. 2.31) while decreasing at the remaining
16 sites. Most of these upward trends are not statistically significant; however, the
precipitation increases at 5 sites (8.62 %) did reach significance level (P<0.05, un-
der the Mann—Kendall test). Overall, the mean increasing rate in precipitation was
1.29 mm/10a for the entire northwest region. Furthermore, precipitation in northern
Xinjiang showed the fastest rate of increase (2.41 mm/10a) while southern Xinjiang
exhibited the slowest rate (0.55 mm/10a) (Table 2.9).

Summer precipitation increases were recorded at 54 (72.97 %) of the 74 sites dur-
ing the period 1960-2010 (Fig. 2.31). Precipitation values increased at 18 sites and
decreased at 1, reaching significance level (P<0.05, under the Mann—Kendall test).
The mean increasing rate in precipitation was 2.51 mm/10a in the study area, which
was higher than in the other seasons. The precipitation rate increased the fastest
(3.80 mm/10a) in southern Xinjiang, followed by northern Xinjiang (2.67 mm/10a)
and the Hexi Corridor (0.99 mm/ 10a) (Table 2.9).

In autumn, precipitation generally trended toward larger values at 64 (86.49 %)
of the sites (Fig. 2.31). Although most of these trends were not at the level of sta-
tistical significance, 11 sites did achieve this level (P<0.05, under the Mann—-Ken-
dall test), giving an increasing rate of precipitation of 1.82 mm/10a for the entire
area. Regionally, precipitation showed the fastest rate of increase (2.14 mm/10a) in
northern Xinjiang, while southern Xinjiang and the Hexi Corridor were essentially
the same (1.64 mm/10a).

Winter saw rising precipitation trends at 68 (91.89 %) of the 74 (Fig. 2.31), with
precipitation values increasing at 22 sites (32.35%), which was not at the level of
statistical significance (although others did reach P <0.05, under the Mann—Kendall
test). The mean precipitation increased 1.16 mm/10a, which was significantly lower
than in spring, summer, and autumn. Regionally, northern Xinjiang showed the fast-
est increasing rate in precipitation (2.21 mm/10a), followed by southern Xinjiang
(0.59 mm/10a) and the Hexi Corridor (0.38 mm/10a) (Table 2.9).

Correlations between elevation, longitude, latitude, AO, AAO, SO, NAO and
seasonal precipitation trends were also investigated in our study (Table 2.10). We
found that spring precipitation is significantly correlated with latitude (P<0.01),
summer precipitation is strongly correlated with elevation and longitude (P <0.05),
autumn precipitation is not significantly correlated with longitude, latitude or eleva-
tion, and winter precipitation is significantly correlated with longitude, latitude and
elevation (P<0.05).

2.3.1.3 Decadal Variability in Precipitation
In the 1960s, the mean precipitation was 134.34 mm in China’s arid northwest and

showed an increasing trend through the 1970s at 60.81% of the meteorological
stations. The sites showing precipitation increases were located mainly in the north
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Table 2.9 The annual and seasonal trend in precipitation over different regions

Region Spring Summer Autumn Winter Annual
(mm/10a) (mm/10a) (mm/10a) (mm/10a) (mm/10a)

ARNC 1.29 2.51%* 1.82% 1.16%* 6.07%*

Northern 2.41 2.67 2.14%* 2.21% 9.20%**
Xinjiang

Southern 0.55 3.80% 1.64 0.59 5.35%
Xinjiang

Hexi Corridor  0.86 0.99 1.64 0.38 3.96

*P<0.05; **P<0.01

Table 2.10 The relationship between seasonal precipitation trends and elevation, longitude, lati-
tude and atmospheric circulation

Item Spring Summer Autumn Winter
Longitude 0.01 —0.34* -0.13 —0.30*
Latitude 0.41%** —-0.03 0.14 0.58%**
Elevation —-0.18 0.35% 0.10 —0.33*
SOl -0.18 —-0.03 0.18 -0.20
AAOI -0.02 0.04 —-0.10 —-0.04
NAOI 0.09 0.06 -0.17 0.14
AOI —0.02 0.12 —0.05 0.09

*P<0.05; **P<0.01

and south slopes of the Tianshans and in the Hexi Corridor. Overall, precipitation
increased the fastest in the Hexi Corridor at a rate of 8.23 %, while increasing only
1.12 % in southern Xinjiang and 0.36 % in northern Xinjiang (Fig. 2.32).

In the 1980s, the increasing rate in precipitation was 3.91%, which is higher
than the 1970s. Precipitation at 80.39% of the weather stations showed notable
increases, whereas 74 % of weather stations in the Hexi Corridor registered de-
creases. Northern Xinjiang exhibited the fastest precipitation rate increase (8.91 %),
followed by southern Xinxiang (8.49 %). However, precipitation in the Hexi Cor-
ridor showed a decreasing trend at a rate of 3.65 % (Fig. 2.32).

In the 1990s, the increasing rate of precipitation was the fastest (6.99 %) com-
pared with the other decades under study, and precipitation at 72.97 % of the me-
teorological sites increased. Southern Xinjiang showed the fastest increasing rate
(15.46 %) followed by northern Xinjiang (7.63 %), while the Hexi corridor trailed
far behind (1.61 %).

During the period 2000-2010, the mean precipitation charted a continuous in-
creasing trend, but the increasing rate of 4.31 % was less than in the 1990s. Overall,
precipitation at 60.81 % of the weather stations increased, while regionally, precipi-
tation in northern Xinjiang showed the fastest increasing rate (5.08 %), followed by
the Hexi Corridor (4.84 %) and southern Xinjiang (1.83 %) (Fig. 2.32).
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Table 2.11 Results of Mann—Kendall test for annual and seasonal precipitation and temperature

Parameter Annual Spring Summer Autumn Winter

Precipitation 8.01°(172.38) 1.78 (43.93)  2.55*(78.48) 1.72*(35.50) 1.73(13.80)
(mm/decade)
Temperature 0.35°(7.20)  0.24*(9.18)  0.26"(17.75) 0.41°(7.40)  0.39"(-8.83)
(°C/decade)

The data in the parenthesis are the mean of the study area
2 delineate the significance at 5% significance level
b delineate the significance at 1% significance level

2.3.1.4 Spatio-Temporal Distribution of Monotonic Trends

The statistical characteristics and trends of precipitation and air temperature in the
study area were examined (Table 2.11). Spatial variations are observed for precipi-
tation trends, with few stations showing significant changes at the 0.05 significance
level, although annual precipitation showed a significant positive trend (8.01 mm/
decade). On a seasonal basis, statistically significant positive trends (P <0.05) can
be detected for all seasons except for spring, with winter experiencing the most sig-
nificant precipitation increases. Annually, 56 % of the stations exhibited significant
increasing precipitation trends at the 0.05 significance level.

Spatial trends for annual and seasonal precipitation at individual stations and
on a basin scale are shown in Figs. 2.33 and 2.34. For spring, summer, autumn and
winter, the percentages for all stations exhibited notable increasing trends of 6, 18,
19, and 36 %, respectively (Fig. 2.33). For annual precipitation, stations in North
Xinjiang and in the middle and west of the south slope of the Tianhshan Mountains
showed the most significant increasing trends (Fig. 2.33a), while the basins of the
Aibuhu Drainage, northern North Xinjiang (the Wulungu, Jimunai and Irtysh Riv-
ers), and the south slope of the Tianshan Mountains (the Weigan, Aksu and Kaidu
Rivers) showed strong increasing trends at a significance level of 0.01 (Fig. 2.33a).

Seasonally, the majority of the stations showed no significant trends in spring
(Fig. 2.33Db), with only the basins in the Chenerchen River, the Kumu Tage Desert,
the Hami Basin and the Wulungu River showing statistically significant trends (at
a significant level of 0.05). In summer, 18 % of the stations demonstrated notable
increasing trends at a 0.05 significance level, especially stations around the Tian-
shan Mountains and in western South Xinjiang (Fig. 2.33c). Additionally, the Kaidu
River exhibited a large increase trend at the 0.01 significance level (Fig. 2.34c). In
autumn, precipitation showed an increasing trend (P<0.01) in the Aksu River and
the Bayi Basin (Fig. 2.34d), while in winter, precipitation changes were most appar-
ent in North Xinjiang (Fig. 2.33e). Specifically, basins in North Xinjiang (except for
the Ili and Wulungu Rivers), the Kaidu River and the Kumu Tage Desert exhibited
the greatest statistical variations (Fig. 2.34e).

Thus, overall, we can see that precipitation in the study area was dominated by
generally increasing trends, especially in North Xinjiang and the south slope of the
Tianhshan Mountains. The reasons for the increase in precipitation are related to
larger-scale circulation currents. The results of previous studies showed that water
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vapor from the Indian Ocean and the western Pacific has increased in recent years,
bringing larger amounts of rainfall into China’s arid region. However, the mixed
pattern in the precipitation indicates that this change is a complex process affected
both by regional atmospheric circulation and the local environment.

A detailed analysis of the relationships between trends in precipitation and eleva-
tion, and between precipitation and latitude/longitude show that precipitation is not
significantly correlated with elevation (Fig. 2.35a) but is strongly correlated with
latitude and longitude (Figs. 2.35b, ¢) (P<0.05).

2.3.2 Step Change Detection for Precipitation

Cumulative sum (CUSUM) charts of annual and seasonal precipitation for the study
area (Fig. 2.36) showed that step changes for precipitation were identified, with the
annual precipitation in 1991 at the 0.01 significance level. Annual precipitation pri-
or to 1991 was 163 mm, whereas after 1991, it increased to 188 mm. Step changes
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Fig. 2.36 Cumulative sum (CUSUM) charts for annual and seasonal precipitation

were also are observed in individual basins. About 12 basins showed step changes
in 1986 at a significance level of 0.05, whereas only 1 basin showed changes in
1970, 1980 and 1991, respectively. On a seasonal basis, the change points can also
be detected for all seasons. The change points are identified as 1986, 1990, 1997
and 1985 in spring, summer, autumn and winter, respectively; moreover, the pre-
cipitation in the later time series is higher than that in the earlier series. The step
changes in individual basins on a seasonal scale show a mixed pattern, from which
a uniform conclusion cannot reasonably be drawn.

The results of step change detection for precipitation (Fig. 2.37) showed that
step changes were found in mountain and oasis areas in 1986 and 1987, respec-
tively, but that no step change occurred in the desert area. For the five typical river
areas, step changes in precipitation (Table 2.12) appeared in the southern slope of
the Altai Mountains and the northern slope of the Tianshan Mountians in 1987 and
1992, respectively. However, no step change points were found in the northern
slope of the Qilian and Kunlun Mountains or in the southern slope of the Tianshan
Mountains.
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Fig. 2.37 Step change of precipitation in a mountains, b oasis, ¢ desert areas

2.3.3 Future Precipitation Trends

2.3.3.1 Period Analysis

A variance analysis and an extrapolation method were employed to predict pre-
cipitation in the river areas. The results show a 22-year period as being the longest,
which is predicted to occur in the northern slope of the Qilian Mountains. This will
be followed by cycles of 20, 18 and 17 years in the northern slope of the Kunlun
Mountains, the southern slope of the Altai Mountains and the northern slope of the
Tianshan Mountains, respectively. The southern slope of the Tianshan Mountains,
however, will experience a relatively short cycle of only 12 years. Overall, the pre-
cipitation periods for each river area are expected to show sizeable differences.
Further, the wavelet analysis method was used to analyze precipitation periods
in the four headstreams of the Tarim River Basin (Fig. 2.38). Precipitation in the
Aksu River basin had four weak periods of 4, 8, 18 and 21 years and one strong pe-
riod of 11 years. Precipitation in 1962—-1965, 1971-1974, 1981-1984, 1986-1991,
19972001 and 2001-2004 was in a positive phase, indicating that precipitation in
these years was high. Precipitation in the Yarkand River basin had two weak peri-
ods of 4 and 14 years and one strong period of 9 years. Precipitation in 1962—1965,
1969-1972, 1975-1978, 1980-1983, 1984-1987, 1989-1992, 1994-1997 and
20002003 was in a positive phase, indicating that precipitation in these years was
high. Precipitation in the Hotan River basin has four weak periods of 4, 5, 11 and
14 years and one strong period of 9 years. Precipitation in 1966—1968, 19711973,
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Table 2.12 Precipitation trends and tests in typical river areas of the arid region of northwest
China

Item Average Cv. Trend Zc Step  Primary Prediction model
annual chang period
(mm) (year)

NS of Qilian 365.69 0.120 1 1.25 none 22%* X(T)=392. 68+1.024T+d,
Mountians
SS of Altay 286.89 0.255 1 1.96% 1987* 18%** X(T)=329.456+1.03T+d, .
Mountians
NS of Tianshan 281.40 0.186 1 2.64%* 1992%* 7% X(T)=244.449+0.822T+d ..
Mountians
SS of Tianshan 260.31  0.170 1 0.75 none  12%* X(T)=303.535+0.74T+d,
Mountains
NS of Kunlun  57.03 0340 1t 1.72  none 20%** X(T)=62.556+0.249T+d, .,
Mountains

X(T) is predicted value; T is period; d,, ; is the increment or decrement of period
SS southern slope, NS means northern slope
*P <0.05;**P<0.01

1979-1982, 1986-1988, 1989-1992, 1993-1995 and 2001-2004 was in a positive
phase, indicating that precipitation in these years are high. Precipitation in the Kai-
du River basin had four weak periods of 4, 9, 16 and 18 years and one strong period
of 18 years. Precipitation in 1960-1970 and 1991-2002 was in a positive phase,
indicating that precipitation in these years was high.

2.3.3.2 Future Precipitation Trends

The results of the linear regression coefficient test show that the period superim-
posed trend prediction model has a high simulation precision. Precipitation simu-
lation reaches P<0.05 level of significance in the northern slope of the Tianshan
Mountains, while that in the other river areas reach P<0.01, indicating that the
model is suitable for precipitation forecast in the study area (Fig. 2.39).

In comparing average precipitation during the periods 1990-2010 and 1957—
1989, we can see that precipitation increased the most in the southern slope of the
Altai Mountains (Fig. 2.40) followed by the northern and southern slopes of the
Tianshan Mountains, with precipitation increments of 55.41, 39.56 and 32.91 mm,
respectively. Precipitation in the northern slopes of the Kunlun and Qilian Moun-
tains increased least, with increments of only 11.33 and 10.77 mm, respectively.
Overall, precipitation increased the most in northern Xinjiang, followed by southern
Xinjiang and the Hexi Corridor.

In comparing average precipitation between 2011-2020 and 1990-2010, an in-
creasing trend becomes apparent in the southern slope of the Tianshan Mountains
and the northern slope of the Qilian Mountain, with respective increments of 29.29
and 18.54 mm. However, the northern slope of the Tianshan Mountains, the south-
ern slope of the Altai Mountains and the northern slope of the Kunlun Mountains
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show a decreasing trend, with respective decrements of 76.32, 10.33 and 1.10 mm.
The reason for decreasing precipitation may be similar to that for temperature.

2.4 Past Climate Change

Long-term climate variability is paramount for estimating the impact of climate on
human activities and for predicting future climate (Rehman 2010). Because of their
extensive spatial availability and high climatological sensitivity (Fritts 1976), tree
rings are widely used to reconstruct past climate (Liu et al. 2006; Fang et al. 2009).
Climate reconstruction using tree rings and instrumental records has revealed both
fine- and coarse-scale climatic change (Moberg et al. 2005).

Previous studies in the area have mainly focused on temperature and precipita-
tion changes and their impacts on water resources (Yuan et al. 2005; Jiang et al.
2009). However, little has yet been done in this research area with regards to the
past 500 years of climate change using dendrochronology data. Detailed impact
assessments require information about climatic variability at regional and national
levels along with analyses not only of mean changes but also of trends (Hasanean
and Basset 20006). In this research, we analyzed temporal climate variability in the
study areas, placing short-term variability in a long-term context.

2.5 Temperature Variability

According to tree-ring reconstructions, the temperature in the Jing River (Fig 2.41,
Yang et al. 2012) has undergone 7 warming and 7 cooling events over the past 500
years. Among the alternating warm and cold periods, three cold periods (1496—
1544, 1623-1683, 1798-1850) were consistent with cold periods on the Tibetan
plateau (Yang 2003) and matched glacier advancement in western China. However,
only one of the cold periods (1469—1510), at Jinghe, was consistent with one of the
three cold periods of the Little Ice Age in China, whereas three cold periods (1623—
1683, 1798-1850, 1884—1922) were consistent with the surrounding areas in Xinji-
ang (Wang et al. 1998). From tree-ring reconstructions over the past five centuries,
the temperature and climate change of Jinghe has not reflected the unconventional
warming of recent decades. However, reconstruction of the temperatures of the past
two centuries from the Qinling Mountain range TRW series showed a pronounced
warming since the mid-twentieth century (Liu et al. 2009). Recent warming was
shown to be unprecedented in the past 2,000 years from tree-ring chronologies in
northwest Eurasia (Briffa et al. 2008) and western China (Holmes et al. 2009).
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Fig. 2.41 Reconstructed a AMT of Jinghe, b ANP at Wusu in northern Xinjiang

2.6 Precipitation Variability

Tree-ring reconstructions of the precipitation at Wusu from the past 500 years
(Fig. 2.41, Yang et al. 2012) have shown 9 wet periods and 9 drought events. Among
the alternating wet and dry periods, wet periods were dominant prior to 1820, fol-
lowed by mainly dry periods. In contrast, the occurrences of wet and dry periods
in Shanxi (Li et al. 2006) were negatively correlated to those of Jinghe in northern
Xinjiang.

2.7 Extreme Temperature and Precipitation

The maximum temperatures of recent years are lower than those of the past 500
years, while recent minimum temperatures are higher. Similarly, the maximum pre-
cipitation of recent years is lower than that of the past 500 years, while minimum
precipitation is higher (Table 2.13, Yang et al. 2012).
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Table 2.13 Extreme temperature (T) and precipitation (P)

Item Max T (May— Min T°C  Max P (July of previous Min P (July of previ-
August) °C year to June of current  ous year to June of
year) (mm) current year) (mm)
Past 500—year 26.6 19.4 273 219
history
Recent 40 years 24.5 22.0 76 113

These findings suggest that northern Xinjiang is located within a unique geo-
graphic unit that is collectively representative of China and global patterns, but con-
forms to patterns established in the surrounding areas of Xinjiang and the Tibetan
plateau. Furthermore, data for Jinhe and Wusu do not show abnormal contemporary
warming and wetting trends, and recent temperature and precipitation variability
does not exceed variability ranges in the 500-year period under investigation.

Summary

1. Over the past 50 years, the temperature in the arid region of Northwest China has
shown a significant increasing trend (P<0.01), at a rate 0of 0.343 °C/10a. Region-
ally, temperature increases reveal strong regional differences. The temperature
in northern Xinjiang increased the fastest, at a rate of 0.386 °C/10a, followed by
increased temperature rates in the Hexi Corridor (0.352°C/10a) and in southern
Xinjiang (0.283°C/10a). Among the three landscape types (mountains-oasis-
desert), the desert has the highest rate of increase (0.360°C per decade), fol-
lowed by the oasis region (0.339 °C per decade) and the mountain area (0.325°C
per decade). In addition, analyses of seasonal variability exhibited an increasing
rate of mean air temperature of 0.486 °C/10a, which is higher than that in spring,
summer, or autumn. The increasing rate of temperature in northern Xinjiang is
the highest (0.587°C/10a) in winter, followed by the rate in the Hexi Corridor
(0.486°C/10a), while Southern Xinjiang has the lowest rate (0.385°C/10a). The
winter temperature of the arid region of northwest China has a strong and sig-
nificant correlation with the Siberian High Index and China’s carbon dioxide
emissions.

2. The Mann—Kendall method was used to detect step changes in temperature.
Results show that a step change probably occurred in 1988 (P<0.01) for
regional annual air temperature, while step changes in 1998, 1996, 1987 and
1986 (P<0.05) were detected in spring, summer, autumn and winter for the
whole region, respectively. In selecting time-series analysis of variance extrapo-
lation to analyze temperature change periods, we found that each river basin
exhibited changes around every 17 to 20 years.

3. Mean precipitation has been calculated at about 153.37 mm for the past 50 years,
with the increasing rate of mean annual precipitation measuring 6.07 mm/10a
and a precipitation step change occurring in 1991. There are some regional
differences in precipitation increases. For instance, the northern Xinjiang has
the highest rate of increase (9.20 mm/10a), followed by southern Xinjiang
(5.35 mm/10a) and the Hexi Corridor (3.96 mm/10a). In addition, from our
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analysis of seasonal variability, we found that summer-time precipitation had the
largest rate (2.51 mm/10a), followed by autumn and spring, and that winter had
the smallest rate (1.16 mm/10a).

4. The variance analysis for precipitation indicated that the 22-period in the north-
ern slope of the Qilian Mountains was the longest, followed by the northern
slope of the Kunlun Mountains, the southern slope of the Altai Mountains and
the northern slope of the Tianshan Mountains, with cycles of 20, 18 and 17 years,
respectively.

5. Climate reconstruction using tree rings and instrumental records have revealed
both fine- and coarse-scale climatic change. According to tree-ring reconstruc-
tions, the temperature in the Jing River has undergone 7 warming and 7 cooling
events over the past 500 years, while tree-ring reconstructions of precipitation at
Wausu have shown 9 wet periods and 9 drought events.
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Chapter 3
Hydrologic System in Northwest China

Yaning Chen, Baofu Li, Zhongsheng Chen and Yuting Fan

Abstract Both the temperature and the precipitation in China’s arid northwestern
zone have increased, eliciting corresponding changes in hydrological processes in
the region’s inland basins. This chapter analyzes the characteristics of runoff and
its components, the main findings are: (1) Runoff increased significantly at stations
around the Tianshan Mountains. (2) The digital filtering method was used to sepa-
rate baseflow from surface flow, after which the baseflow index (BFI) was calcu-
lated and analyzed. We find that baseflows of the four headstreams have increased
considerably over the past 50 years. The baseflow and BFI showed obvious sea-
sonal variations: The lowest baseflow and BFI typically occurred in December and
January, and both increased gradually until reaching maximum values in August
or July. And precipitation had a significant impact on runoff, whereas temperature
strongly affected baseflow. In addition, in the Tizinafu River, the contribution of
ice/snowmelt water varied from 25.96 to 68.87% for spatial characteristics, and
from 28.31 to 65.43 % for seasonal characteristics. The mean of the ice/snowmelt
percentage is 43 %, which meant that ice/snowmelt water was the main supplying
water source. (3) Using the data from 1960 to 2010, future runoff amounts were
predicted. Some results can be concluded as follows: Runoff in the Aksu, Yarkand,
and Hotan rivers will be low in 2010-2011 but will experience continued growth
in 2017-2028.
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3.1 Introduction

Water is the foundation for the composition, development, and stability of oasis
ecosystems in arid regions. It determines the evolution of the ecological environ-
ment, including the two contrary processes of oasis development and desertifica-
tion, and is also the key ecological factor (Chen et al. 2007, 2009). Global warming
and changes in precipitation patterns caused by CO, emissions and other human ac-
tivities alter the availability of water resources and in turn affect natural ecosystems.
Research results from the past 50 years have revealed that both the temperature and
the precipitation in China’s arid northwestern zone have increased (Shi et al. 2007),
eliciting corresponding changes in hydrological processes in the region’s inland
basins. This relatively recent trend is characterized by a continual increase in tem-
perature and precipitation, added river runoff volumes, increased lake water surface
elevation and area, and elevated groundwater levels. These changes have led to
increased water resources, providing immediate relief to the local water shortage.

Climate change has also caused the accelerated retreat of glaciers, which are
important natural water reservoirs for the delta ecosystems in inland China. This
phenomenon has raised widespread concerns worldwide and has become a hot topic
in related academic fields. Although the future trends of changes in hydrological
processes and water resources in China’s arid region are not yet fully understood,
these issues are very important for managing water resources in the river basin and
deserve urgent attention.

Hypothesis testing to estimate long-term climate change trends is helpful to
understand the inherent mechanism of hydrological process. In this section, two
types of general trends are investigated: the monotonic trend and step change
(Zhao et al. 2008). While it is difficult to gain a thorough understanding of the
non-linear mechanism of any individual hydroclimatic process (Xu et al. 2009,
2011), such processes can be evaluated theoretically to determine if they com-
prise an ordered deterministic system, an unordered random system, or a chaotic
dynamic system, and whether change patterns of periodicity or quasi-periodicity
exist. Specific to the series of climate changes that have occurred in the arid/
semi-arid regions of western China, such inquiries may be designed to determine
if these changes represent a localized transition to a warm and wet climate in
response to global warming, or merely reflect a centennial periodicity in hydro-
logical dynamics.

To date, many researchers have explored the nonlinearity of runoff processes
using various non-linear analytic methods and models, including wavelet (Labat
et al. 2012; Melesse et al. 2010) and fractal theory (Xu et al. 2009). However, as
we are still far from having an in-depth understanding of non-linear runoff char-
acteristics in China’s arid Northwest, this forms the focus of our present paper. In
our study, we attempt to explain the chaotic dynamical characteristics of runoff by
using correlation dimension analysis. We also investigate the long-term correlation
characteristics of runoff by using the R/S analysis method and runoff duration by
using wavelet analysis.
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3.2 Characteristics of Runoff

3.2.1 Study Area, Data and Methods

3.2.1.1 Study Area

Arid regions account for approximately 30 % of China’s total land mass and are main-
ly situated in the sparsely populated Northwest. The largest arid zone (34°—50°N,
73°-108°E) includes the Uygur Autonomous Region of Xinjiang, Gansu Province,
western Inner Mongolia, the northern Hui Autonomous Region of Ningxia and north-
ern Qinghai Province (Fig. 3.1; Wang et al. 2013). In this vast region, almost all of the
endorheic drainage basins are located in the western Helan Mountains in Ningxia and
the western Wushao Mountains in Gansu Province, covering an area of 2.53 x 10° km?.
These basins are the Tarim Basin, the Qaidam Basin, the Badain Jaran Desert, and the
Tengger Desert. Other endorheic drainage basins are also located in northern Xinjiang
as well as in the desert region of Alxa Banner in western Inner Mongolia and in the
Gobi desert of the Hexi Corridor in Gansu Province (Liu et al. 2010). Dominated by
continental arid conditions and being only slightly impacted by East Asian monsoons,
the region is controlled by a typical inner-continental land mass climate, which fea-
tures wide-ranging temperatures, low precipitation, and low humidity.

3.2.1.2 Data

Monthly and yearly temperature and precipitation data covering the study area
were provided by the National Climate Center (NCC) of the China Meteorological
Administration (CMA). For this area, 84 stations passed the internal homogeneity
check of the China National Meteorological Center (CNMC), including the moving
t test (Peterson et al. 1998), the standard normal homogeneity test (Alexandersson
1986), and the departure accumulating method (Buishand 1982). Stations installed
after 1960 or those with data gaps were excluded. As a result, 76 meteorological
stations for 51 years (January 1960 to February 2011) were selected.

Another dataset that includes monthly and yearly air temperature, precipitation,
and runoff was provided by the Hydrological Bureau of the Xinjiang region and
Gansu Province. In this study, data from 122 hydrological stations and covering
the period from 1965 to 2003 were selected. However, we only used 65 hydrologi-
cal stations for precipitation analysis, 46 stations for air temperature analysis, and
52 stations for runoff analysis due to missing data in the other stations. Interpola-
tions were applied, since most hydrological stations lacked data covering the period
2004-2010. A linear regression equation was adopted to analyze the relationship
between the hydrological series and climate series from nearby meteorological sta-
tions. Couples with R-square above the level 0of 0.3843 (0.01 significant level) were
deemed sufficient for this extension. The homogeneity test was also applied to these
interpolated climate series, and all of the extended climate series passed this test.
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3.2.1.3 Methods

In this study, the nonparametric Mann—Kendall (M-K) method (Mann 1945;
Kendall 1975) is used to detect possible trends in hydrological extremes. The re-
sults of the M—K test are heavily affected by the serial correlation of the time serial
correlation, so we adopt the Yue and Pilon method (Yue et al. 2002) to remove the
serial correlation.

To achieve a better understanding of the non-linear characteristics of runoffs, a
correlation dimension method was used to show their chaotic dynamical character-
istics and wavelet analysis was used to obtain a specific period within a time series,
after which an R/S analysis method was employed to study the long-term correlation
characteristics. In this section, we introduce correlation dimension and R/S analysis.

(1) Correlation Dimension The correlation dimension method is usually applied
to analyze a runoff series and check whether or not a river exhibits chaotic dynamic
characteristics (Sivakumar 2007). The method’s principle is as follows. Consider
X(t), the time series of annual runoff, and suppose it is generated by non-linear
dynamic systems with m degrees of freedom. In order to restore the dynamic char-
acteristics of the original system, it is necessary to construct an appropriate series of
vectors X(™)(#) with delay coordinates in the m-dimensional phase space, according
to the basic ideas initiated by (Grassberger and Procaccia 1983):

X" @) = {X (), X[ +7T),..., Xt +(m—1)T)} (3.1)

where m is called the embedding dimension and 7 is an appropriate delay.

Foraset {X/i=1, 2, ..., N} of points on the attractor, and using the G-P method,
the correlation-integrals are defined in order to distinguish between stochastic and
chaotic behaviors:

C(r) = lim ——

2 X
N—eo N {Numberof pairs (i, ), whose distance Wi X-’kr}

where 7 is surveyor’s rod for distance.
The correlation-integrals are computed as follows:

Ny Ng

C(r)= %Z Y or-|X -X,|<r) (3.2)

R j=1 i=l

where N, is the number of reference points taken from N, and N is the number
of points X(”)(#). The relationship between N and N, is N, = N —(m—1)7. ot is
Heaviside function defined as

{0 x<0
O(x)= (3.3)

1 x>0
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Fig. 3.2 Spatial distribution of annual trends for runoff

The expression counts the number of points out of the data set which are closer
than radius » or within a hypersphere of radius 7, and then divides it by the square
of the point total (because of normalization). As » — 0, the correlation exponent d
is defined as:

C(r)ocr! (3.4

Apparently, the correlation exponent d is thus given by the slope coefficient of
log(C(r)) versus logr. According to (log#,log C(r)), d can be obtained by the least
squares method (LSM) in a log-log grid. To detect the chaotic behavior of the sys-
tem, the correlation exponent has to be plotted as a function of the embedding di-
mension. If X(”)(?) is purely random (e.g., white noise), the correlation exponent
increases with the embedding dimension without reaching the saturation value. If
there are deterministic dynamics in the system, the correlation exponent reaches
the saturation value, which means that it remains approximately constant with an
increase of the embedding dimension.

3.2.2 Linear Trends in Runoff

(1) Overall Changes in Runoff Figure 3.2 (Wang et al. 2013) illustrates the overall
spatial distribution of statistically significant trends for annual and seasonal runoff. As
we can see, most hydrological stations show increasing trends. Annual runoff increases
significantly at the stations around the south slope of the Tianshan Mountains, espe-
cially for the basins of the Aksu, Kaidu, and Shule Rivers. Some stations located in
the Weigan, Kashigaer and Yarkand Rivers also display significant increasing trends
(P<0.05), whereas strongly decreasing trends are observed in the Shiyang River.
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Fig. 3.3 The hydrological stations of rivers in the arid region of northwest China

(2) Runoff Trends in Typical Areas In this study, the research objects are eleven
rivers flowing through five river areas of three zones in China’s arid Northwest
region, including northern Xinjiang (the south slope of the Altai Maintains and the
north slope of the Tianshan Mountains), southern Xinjiang (the north slope of the
Kunlun Mountains and the south slope of the Tianshan Mountains) and the Hexi
Corridor (the north slope of the Qilian Mountains) (Fig. 3.3; Li et al. 2012). To min-
imize the impact of human activity and clearly delineate regional climate changes,
data from the selected hydrological stations represents runoff from mountain passes
in each river. The mean value of the hydrological stations’ data represents runoff.

As the data clearly indicates, runoff in each river area shows an increasing trend
(Fig. 3.4; Li et al. 2012). On the south slope of the Tianshan Mountains, the increas-
ing trend is statistically significant at P<0.01, as are the trends related to the north
slope of the Qilian Mountains and the north slope of the Tianshans (P <0.05). How-
ever, the increasing trends on the south slope of the Altai Mountains and the north
slope of the Kunlun Mountains are insignificant. Over the past 50 years, the average
increasing rate of runoff in each river area was 1.03 x 108 m? per decade. Specifi-
cally, the increasing rates of runoff on the north slope of the Kunlun Mountains and
the south slope of the Tianshan Mountains are the fastest, at 4.25x 108m?/10a and
2.90 x 108m?/10a, respectively, followed by those on the north slope of the Qilian
Mountains and the north slope of the Tianshans, at 0.42 x 103m3/10a, 0.26 x 10®m?/10a,
respectively. Meanwhile, the increasing rate of runoff on the south slope of the Altai
Mountains is the slowest, measuring only 0.15 x 108m?/10a (Fig. 3.4).
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Fig. 3.4 Runoff anomalies trends in typical river areas of the arid region of northwest China (Li
etal. 2012)

Since 1990, runoff from most of the mountains in the region has notably in-
creased. Compared to the 1957-1989 timeframe, runoff from the south slope in-
creased the fastest post-1990 (18.12%) (Fig. 3.5; Li et al. 2012), followed by run-
off from the north slope of the Tianshans and the south slope of the Altais, which
increased 12.56 and 10.26 %, respectively. However, runoff on the north slope of
the Qilian Mountains and the north slope of the Kunlun Mountains saw only slight
increases of 9.43 and 8.12 %, respectively. In general, then, runoff in southern Xin-
jiang increased the fastest, followed by runoff in northern Xinjiang, with runoff in
the Hexi Corridor increasing at the slowest pace.

(3) Runoff Trends in Typical Rivers In Xinjiang, as can be seen from Fig. 3.6,
runoff in the Hotan River exhibits a decreasing tendency, while the linear tenden-
cies of the runoff in other three rivers (the Aksu, Kaidu, and Yarkand) show upward
trends in the past half-century. Nevertheless, runoff change rates vary from region
to region. Prior to the 1990s, runoff rate are lower than average, whereas after 1990,
runoff rates are notably higher than average in the Aksu, Kaidu, and Yarkand Rivers.

The surface runoff mean velocities in the Aksu, Kaidu, Yarkand and Hotan Riv-
ers were 76.8, 9.1, 65.9 and 44 m?/s, respectively, while the increasing rates were
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30
20 4 180
300 o 180
80 4 140
260 4
240 4 120
220 100
20 1 L
180 4 ; . . . . &0 . .
1960 1965 1970 1075 1580 19AS 1880 1966 2000 2008 1960 1865 1570 1975 1960 1585 1900 1985 2000 2005
100 &
" &
&0 A
s 4 40
20 4 o0
o o
20
o 20
0 40
a w0 s tom s a0 w5 10 tees 200 205 ) e mes tom rs e wes 1w tems 2 205
120 240
300 4 0
80 200
o ] o
=1 140
200 4
180 4 1
150 o 00
140 4 L
120 - . : : - : : : - : ] : : . : - - . + T
1955 1960 1885 1870 1875 1S40 1585 1980 1985 2000 2008 1960 1965 1670 176 1560 1585 1900 1985 2000 2008

O s848.38288
Qiesssonsss

1960 1965 1970 1975 1980 1985 1990 1985 2000 2008

1960 1965 1970 1975 1960 1985 1990 1995 2000 2005

Fig. 3.6 The changes of runoff (m?/s) in Aksu river (a), Kaidu river (b), Yarkand river (c¢), and
Hotan river (d) in Xinjiang

0.48, 0.08, 0.19 and —0.03 m?/a, respectively. The runoff trends in the Aksu and
Kaidu Rivers were significant, at P<0.01, but the increasing trend of runoff in the
Yarkand River was not significant, nor was the decreasing trend of runoff in the
Hotan River.
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In the Hexi Corridor, from 1960 to 2009, runoff in the Heihe and Shule Riv-
ers showed upward trends, with mean increasing rates of 0.77 x 10®m?/10a and
0.93 x 103m3/10a, respectively. These trends were strong at the P<0.01 level of sig-
nificance (not shown), while the runoff in the Shiyang River signaled a decreasing
trend, with a mean increasing rate of 0.1 x 108m?/10a indicating that its trend was
significant at the P<0.05 level. Furthermore, Hurst index (H) analysis (H>0.5)
indicated that runoff changes in the Heihe, Shule and Shiyang Rivers in the Hexi
Corridor will continue to follow current trends.

3.2.3 The Non-linear Characteristics of Annual Runoff

To better understand the non-linear characteristics of annual runoff in the Aksu, Yar-
kand and Hotan Rivers, we employed a two-step comprehensive analysis method.
In logical sequence, the correlation dimension method was used to show chaotic
dynamical characteristics, after which the R/S analysis method was employed to
study long-term correlation characteristics.

(1) Chaotic Dynamical Characteristics In Fig. 3.7, we used the Hotan River’s
time series of annual runoff to reconstruct the phase space and then calculated
the correlation dimension of attractor. Figure 3.7a shows the relationship between
InC(¢) and In(r) for the annual runoff in the Hotan River, with a different embedding
dimension m. Using the least square method (LSM), we calculated the slope coeffi-
cient of InC(r) versus log r, i.e., the correlation exponent for embedding dimension
m=1, 2, .... Figure 3.7b reveals the gradual saturation process of the correlation
exponent. As we can see, the correlation exponent increases with embedding
dimension m, and a saturated correlation exponent, i.c., the correlation dimension
of attractor (D), was obtained when m>6.
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Table 3.1 The correlation

‘ ! Rivers Hotan Yarkand Aksu river
dimensions for the annual river river
runoff processes in t.he Hotan, Embedding dimension (m) 7 7 7
Yarkand and Aksu rivers . .
Attractor dimension (D)  3.22 3.21 3.21

Table 3.2 Hurst exponents  Rjver name 1957-1972 1973-1988 19892002
for the annual runoff

rocesses in the three head- Aksu river 0.76 0.60 091
p e Yarkand river  0.64 0.47 0.73
waters of the Tarim River .

Hotan river 0.74 0.64 0.52

(Xu et al. 2009)

Through the above procedure, the correlation dimensions of attractor for the Ho-
tan, Yarkand and Aksu Rivers were formulated at 3.22, 3.21 and 3.21, respectively
(Table 3.1). The fact that none of these correlation dimensions is an integer indi-
cates that the annual runoff processes in all three headwaters are chaotic dynamical
systems that are highly sensitive to initial conditions. Since the value of the index
is above 3 for the three rivers, at least four independent variables are needed to de-
scribe the dynamics of the annual runoff process in each river.

(2) Long-term Correlation Characteristics Our studies (Xu et al. 2009) revealed
long-term temporal trends for annual runoff in the Tarim River at a time scale of 16
years. Over the past few decades, the annual runoff tended to increase in the Aksu
and Yarkand Rivers but decrease in the Hotan River (Chen et al. 2009). Using the
R/S analysis method, we calculated the Hurst exponents for annual runoff in each
river during each period, as shown in Table 3.2. For the Aksu River, the Hurst expo-
nents in the three periods 1957-1972, 1973-1988 and 1989-2002 are 0.76, 0.60 and
0.91, respectively. Since they are all greater than 0.50, this suggests that the annual
runoff process in these rivers has a long-enduring characteristic in each period. In
other words, the next period will have the same trend as the preceding one.

For the Yarkand River, the Hurst exponent for the period 1957-1972 equals
0.64, also indicating an enduring characteristic for the runoff. In the second period
(1973-1988), however, the Hurst exponent (with a value of 0.47) is less than 0.50,
suggesting an anti-persistence characteristic for the annual runoff process. In the
last period (1989-2002), the Hurst exponent (with a value of 0.73) is greater than
0.50, again implying an enduring characteristic for the annual runoff process.

The Hurst exponents in the three periods for the Hotan River are 0.74, 0.64 and
0.52, respectively. Because all of these readings are greater than 0.50, a long-enduring
characteristic is implied for the annual runoff process of each period. That the Hurst ex-
ponent for the last period is slightly greater than 0.5 indicates that the annual runoff of
the Hotan River is likely to show a slight decrease over the next 14 years (after 2002).

3.2.4 Step Changes In Runoff

The Mann—Kendall-Sneyers test was applied to detect the step change point of
the annual runoff series over the past 50 years. Figure 3.8 shows the computed
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Fig. 3.8 Step change point of runoff in Aksu river (a), Kaidu river (b), Yarkand river (¢), and
Hotan river (d)

probability series of the step change point years. The results show that abrupt chang-
es in runoff in the Aksu, Kaidu, Shule and Shiyang Rivers occurred in 1991, 1995,
1998 and 1995 (at the 0.05 significance level), respectively. The step change points
of runoff in the Heihe River occurred in 1985, 1999 and 2004. No step change
points of runoff were found for the Yarkand or Hotan Rivers.

3.2.5 Periodicity of Hydrological Variables

(1) Aksu River Wavelet variances (Fig. 3.9) indicate that the temperature in the Aksu
River underwent weak periods of 3 and 11 years, and strong periods of 18 and 22
years. The 18-year period is considered the most reliable measurement due to the
length of the data being only 50 years. According to the real part of the wavelet trans-
formation coefficient at an 18-year phase (Fig. 3.9), the timeframes from 1964—1974,
1986—1997, and 2000-2002 were negative phases that exhibited lower temperatures.
In contrast, other timeframes were positive phases that registered higher temperatures.

The same analysis of a precipitation time series of 4, 8, 18 and 21 years showed a
weaker period, with the strongest period being 11 years. Seen from the perspective of
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Fig. 3.9 The time-frequency distribution of wavelet coefficient and variance for temperature, pre-
cipitation and runoff in Aksu River, respectively (form top to bottom)

the 11-year time scale for Morlet wavelet transform coefficients, the relatively high pe-
riods of annual rainfall occurred in 1962—-1965, 1971-1974, 1981-1984, 1986-1991,
1997-2001 and 2001-2004. A wavelet variance of runoff showed 6- and 14-year weak
cycles, with the strongest period being an 18-year cycle (the same as for temperature).
The wavelet coefficients of the real part of an 18-year cycle from 1970 to 1980 and
from 2000 to 2007 show a positive phase, indicating high runoff in these periods.
Thus, there are strong periods of 18 years for both temperature and runoff, while pre-
cipitation has a strong period of 11 years. This shows that runoff changes in the Aksu
River have a strong correlation with temperature, which has a synchronized period.
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Fig. 3.10 The time-frequency distribution of wavelet coefficient and variance for temperature,
precipitation and runoff in Yarkand River, respectively (form top to bottom)

(2) Yarkand River Wavelet variances (Fig. 3.10) indicated that weak 4- and
11-year temperature cycles were observed in the Yarkand River Basin. However,
there were also strong periods of 17 and 22 years, with 19 years being the domi-
nant period (again taking into consideration that the length of the recorded data is
only 50 years). The wavelet coefficients at the real part of the 17-year cycle from
1973-1983 and 1997-2007 showed a positive phase, indicating higher tempera-
tures in these intervals. For precipitation, weak cycles occurred in 4-, 5-, 11-, and
14-year timeframes, with the strongest cycle being 9 years. The timeframes from
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1962-1965, 1969-1972, 1975-1978, 1980-1983, 1984-1987, 1989-1992, 1994—
1997 and 2000-2003 belong to the wet period, with wavelet coefficients showing a
positive phase. A weak cycle of runoff was observed at 4-, 14-, and 17-year phases,
while the strong cycle was the same as for precipitation: 9 years. The coefficients
at the real part of the 9-year cycle from 1962-1965, 1969-1972, 1975-1978, 1980—
1983, 1984-1987, 1989-1992, 1994-1997 and 2001-2004 show a positive phase,
indicating high runoff during these periods.

The wavelet analysis of the Yarkand River indicated that precipitation and runoff
have strong periods of 9 years while temperature has a strong period of 17 years.
This shows that runoff changes are synchronized with precipitation. The positive
phase of the real part of the runoff is consistent with precipitation, which indicates
that precipitation has a greater influence on runoff than temperature.

(3) Hotan River The main peaks of wavelet variances occurred at points on the
scale equal to 4, 11, and 17, and 22 years. The first peak in wavelet variance, which
corresponds to the scale a=17, shows that the period at about 17 years oscillated the
strongest and is the first main period. According to the real part change process of
the wavelet transformation coefficient of different time scales in Fig. 3.11, we can
conclude that 1970-1980 is a positive phase, as it registers a higher temperature. In
contrast, weaker periods were found at 4 and 14 years for precipitation. The domi-
nant period is 9 years, and the timeframes 19661968, 1971-1973, 1979-1982,
1986—-1988, 1989-1992, 1993-1995 and 2001-2004 are positive phases that mea-
sured abnormally high amounts of rain. The energy change of the 9-year time-scale
is the strongest, and the periods 1962-1968, 1969-1972, 1971-1974, 1979-1982,
1984-1987, 19891992, 19961999 and 2001-2004 are positive phases character-
ized by high runoff.

For time-frequency and variance distribution, precipitation and runoff have
strong periods of 9 years while temperature has a strong period of 17 years. This
shows that changes in runoff and precipitation are strongly synchronized. More-
over, the consistency of the positive phase also indicates that precipitation has a
greater effect on runoff than temperature

(4) Kaidu River The variations indicated that temperature had weak periods
of 7, 16 and 18 years. The 18-year period was the dominant one, with rela-
tively strong periods of high annual temperature occurring in 1964-1974 and
after 1994. Weak phases were observed for precipitation at 4-, 9-, and 16-year
timeframes. The strongest cycle was the 18-year phase, with higher precipitation
being observed from 1960 to 1970 and from 1991 to 2002. Wavelet variance of
the runoff shows that within a dominant 18-year period, a relatively positive
phase occurred in 1960—1971 and 1995-2001. In addition, the contour map is
not completely closed, indicating that this runoff will continue to trend upward
for some time.

Overall, temperature, precipitation, and runoff show a strong period of 18 years,
indicating that runoff in the Kaidu River is affected both by temperature and pre-
cipitation, with the effects of precipitation being more obvious (Fig. 3.12).
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Fig. 3.11 The time-frequency distribution of wavelet coefficient and variance for temperature,
precipitation and runoff in Hotan River, respectively (form top to bottom)

3.2.6 Conclusion

1. Affected by changes in precipitation and air temperature, runoff increases sig-
nificantly at stations around the Tianshan Mountains, especially those near the
south slope of the mountains and the Shule River. Few rivers show decreasing
trends, and only the Shiyang River revealed significant negative trends.

2. Step changes are detected in a few stations for runoff series; the years with step
changes also show non-uniform changes. Hence, the step changes of runoff
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Fig. 3.12 The time-frequency distribution of wavelet coefficient and variance for temperature,
precipitation and runoff in Kaidu River, respectively (form fop to bottom)

exhibit a complicated pattern, with different hydrological stations displaying
different step change points.

3. Changes in temperature and runoff in the Aksu River Basin reveal a strong con-
sistency for a period of 18 years, while changes in runoff and precipitation in
the Yarkand River and the Hotan River Basins show a similar 9-year phase, and
temperature and precipitation in the Kaidu River have some synchronization
with runoff and the same 18-year periodicity. Thus, we can initially speculate
that the increase in runoff is mainly caused by snow and ice melting in the Aksu
River, while the increase in accelerated snowmelt (caused by higher temperature
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and precipitation levels) is responsible for increased runoff in the Kaidu River.
For the rivers co-developed in the Kunlun Mountains (the Yarkand and Hotan
Rivers), runoff is linked to precipitation.

4. The annual runoff processes of the three headwaters of the Tarim River are com-
plex non-linear systems with fractal as well as chaotic dynamics. The correla-
tion dimensions of attractor for the annual runoff process in the Hotan, Yarkand
and Aksu Rivers are 3.2227, 3.2118, and 3.2092, respectively, none of which
is integral. This means that the annual runoff processes in all three headwaters
are chaotic dynamical systems that are sensitive to initial conditions. The time
series of annual runoff in the Tarim River’s three headwaters presents a long-
term correlation characteristic. The Hurst exponents in the period from 1989 to
2002 indicate that the annual runoff in the Aksu and Yarkand Rivers will prob-
ably show an increasing trend, but that, in the Hotan River, the runoff is likely to
show a slightly decreasing trend after 2002.

3.3 Characteristics of Runoff Components

Streamflow can be divided into quickflow and baseflow. Quickflow is normally
from surface runoff, while baseflow is from shallow and deep groundwater. Typi-
cally, baseflow is not very sensitive to rainfall but is rather more associated with dis-
charge from groundwater. The baseflow thus does not only supply the river’s runoff
during the rainless season, but also recharges groundwater during the wet season.

Because environmental isotopic tracers have the advantage of tracing, they are
ideal for relating flow pathways and water residence time to river water than other
common techniques used in classical hydrology. In alpine catchments, the change
of meltwater in the total runoff is a direct response of water resources to climate
change. Hence, calculating how much ice-melt water is in the total runoff can help
evaluate the effects of climate change (Kong and Pang 2011). Moreover, as the
stable isotope ratios of hydrogen and oxygen of water samples can provide essen-
tial information about water dynamics within a given watershed (Ruck and Mayer
2007), it is helpful to use tracers of stable isotope hydrogen or oxygen to identify
water sources, since different water sources act within a river in different seasons.
In hydrograph separation analysis, the two-component model was used to compute
the contributions of the river water’s various components.

3.3.1 Data And Separation Methods

(1) Baseflow Separation Typically, quickflow recession is fast and steep, whereas
baseflow recession is slow and gentle in the flow process. Therefore, baseflow can
be separated and estimated based on the measured flow hydrograph. Two types of
techniques disaggregate daily streamflow into quickflow and baseflow. One type is
graphical separation, such as the line segmentation method and the recession curve
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method the other is automatic methods that use computer programs to mimic man-
ual separation methods such as the techniques of smoothed minima, HYSEP and
recursive digital filtering (RDF). Although graphical separation methods are tradi-
tional and can be applied to different situations, they are subjective and not suitable
for large data sizes. Automatic methods have been widely employed for streamflow
separation with long time series. In this study, we selected the RDF technique due to
its lower parameter requirements and relatively high accuracy (Hafzullah 2009). We
also implemented the traditional recession curve method to provide a performance
reference.

The RDF technique, which was originally used for signal analysis and process-
ing, became popular in hydrology literature for baseflow separation (e.g., Eckhardt
2008). The RDF method was found to approximate well the baseflow sequence
calculated by the manual separation technique using matching strips (Nathan and
McMahon 1990). RDF smoothes sharp peaks in the fast component of the stream-
flow, so that the separated flow represents the delayed component of the stream-
flow, i.e., the baseflow. The RDF process can be represented as

0, ()= O, (t =)+ (1+5)[2[00) - 0t - 1)] 3.5)

where Qd (m?/s) is the filtered quick streamflow, Q (m?/s) is the total streamflow, t
is the time step (day), and B is a filter parameter. The filtered baseflow Qb can then
be obtained by:

0,(n=001)-9,) (3.6)

The best results were obtained when § was in the range 0.90—0.95, with an optimal
value of 0.925 (Nathan and McMahon 1990). The algorithm separates baseflow
from total stream flow by passing the filter over the streamflow record three con-
secutive times (forwards, backwards, and forwards again). Each filter pass produces
three time series estimates of baseflow, with the last being the projected baseflow
time series. The justification for the use of this method rests on the fact that filtering
out high-frequency signals is intuitively analogous to the separation of low fre-
quency baseflow from the higher frequencies of quickflow (Nathan and McMahon
1990). The output of the filter is constrained, such that the separated flow cannot
take negative values and is not greater than the total flow.

The recession curve method is the main traditional graphical separation method. It
has been used to separate surface flow from total flow, and the derived groundwater
flow is considerably higher during flood events than during dry seasons (Hafzullah
et al. 2009). The recession curve method has the advantage of flexible adjustment
according to basin characteristics, but it is tedious and time-consuming for baseflow
separation with a long time series.

In this study, the recession curve method was implemented as a performance
benchmark to the RDF. The method can be expressed as:

0 =0K" 3.7)
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where Q, (m?/s) is the discharge at any tie step t, Q, (m?/s) is the discharge at the
initial time step, and K is the recession constant.

The BFI is one of the most important low flow indexes. It is the long-term ratio
of baseflow volume to total streamflow volume, and is affected by a number of cli-
matic and topographic factors (Antonia and Paolo 2008). Therefore, it can be used
to analyze the correlation between baseflow and climate factors.

BFI is calculated as a ratio between baseflow volume and total streamflow vol-
ume for a time period, and can be expressed as:

® 0,@)dr
BF[="% (3.8)

KQ@W

where t, and t, are starting and ending time points, respectively. In our study area,
winter baseflow is less related to winter precipitation. Snowfall is accumulated from
December to February and supplies baseflow during the spring snowmelt season. To
study the variation of winter baseflow, stable BFI (SBFI) is defined as the ratio of
winter baseflow volume to the total yearly streamflow volume, and is expressed as:

[ 0,0

SBFI = =2
j O(t)dt

3.9)

where t,, t; and t are the months of December, February, and November, respec-
tively. The recession curve method was applied to the Kaidu River for a comparison
with the RDF method. The calculated BFI difference between the two methods var-
ies with B, and reached its minimum when f is 0.925.

(2) Isotope Separation In the recharge areas of the Tizinafu River, ice/snowmelt
plays a key role. It is important to determine the temporal and spatial distribution of
ice/snowmelt percentage in runoff in order to utilize water resources rationally. In
most previous research work with isotopic tracers, runoff is usually separated into
different water types, such as two runoff components (event water and pre-event
water sources) or three runoff components (event water, pre-event water, and the
full mixture of precipitation from previous events). Both the two- and three-compo-
nent method can be described as a uniform equation:

0,=Y0,.0C =Y0,Clj=1...k (3.10)
m=1 m=1

where Q, is total runoff discharge, Qm is the discharge of component m, and C. 7 is
the tracer j incorporated in the component m. In reference to isotope hydrograph
separation, one of the tracers should be a kind of isotope.
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Table 3.3 Catchment and baseflow characteristics of the four headwater streams

River Drainage area Average Average Standard Median
elevation baseflow deviation baseflow
km? m 108 108 108
m m3 m
Aksu River 35,871 7,435 3.99 1.05 3.58
Hotan River 48,870 6,000 1.91 0.37 1.79
Yarkand River 48,100 5,395 12.31 1.25 12.45
Kaidu River 22,000 4,679 10.79 2.29 10.54

In the Tizinafu River mountain watersheds, river water is composed of ice/snow-
melt, precipitation and groundwater. However, the groundwater comes only from
ice/snowmelt and local precipitation without external groundwater flow into this
area, so the runoff can be separated into the two components of ice/snowmelt and
full precipitation mixture. Therefore, based on the mass balance of water and a
tracer mass balance, we can use only oxygen isotopes to study the ice/snowmelt
percent of the Tizinafu River streamflow.

The model requires several assumptions, as follows:

(1) C/ should be constant during the calculation period, such as a rainfall runoff
process.

(2) C! should be different between each component.

(3) A steady-state model adequately represents watershed conditions.

3.3.2 Baseflow

Table 3.3 presents the catchments and estimated baseflows of the four headstreams,
as well as their characteristics. The annual average SBFIs of baseflow are 0.13
(Aksu River), 0.08 (Hotan River), and 0.23 (Yarkand River) to the upstream Tarim
River, and 0.36 (Kaidu River) to the downstream Tarim River. The calculated base-
flow increasing rates of the four rivers are 14.1, 6.9, 20.1 and 42.6 %, respectively
(Fig. 3.13). The SBFIs of the Aksu and Hotan Rivers show continuously increasing
trends, whereas the Yarkand River’s SBFI fluctuates, and the Kaidu River denotes
a decreasing trend (Fig. 3.13).

Table 3.4 presents the estimated baseflows and corresponding SBFIs in different
decades. In terms of the relationship between baseflow amplitude and SBFI, each
river has unique characteristics. From the 1980s to the 1990s, the rising amplitude
of the Aksu River’s baseflow is not proportional to the SBFI; from the 1970s to the
1980s, the declining amplitude of the Hotan River baseflow is not proportional to
the SBFI; around 1970 and in 2000, the Yarkand River’s baseflow increased but the
SBFI decreased; the Kaidu River’s baseflow first decreased, and then increased,
while the SBFI has been steadily declining (Table 3.4). It is speculated that climatic
factors have played a role in the relationship between baseflow amplitude and SBFI.
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Fig. 3.13 Variation of annual baseflow and baseflow index for the four headstreams of the Tarim
River. a Aksu River. b Hotan River. ¢ Yakand River. d Kaidu River

Table 3.4 Annual variations of baseflow and BFI for the four headwater streams

River  Baseflow and BFI 1960-1969 1970-1979 1980-1989 1990-1999 20002008
Aksu Qb (10°m?) 3.61 3.63 3.19 4.06 5.75

BFI (%) 13.37 14.42 13.12 13.49 17.62
Hotan Qb (108 m*) 1.66 1.65 1.80 1.96 2.54

BFI (%) 8.65 7.52 9.21 9.80 10.95
Yarkand Qb (10° m?) 11.39 11.44 11.94 13.30 13.70

BFI (%) 18.73 18.38 19.81 20.50 20.16
Kaidu Qb (10° m¥) / 10.06 9.93 10.79 /

BFI (%) / 3323%  32.94%  30.05% /

Qb is the baseflow, BF1I is the baseflow index

Over the past 50 years, the SBFIs of the Hotan, Yarkand and Kaidu Rivers
were 8.0-30.1 % of the streamflow in dry years (annual precipitation of less than
40 mm), and 10.8-37.0 % in wet years (annual precipitation greater than 100 mm)
(Fig. 3.14). If the baseflow of a river is relatively constant, when the precipitation-
supplied runoff increases, the proportion of baseflow in the entire stream flow
should decrease. However, the SBFIs of the Hotan, Yarkand and Kaidu Rivers
appeared generally larger in wet years than in dry years (Fig. 3.14). Tetzlaff and
Soulsby (2008) concluded that BFI is larger in dry years than in wet years, based
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Fig. 3.14 Baseflow separation at the four headstreams of the Tarim River for typical dry and wet
years. al Aksu River in a dry year 1986 with SBFI=12.7%. a2 Aksu River in a wet year 1996
with SBFI=12.5%. b1 Hotan River in a dry year 1985 with annual SBFI=8.0%. b2 Hotan River
in a wet year 1987 with SBFI=10.8%. ¢l Yakand River in a dry year 1978 with SBFI=13.0%.
c2 Yakand River in a wet year 2007 with SBFI=21.5%. d1 Kaidu River in a dry year 1980 with
SBF1=30.0%. d2 Kaidu River in a wet year 1981 with SBFI=37.0%

on a study in mountainous regions underlain by crystalline basement rocks and
metamorphic formations with small aquifer potentials. In that kind of area, be-
cause of the limited storage in superficial deposits and thin soils, precipitation be-
comes surface runoff and enters streams directly instead of via deep percolation.
In our study area, we see an opposite scenario, i.e., larger SBFI in wet years. An
explanation for this uncommon phenomenon is that the increasing glacial melt-
water had raised the level of baseflows in the rivers during those wet years, which
is an outcome of warm-wet conditions. In the past 48 years, the warming-wetting
trend in the Tarim River Basin was a regional response to global climate change,
with the 1990s being the decade with the highest annual temperatures (Chen et al.
2009). Baseflows of the Aksu, Hotan and Kaidu Rivers began to increase in the
1990s, and baseflows of the Yarkand River began to increase in the late 1990s.
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Fig. 3.15 Location map of the Tizinafu River and water sampling locations referred to in this
paper

3.3.3 Ice-melt Water

The Tizinafu River, located in southeast Kashi and running a 335-kilometer course,
originates in the northern slope of the Kunlun Mountains. From the southeast to the
northeast, it flows through Yecheng, Zep, and the Yarkand agricultural irrigation
area, where part of the river joins the Yarkand River. The streamflow of the Tizinafu
River is 7.71 x 10® m®/year and the average volume is 24.4 m?/s, with a maximum
flow of 519 m*/s and a minimum flow of 0.42 m?/s. Flood periods occur from May
to September, dry periods from December to February. The Tizinafu River flows
through the mountain valley; its river bed features rock, gravel and sand, and its
downstream has an alluvial fan constitution. There is one hydrological station along
the river and 25 small reservoirs built in the basin. Since the Tizinafu is supplied
mainly by mountain snowmelt water, spring water and rain water, it has a higher
water quality and contains little pollution. These features make it not only appropri-
ate for human and animal consumption, but also for irrigation. Due to increasing
temperatures, the melting of permafrost along the glacier front may also contribute
a certain amount of water to the groundwater and increase baseflow in the rivers
(Fig. 3.15).

As shown in Tables 3.5 and 3.6, the significant difference between the oxygen
isotopes of different components is good enough to use the above tracer model. The
3'%0 of ice/snowmelt Ci in the two tables refer to the mean value of the original 6
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Table 3.5 Spatial characteristics of ice-snowmelt in the Tizinafu River streamflow

Stations Cp (%o) Cr (%o) Ci (%o) Estimated fractions (%)
Upstreams -3.34 -10 —13.01 68.87
Kudi -9.25 61.12
Mazhadaban -8.19 50.16
Halastan -7.22 40.12
Jiangka =7.12 39.09
Downstreams -7.02 38.06
Tributary —6.87 36.50
Xihexiu -6.81 35.88
Yuzimenleke —5.85 25.96
Mean of the ice-snowmelt percentage (%) 43.97%

Table 3.6 Temporal characteristics of ice-snowmelt in the Tizinafu River streamflow
Month Cp (%0) Cr (%0) Ci(%0) Estimated Month Cp (%o0) Cr (%o0) Ci (%0) Estimated

fractions fractions

(%) (%)
January —3.34 -7.18 —13.01 39.74 July -334 -9.06 —13.01 59.18
Febru- -6.91 36.95 August -6.98 37.63

ary

March -6.81 35.89 September -7.21 40.00
April -8.87 57.22 October -6.97 37.51
May -8.77 56.18 November —6.08 28.31
June -9.67 65.43 December —6.46 32.24

Mean of the ice-snowmelt percentage (%) 43.86%

sampling data. Because of the altitude’s effect on isotope in this study area, all '%0
values in precipitation weighted by rainfall were averaged, to get Cp, i.e., the 8'30 of
the full mixture of precipitation from previous events. The §'0 values in river water
were averaged by station and by month, respectively, to get Cr in Tables 3.5 and 3.6.

The results of runoff separation according to different hydrological gauging lo-
cations are shown in Table 3.5. According to the table, the mean percentage of
ice/snowmelt runoff is 43.97 %, which was evaluated by using the average of six
ice/snowmelts 3'%0. This is only 25.96 %, using the average from Yuzimenleke (at
the lower section of the river) and enriched isotopic singular values. However, the
mean percentage of ice/snowmelt runoff in the tributaries upstream is 68.87 %. This
markedly significant variation of 42.91% was caused by ice/snowmelt isotopic
fractionation during melting, impeding an accurate separation of streamflow. From
this, we can see that the error is large when ice/snowmelt contributes a dominant
fraction of the streamflow. The ice/snowmelt percentages are less than the mean
percentage at the stations with elevations lower than 2,500 m because in these lower
areas, large ice/snowmelts infiltrate into the ground as lateral groundwater flow
mostly discharges into rivers at mountain outlets. In light of the warming and drying
climate in the region, more attention must be paid to the ice/snowmelt factor if the
area’s scarce water resources are to be rationally utilized.
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As shown in Table 3.6, there are large diversities of ice/snowmelt percentages
among the various months, mainly resulting from uneven distribution of rainfall.
Ice/snowmelt percentages are lower than average from November to January and
higher than average from May to July. In winter, rainfall amounts are minimal,
whereas in the spring and summer, with high air temperatures, more ice/snowmelt
is infiltrated into groundwater as lateral flow, delaying its discharge into the river.
Because of these two factors (minimal rain in winter and groundwater infiltration
in spring and summer), the percentage of ice/snowmelt is the largest in summer,
with almost 60 % of the annual runoff in the warm months. Conversely, in winter,
precipitation is abundant and ice/snowmelt is minimal, so the lowest percentage
(28.31 %) of the annual runoff is recharged by ice/snowmelt in November.

3.3.4 Conclusion

1. Over the past 48 years, the increased rates of baseflow for the Aksu, Hotan, Yar-
kand, and Kaidu Rivers are 14.1, 6.9, 20.1, and 42.6 %, respectively. However,
these baseflow increases do not coincide with changes in SBFI. The SBFT of the
Hotan, Yarkand, and Kaidu rivers are 8.0-30.1 % of the streamflow in dry years,
and 10.8-37.0% in wet years. The increase of baseflow as a result of increasing
glacial meltwater leads to the uncommon scenario of increasing precipitation
and a larger BFI occurring in the same year.

2. Using hydrograph separation, we find that the Tizinafu River is a glacier-depen-
dent river. From the glacier front to Jiangka station, ice/snowmelt water recharges
the river, decreasing with elevation. Upstream, ice/snowmelt water accounts for
68.87 %, although it drops to less than 26 % downstream. For temporal charac-
teristics of ice/snowmelt in the streamflow, we find that ice-melt water accounts
for almost 60 % in late spring and summer, and less than 35% in early winter.
Therefore, the nature of Glacier Rivers determines the climate sensitivity of
watersheds fed by them. Glacier Rivers like Tizinafu River are relevant to flood
control and agriculture water division. In water resources management, both
climate change and the replenishment of rivers should be emphasized.

3.4 Future Changes in Runoff

3.4.1 Study Area, Data And Methods

The study area in this section analyzes seven typical rivers: the headwaters of the
Tarim River (the Aksu, Yarkand, Hotan and Kaidu Rivers), and the inland rivers
in the Hexi Corridor (the Heihe, Shiyang, and Shule Rivers). For these rivers, the
runoff time series from 1957 to 2009 were used. To predict streamflow using sen-
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sitivity analysis and the statistical downscaling model STAR (only for the Kaidu
River), this study used the time series of average temperature and precipitation.

The relationships among air temperature, precipitation and runoff were used to
simulate future change trends in runoff. As well, wavelet analysis was used to reveal
the periodicity and non-linear trend of runoff and its related climatic factors. Based
on the results of wavelet analysis, the quantitative relation between the runoff and
climate factors (temperature and precipitation) was formulated with the regression
analysis method.

On regional and global scales, the climate is generally warming, but changes
in precipitation levels appear to be more complex and diverse. Therefore (see
Sect. 4.4.2), this study analyzed typical river runoff variations under different sce-
narios. To do this, the statistical downscaling model STAR was also used in tan-
gent with the above methods to predict meteorological factors such as precipitation,
relative humidity and wind speed after setting the warming scenarios. According to
the previously built multi-regression equations between runoff in Dashan Kou and
Huangshuigou, the annual average temperature, and the annual precipitation regres-
sion model, combined with STAR downscaling model predictions under different
scenarios in 2015, 2025 and 2035, runoffs were predicted under different scenarios.

3.4.2 Predictions Using Continuous Wavelet Decomposition

3.4.2.1 Aksu River

For the Aksu River, air temperature, precipitation and runoff periods are 18 a, 11 a,
18 a, respectively. Figure 3.16 shows the continuous wavelet decomposition curve
of air temperature, precipitation and runoff wavelet coefficients in the Aksu River.
Table 3.7 shows the appropriate equations for temperature, precipitation and run-
off wavelet coefficients that have passed the significance test of 0.05. By applying
these equations, temperature trends lower in the Aksu River in 2010-2015, after
which the temperature slowly rises to a high temperature phase in 2018-2028. Dur-
ing 2010-2014 and 20262028, precipitation will be reduced but will increase again
in 2018-2018. In 2010 to 2016 and 2017-2017, runoft will reduce.

3.4.2.2 Yarkand River

For the Yarkand River, air temperature, precipitation and runoff periods are 17 a, 9
a, and 9 a, respectively. Table 3.8 shows the appropriate equations for temperature,
precipitation and runoff wavelet coefficients and Fig. 3.16b shows projections of
the river’s annual runoff and climate factors of wavelet coefficients. Temperatures
in the periods 2010-2016 and 20262028 are expected to be relatively low, while
those in 2016-2026 will be high. During the 2010-2025 timeframe, there will be
only moderate levels of precipitation, which will give way to a rainy period from
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Fig. 3.16 Projections of
Akesu river annual runoff
and climate factor of wavelet
coefficients in Aksu river (a),
Yarkand River (b), Hotan
River (¢), and Kaidu river (d)
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Table 3.7 Fitting equation of temperature, precipitation and runoffwavelet coefficients in Aksu
river

Type Periodic (a) Fitting equation R? P

Temperature 18 Y=3.59sin(0.21x—163)+6.29sin(0.3x+166)  0.97 <0.001
Precipitation 11 Y=809sin(0.37x—240)+822sin(0.3x+257) 0.92 <0.001
Runoff 18 Y=26.1sin(0.22x—192)+33.3sin(0.2x+173)  0.91 <0.001

Table 3.8 Fitting equation of temperature, precipitation and runoffwavelet coefficients in Yark-
and river

Type Periodic(a) Fitting equation R? P

Temperature 17 Y=39.4sin(0.37x—233)+41.3sin(0.3x +6.36)  0.96 <0.001
Precipitation 9 Y=25.4sin(0.18x—119)+20.5sin(0.2x+91.7)  0.97 <0.001
Runoff 9 Y=226sin(0.36x—221)+233sin(0.37x+19.8) 0.83 <0.001

Table 3.9 Fitting equation of temperature, precipitation and runoffwavelet coefficients in Hotan
river

Type Periodic(a) Fitting equation R? P

Temperature 17 Y=137sin(0.11x—22.4)+130sin(0.11x—100)  0.78 <0.001
Precipitation 9 Y=368sin(0.51x+250)+369sin(0.5x —244) 0.93 <0.001
Runoff 9 Y=132sin(0.49x—223)+140sin(0.5x +15.6) ~ 0.87 <0.001

2025 to 2028. During the 2010-2018 and 2026—2028 timeframes, runoff will de-
crease, but from 2019-2026, it will increase.

3.4.2.3 Hotan River

For the Hotan River, air temperature, precipitation and runoff periods are 17 a, 9
a, and 9 a, respectively. Table 3.9 shows the appropriate equations for temperature,
precipitation and runoff wavelet coefficients in the Hotan River. From 2010 to 2018,
temperature and runoff will lower, but in 2018-2027, they will increase. Precipitation
in 2010-2018 will decrease, and then it will start an increasing trend (Fig. 3.16c¢).

3.4.2.4 Kaidu River

For the Kaidu River, air temperature, precipitation and runoff periods are the same as
18a. Table 3.10 shows the appropriate equations for temperature, precipitation and
runoff wavelet coefficients in the Kaidu area. During 2010-2018 and 2025-2028
(Fig. 3.16d), temperatures will be high, and from 2016 to 2026, precipitation is
expected to increase. During the 2011-2018 and 2025-2028 timeframes, annual
runoff will be higher than usual.
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Table 3.10 Fitting equation of temperature, precipitation and runoffwavelet coefficients in Kaidu
river

Type Periodic(a) Fitting equation R? P

Temperature 18 Y=32.6sin(0.43x—270)+33.3sin(0.43x+316) 0.98 <0.001

Precipitation 18 Y=189sin(0.23x—180)+85.6sin(0.31x—39)  0.99 <0.001

Runoff 18 Y=149sin(0.43x—277)+149sin(0.44x+309)  0.97 <0.001
8

B Scenario 1 [ Scenario 2
# Scenario 3 [0 Scenario 4

Aksuriver Kaidu  Yarkand  Hotan Heihe river Shule river Shiy ang
river river river ;

Runoff change(10°m?)

Tiver

Fig. 3.17 The typical river runoff variation under different scenarios

3.4.3 Runoff Variations of Typical Rivers Using
Sensitivity Analysis

The four scenarios are as follows: compared to the average temperature and precipita-
tion for the past 50 years, the typical river area temperature increased by 0.5°C and
precipitation increased by 30 mm (Scenario 1); compared to the average temperature
and precipitation for the past 50 years, the typical river area temperature increased by
0.5°C and precipitation decreased by 30 mm (Scenario 2); compared to the average
temperature and precipitation for the past 50 years, the typical river area temperature
increased by 0.5°C and precipitation increased by 50 mm (Scenario 3); and compared
to the average temperature and precipitation for the past 50 years, the typical river area
temperature increased by 0.5 °C and precipitation decreased by 50 mm (Scenario 4).

In Scenarios 1 and 3, runoff amounts in the Aksu, Kaidu and Yarkand Rivers
increase substantially, in the range of 3.8 x 108~6.5x10% m? (Fig. 3.17). Runoff
amounts in the Heihe and Shule River also increase, but to the lesser degree of only
1.9x108~2.7x10% m?. Runoff is even less in the Hotan River (less than 1 x 10%m?),
and the Shiyang river runoff under Scenario 1 will actually reduce by 0.02 x 108 m?
and increase only slightly under Scenario 3 (0.07 x 108 m?).
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Table 3.11 STAR validation: observations and projections, both for the validation period from
1986 to 2010

T(Bayinbuluke) P(Bayinbuluke) T(Baluntai) P(Baluntai)

Obs Sim Obs Sim Obs Simed ~ Obs Sim
Spring -1.4 -0.8 39.9 40.3 8.8 8.7 34.3 28.0
Summer 10.2 10.2 198.0 182.6 18.6 18.3 170.2 123.6
Autumn -2.1 -14 39.2 45.0 7.4 6.6 27.2 31.7
Winter -21.9 -21.6 10.9 8.2 -6.3 -7.0 1.8 1.1

In Scenario 2, runoff will be reduced in the Kaidu, Heihe and Shiyang Rivers, but
the Akesu River will experience the highest increase in runoff (2.3 x 10 m?®) followed
by the Yarkand River. In contrast, the Hotan River will experience the lowest increase
in runoff at just 0.7 x 10¥ m3. Under Scenario 4, only the Aksu and Hotan river runoff
will increase slightly (1.3 x 10% and 0.1 x 108 m?3, respectively). The Kaidu runoff will
be reduced (up to 4.2 x 10® m?) as will the runoff of the Heihe and other rivers (the
Yarkand, Shule and Shiyang) in the general range of 0.3 x 103~0.4 x 108 m®.

Only the sensitivity of the Shiyang River runoff to temperature is negative and the
lowest (—0.06), followed by the Heihe River runoff, while the temperature sensitivity
of the other rivers’ runoff is high. For instance, the sensitivity of the Hotan River run-
off to precipitation is the lowest (0.007), followed by the Yarkand and Aksu Rivers,
whereas the sensitivity of the other rivers’ runoff to precipitation is relatively high.

If the climate in China’s arid Northwest continues its current trend of increasing
warmth and humidity, runoff in the Aksu, Kaidu and Yarkand Rivers will greatly
increase. However, if the climate instead turns warm and dry, then the runoff in the
Kaidu and Heihe Rivers runoff will see larger reductions.

3.4.4 Forecasts of Future Runoffs Combined with the STAR Model

3.4.4.1 Temperature and Precipitation Forecasts Under Different Scenarios

The temperature will increase by 1.3-2.1°C in 2020, 1.5-2.8°C in 2030, and 2.3—
3.3°C in 2050, respectively, while the national average annual precipitation will
increase 5-7% in 2050. Based on the above-mentioned report regarding climate
change in China, this section assumes that temperatures in the Kaidu-Kongque Riv-
er will increase 0°C (Scenario 2), 0.5°C (Scenario 1), 1.0°C (Scenario 3), 1.5°C
(Scenario 4), and 2.0 °C(Scenario 5). The statistical downscaling model STAR will
used to predict meteorological factors such as precipitation, relative humidity and
wind speed after setting the warming scenarios.

This section selects the seasonal temperature and precipitation in the Bayinbu-
luke and Baluntai weather stations to test the STAR model. The series in 1961-1985
is the training period, and the series in 19862010 is the model validation period.
The results (Table 3.11) show that the measured value and the simulated value are
consistent (except for summer precipitation in Baluntai), so the STAR model was
used to predict the weather factors (temperature and precipitation).
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Fig. 3.18 The change trends of annual mean temperature and annual precipitation in the Kaidu-
kongque River Basin under different scenarios

Table 3.12 Annual mean temperature and annual precipitation of Bayinbuluke and Baluntai in
2015, 2025 and 2035 under different scenarios
Scenarior I Scenarior 2 Scenarior 3 ~ Scenarior 4  Scenarior 5
T P T P T P T P T P
Bayinbuluke 2015 -3.1 296.0 —4.7 259.0 —4.6 217.0 —43 250.0 —1.2 286.0
2025 —4.5 2440 —-2.1 266.0 —5.0 339.0 -39 208.0 —3.6 234.0
2035 —-58 247.0 —4.6 211.0 —2.8 247.0 =50 3120 —-1.8 229.0
Baluntai 2015 6.8 227.0 9.0 1340 79 1500 8.1 1350 7.9 301.0
2025 74 1390 88 163.0 84 217.0 87 193.0 8.6 196.0
2035 6.9 202.0 88 213.0 82 1850 83 152.0 82 183.0

Future precipitation levels show decreasing trends in Scenarios 4 and 5
(Fig. 3.18), while precipitation in the other scenarios is not significant. Moreover,
the mean temperatures for months 2 and 10 in Scenario 2 are lower than in other
scenarios, and the monthly precipitation does not vary significantly in the different
scenarios for the Kaidu-Kongqu River. The annual average temperature in five sce-
narios is 7.5, 7.8, 8.0, 8.3 and 8.5 °C, and the annul average precipitation is 126.6,
123.2, 126.3, 122.0 and 123.6 mm, respectively. We selected the years 2015, 2025
and 2035 for planning years when forecasting water supply and demand. Table 3.12
shows the annual precipitation and temperature in 2015, 2015 and 2025 for the
Bayinbuluke and Baluntai weather stations.

3.4.4.2 Forecasts of Future Runoffs Under Different Scenarios

According to the previously built multi-regression equations between runoff in
Dashan Kou and Huangshuigou, the runoff was predicted under different scenar-
ios. Here, the annual average temperature and the annual precipitation regression
model are combined with STAR downscaling model predictions under different
scenarios in 2015, 2025 and 2035. The results (Table 3.13) indicated that the runoff
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Table 3.13 Prediction results of annual runoff in 2015, 2025 and 2035 under different scenarios
Scenario I  Scenario2  Scenario 3  Scenario 4  Scenario 5

Dashankou 2015 38.45 33.04 29.75 32.93 40.41
2025 32.19 37.47 38.90 30.13 32.67
2035 30.45 29.35 34.91 36.84 34.96
Huangshuigou 2015 2.96 3.01 2.65 2.62 4.16
2025 2.35 3.21 3.54 3.45 3.44
2035 2.75 3.69 3.15 2.87 3.12
Total 2015 41.41 36.05 32.40 35.55 44.57
2025 34.54 40.68 42.44 33.58 36.11
2035 33.20 33.04 38.06 39.71 38.08

will increase to 44.57 < 10% m?® (2015) under Scenario 5, with a warming context.
Moreover, the predicted minimum runoff is 32.40 x 10 m3, which may occur in
2015 under Scenario 3.

3.4.5 Conclusion

1. Trend simulation was conducted using the significant period of the wavelet trans-
form coefficients for temperature, precipitation and runoff. Runoff in the Aksu,
Yarkand and Hotan Rivers will be low in 2010-2016 but will see continued
growth in 2017-2028. However, in the Kaidu River, the annual runoffs in 2011—
2018 and 2025-2028 will be high, while runoff water in the 2018-2025 years
will flatten.

2. Under Scenario 1, the climate will become warm and wet (temperatures will
increase by 0.5°C and precipitation will increase by 30 mm), as it will under
Scenario 3 (temperatures will increase by 0.5 °C and precipitation by 50 mm).
However, streamflow in the Kaidu, Heihe and Shiyang Rivers will reduce in
the warm and dry climate of Scenario 2 (temperatures will increase 0.5 °C but
precipitation will decrease 30 mm). Under Scenario 4 (temperature increase of
0.5°C and precipitation decrease of 50 mm), the runoff in the Aksu and Hotan
Rivers will increase slightly, but the Kaidu River will reduce its streamflow
the most (up to 4.2 x 10® m?), followed by the Heihe River. The runoff in the
other rivers (the Yarkand, Shule and Shiyang) will be reduced in the range of
0.3-0.4x 108 m’.

3. Predicted climate changes for the next 50 years were calculated using the STAR
model to forecast annual average temperature and precipitation under different
scenarios. Runoff was also forecasted based on established multi-regressions
between annual runoff, annual mean temperature, and annual mean precipita-
tion. The model forecasted that annual runoff will increase up to 44.57 x 108 m3
in 2015 under Scenario 5. However, under Scenario 3, the runoff in 2015 will be
just 32.40 < 108 m?, based on a climate warming context.
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Summary

1. Based on runoff data from 1960 to 2010, the streamflow characteristics of Chi-
na’s arid Northwest region were investigated using the Mann—Kendall method,
the wavelet transform method, correlation dimensions, and R/S analysis. Run-
off was affected by changes in precipitation and air temperature and increased
significantly at stations around the Tianshan Mountains, especially those on
the south slope and along the Shule River. Step changes related to runoff were
also detected in a few stations, but these variations were generally non-uniform.
Temperature and runoff changes in the Aksu River Basin were strongly consis-
tent for 18-year periods; changes in precipitation and runoff in the Yarkand River
and Hotan River Basins shared the same 9-year period; and temperature and
precipitation in the Kaidu River were somewhat synchronized with runoff vari-
ances over the same periodic 18-year timeframe. The correlation dimensions of
attractor derived from the time series of the annual runoff for the Hotan, Yarkand
and Aksu Rivers are all greater than 3.0 and non-integral, implying that all three
rivers are chaotic dynamical systems. The time series of annual runoff in each
river also presents long-term correlation characteristics.

2. The digital filtering method was used to separate baseflow from surface flow,
after which the baseflow index (BFI) was calculated and analyzed. The major
findings of this study include: (1) Baseflows of the four headstreams have
increased considerably over the past 50 years. The largest baseflow index
(BFI) usually occurred in the wet years, but the change rate was irregular due
to increasing recharge from snow and glacial meltwater. (2) The baseflow and
BFI showed obvious seasonal variations: The lowest baseflow and BFTI typically
occurred in December and January, and both increased gradually until reaching
maximum values in August or July. (3) The responses of runoff and baseflow
to climatic factors differed substantially. Precipitation had a significant impact
on runoff, whereas temperature strongly affected baseflow. (4) In the Tizinafu
River, the contribution of ice/snowmelt water varied from 25.96 to 68.87 % for
spatial characteristics, and from 28.31 to 65.43 % for seasonal characteristics.
The mean of the ice/snowmelt percentage is 43 %, which meant that ice/snow-
melt water was the main supplying water source.

3. Using the data from 1960 to 2010, future runoff amounts were predicted using
continuous wavelet decomposition, sensitivity analysis, and the STAR model.
Some results can be concluded as follows: (1) Runoff in the Aksu, Yarkand, and
Hotan Rivers will be low in 2010-2011 but will experience continued growth
in 2017-2028. In the Kaidu River, annual runoff in 2011-2018 and 2025-2028
will be high, constituting a wet period, whereas runoff in 2018-2025 will be flat,
prompting a dry period. These predications were formulated using the signifi-
cant periods of the wavelet transform coefficients for temperature, precipitation
and runoff. (2) Under Scenarios 1 and 3, the climate becomes warmer and wetter
(temperature increases 0.5°C in both scenarios, while precipitation increases
30 mm in Scenario 1 and 50 mm in Scenario (3). According to sensitivity analy-
sis, the streamflows in the Kaidu, Heihe and Shiyang Rivers will reduce under
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Scenario 2, which predicts a temperature increase of 0.5 °C and a precipitation
decrease of 30 mm. (3) Climate change for the next 50 years was calculated
using the STAR model’s forecast of annual average temperature and precipita-
tion under various scenarios. Runoff in the planning year was also forecasted
based on established multi-regressions between annual runoff and annual mean
temperature. The results indicate that annual runoff will change significantly
under all scenarios.
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Chapter 4
Response of Runoff to Climate Change

Yaning Chen, Zhongsheng Chen, Baofu Li and Qihu Li

Abstract Rising global temperatures have accelerated the water cycle, causing a
redistribution of water resources that ranges from minor to extreme, arid areas are
especially affected by this process due to the fragile nature of their eco-hydrology,
which is more sensitive to climatic changes. The main effects of climate change to
runoff are as follows: (1) The runoff in North Xinjiang has a strong positive rela-
tionship with precipitation, while that in the south slope of the Tianshan Mountains,
the middle section of the north slope of the Tianshan Mountains and the Shule
River has a strong positive relationship with air temperature; and there is a posi-
tive significant relation between summer runoff and 0°C level height (FLH). (2)
Human activities are presently the main driving forces behind runoff changes. In
the Aksu, Kaidu, Shule and Heihe Rivers, the influence percentage of human activ-
ity on runoff is 90.4, 55.7, 63.1 and 78.8 %, respectively. (3) It was discovered that
runoff in the Aksu and Yarkand Rivers is increasing with rising precipitation and
temperature levels, and that runoff in the Hotan River is likewise increasing, but the
rate of increase there is minimal. As runoff’s response to temperature is more sensi-
tive to precipitation changes, runoff in the Aksu and Yarkand Rivers will increase
1.4-7.0% with every 1°C rise in temperature.

Keywords Attribution of runoff change - Correlation analysis + 0°C level height -
Quantification of climate and human factors - Sensitivity analysis
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4.1 Introduction

Climate change and its consequent impacts on hydrology and water resources are
hot topics for scholars and researchers around the world. During the past 50 years,
rising global temperatures have accelerated the water cycle, causing a redistribution
of water resources that ranges from minor to extreme. Arid areas are especially af-
fected by this process due to the fragile nature of their eco-hydrology, which is more
sensitive to climatic changes.

Numerous studies have recently been carried out on the impact of climate
change on glaciers, agriculture, and water resources. As the relationship among
regional temperature (0 °C height), precipitation and runoff requires further in-
vestigation, this chapter will focus on the relationship between climate change
and mountain runoff of seven typical watershed areas (the Aksu River, the Yar-
kand River, the Hotan River, the Kaidu River, the Shule River, the Heihe River,
and the Shiyang River) in order to gauge the effects of regional climate change
on the water cycle system process. Human activities are also an important factor
impacting hydrological distributions, so this chapter will attempt to distinguish
hydrological influences caused by climate change and those resulting from hu-
man activities.

The sensitivity of natural runoff to climate change refers to the magnifying
effect of one or more climate variables (such as temperature, precipitation, etc.)
causing changes in the natural runoff. If the magnifying effect of only a minor
climate change is large, then we can conclude that the hydrology and water
resources systems are highly sensitive to climate change. Sensitivity indices re-
flect the adaptability of hydrology and water resources systems to climate change
(Qing et al. 2005).

4.2 Reasons Underlying Runoff Changes

China’s arid Northwest area is an ecologically fragile zone that is extremely
sensitive to climate change. Water resources mainly come from natural precipi-
tation in mountains and mountain snowmelt water that is greatly affected by
temperature. For instance, climate change impacts glacier movements and snow
distribution, and can also lead to increases in heavy precipitation days and flood
frequency. In high latitudes and snowmelt recharge basins, increases in tempera-
ture cause increases in the rain/snow ratio. This accelerates the rate of spring
snowmelt and shortens the snowfall season, leading to a faster, earlier and larger
spring runoff. Streamflows in China’s arid region have changed significantly,
but the reasons are very complex. In this section, we will investigate changes in
surface runoff.
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4.2.1 Correlations Between Runoff and Climate Variables

4.2.1.1 Overall Relationships in the Northwest Arid Region

Figure 4.1a illustrates the strong correlation that exists between runoff and an-
nual precipitation. As we can see from the figure, the correlation coefficients are
extremely significant (P <0.05) for the Kaidu, Weigan, Heihe and Shiyang Rivers
and for stations in North Xinjiang.

Correlations between runoff and air temperature are shown in Fig. 4.1b. The
annual air temperature also has a significant positive influence on streamflow, espe-
cially in stations on the south slope of the Tianshan Mountains (the Kaidu, Weigan
and Aksu Rivers) and the Yarkand, NSMT, and Shule Rivers. However, air tempera-
ture has a negative influence on the NSET and Irtysh Rivers.

Interestingly, annual runoff in the Aksu, Yarkand and Shule has significant posi-
tive correlation coefficients with annual temperature but no notable relationships
with annual precipitation. This indicates that the runoff’s main supply source is
glacier meltwater. The Kaidu and Weigan Rivers are strongly affected by both an-
nual temperature and annual precipitation, revealing that the runoff in these areas
is supplied by both glacier and rainwater. Runoff changes in the Irtysh River are
consistent with changes in annual precipitation but inconsistent with those of annual
temperature, indicating that rainwater is the main supplier of this particular river.

4.2.1.2 Correlation Between Runoff and Climate Variables
in Typical Rivers

(1) Trend Analysis of Climatic Factors and Runoff

@ Trend Analysis of Temperature Figure 4.2 shows the temperatures of seven
rivers’ headstream areas, revealing varying degrees of increasing trends. The tem-
perature of the Aksu River headstream area was relatively steady up until 1997,
at which point it started to experience notable increases in temperature. Likewise,
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Fig. 4.2 The temperature departure of Aksu River (a), Yarkand River (b), Hotan River (¢), Kaidu
River (d), Shule River (e), and Shiyang River (f)

temperatures in the Yarkand headstreams area were in a steady state prior to 1997,
and then increased. Despite a slight decline around 2002, temperatures there have
remained in a positive anomaly state. Similar to the Yarkand, temperatures in the
Hotan River headstream area were relatively stable before 1997, after which the
temperatures increased substantially. Meanwhile, temperatures in the Kaidu River
headstream area rose in 1973, fell for a while, and then rose again in 1996. Up to
1985, the Shule River area was relatively stable, after which it commenced a posi-
tive anomaly before entering a period of rapid warming in 1996. Temperatures in
the Shiyang River experienced slight cooling in the 1960s, remained in a steady
state during the 1970s and early 1980s, and then warmed up, showing significant
down—steady—up trends. The temperature in the Heihe headstream area was stable
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(¢), Kaidu River (d), Shule River (e), and Shiyang River (f)

prior to 1987, with negative anomalies dominating. Temperatures then jumped after
1987, and since 1997 have maintained a positive anomaly state. Generally speaking,
higher temperatures in headstream zones increase snowmelt runoff, which is bound
to have some impact on hydrological conditions.

@ Trend Analysis of Precipitation Changes Figure 4.3 shows precipitation
anomaly percentage changes over the past 50 years for seven river headstreams. As
we can see, the increasing trend for precipitation in the Hotan and Shiyang Rivers is
not significant, but the trends for the other five rivers passed the significance test of
0.05. Precipitation in the Aksu River headstream showed a decreasing trend in 1985,
followed by an increasing trend after 1985; since 1991, the precipitation for most
years exceeds the 1960—1989 mean. Precipitation in the Yarkand headstream was
in a steady state before 2000 and then increased significantly, showing an anomaly
percentage of more than 80 % in 2008. The Hotan River headstream precipitation
showed a decreasing trend until 1986, after which the trend disappears. In the Kaidu
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River headstream, precipitation changes were relatively stable before 1986 but
increased significantly after 1986. The changes then experienced a decreasing trend
from 2000 onwards, but are still higher than the 1960-1989 annual average. The
Shule River headstream precipitation was relatively stable before 1998, after which
a slight increase occurred. Precipitation in the Shiyang River headstream showed a
decreasing trend in 1971, leading to a relatively stable period where there were more
positive than negative anomaly years. The Heihe River headstream precipitation
(not shown) underwent three stages of change: increases in 1960-1990, stability
in 1990-2004, and significant increases in 2004-2009. Fluctuations in headstream
precipitation will inevitably lead to precipitation runoff volatility, which is also
bound to have some impact on hydrological conditions.

® Trend Analysis of Runoff Changes Figure 4.4 shows runoff anomaly changes
during the past 50 years. Runoff in the Aksu, Kaidu, Shule and Heihe Rivers increased
significantly (a=0.05), whereas runoff in the Yarkand and Shiyang Rivers showed a
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weak increasing trend and Hotan River runoff showed a slightly decreasing one. As
the Aksu River runoff was greater than the standard period’s mean after 1993, this
proves that the Aksu River mountain outflow continued to rise during the 1993-2010
timeframe, which is the highest runoff period to date. During the dry season that
stretched from 1960 to 1992, Yarkand River runoff showed only a weak rising trend.
However, a closer look reveals that the runoff experienced unstable fluctuations in
1978-1986 and again in 1995-1991, and the rest of the period was also not stable.
Hotan River runoff endured a dry season from 1963 to 1967, after which it was rela-
tively stable from 1982 to 1988 and from 1998 to 2002. The runoff in the other years
during the 50-year period is low. Meanwhile, runoff in the Kaidu River experienced
a short wet season concentrated in 1993-2002, but its dry season was longer than
that of the Aksu River, which lasted from 1960 to 1987. In addition, runoff changes
for the Aksu were stable only in the short period of 1988—1991, but otherwise were
close to average. Shule River runoff was in a steady state prior to 1997, with positive
and negative anomalies alternately fluctuating, and then it entered into a wet season
from 1998 to 2009, experiencing the highest runoff periods in the past 50 years. The
Shiyang low runoff placed it in a strong dry season from 1960 to 1971, after which it
alternated from wet to dry up to 1990 and then re-entered a dry season in 1990-2005.
Heihe River runoff (not shown) was in a distinct dry season before 1974 (only 1964
and 1967 had a larger amount of water) and then began a significantly increasing
trend and remained mainly wet throughout the 1980s and 1990s. Since 2005, it expe-
rienced 5 consecutive years of severely wet seasons.

(2) Cycle Analysis of Climatic Factors and Runoff

@ The Cycle Diagram Method The cycle diagram method is suitable for recogni-
tion of short time series cycles. It assumes that the time series x, was expanded to a
Fourier series, which can then be represented as:

k
X, = Y, (a,cos2zfit+b sin2zfi1) +¢, (4.1

i=1

where f; is frequency, ¢ is time serial number, & is the number of periodic compo-
nents (the main cycle and its harmonics number), and ¢, is the residual. When the
frequency f; is given, the above equation can be regarded as a multiple linear regres-
sion model. It can be proved with multiple regressions analysis theory that when
k#NJ/2, the least squares estimation of undetermined coefficients bl. and a, are:

N
a, = %th cos2xft 4.2)
t=1

X, sin2xft (4.3)

0
=
M=
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where N is the number of observations. If N is even and when i=0 or i=N/2, the
estimates of the parameters a, should be:

U
a = > x, cos 27z fit (4.4)
=1

The periodogram of the time series can be defined as:

I(f,.):%(aiz+bi2) 4.5)

Where I(f;) is the intensity of frequency f;(i=0,1, 2, ..., N=1), f is set as the
abscissa, and I(f1) is the ordinate. If the peak value could pass the Fisher test
through a significant level of a, then the T=1/f, to which that peak value corre-
sponds is the length of the period time series.

@ Periodicity of Climatic Factors and Runoff

Aksu River Figure 4.5a illustrates the cycle of precipitation, temperature and
runoff for the Aksu River headstream. At a significance level of a=0.05, the pre-
cipitation cycle fluctuations are complex, showing cycles of 8, 6, 5 and 3 years.
Additionally, temperature showed cycles of 25, 10, 7, 4 and 3 years, and runoff
showed 4- and 25-year cycles. The precipitation, temperature and runoff of the
Aksu River headstream experienced the same 25- and 4-year cycles, but precipita-
tion and runoff are different. This indicates that runoff in the Aksu River headstream
is mainly influenced by temperature, and that the effect of precipitation is weak.

Yarkand River Figure 4.5b shows the precipitation, temperature and runoff cycles
of the Yarkand River headstream. Precipitation experienced cycles of 4 and 3 years,
temperature changes emerged in multi-cycles of 25, 10, 5, 4 and 3 years, and runoff
exhibited 6-, 3-, and 2-year cycles. From this, we can see that precipitation, tem-
perature and runoff share a common cycle of 3 years, which suggests that runoff
has a significant correlation with both precipitation and temperature. However, the
periodogram analysis cannot discern the contribution of precipitation and tempera-
ture to runoff.

Hotan River Figure 4.5¢ showed the cycle of precipitation, temperature and run-
off of Yarkand River headstream. Both precipitation and runoff showed complex
cycle fluctuations with periods of 5, 3 and 2 years and 6, 4, 3, and 2 years, while
temperatures showed cycles of 25, 10 and 2 years. The presence of a 3- and 2-year
common cycle can be seen from runoff and precipitation, but there is only a 2-year
common period for runoff and temperature. This indicates that although the Hotan
River headstream runoff is driven by precipitation and temperature, precipitation
plays the greater role.

Kaidu River Figure 4.5d shows the cycle of precipitation, temperature and runoff
of the Kaidu River headstream. The fluctuations in precipitation and temperature are
complex, charting 10-, 6-, and 3-year, and 25-, 8-, 5-, and 4-year cycles, respectively.
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Runoff reveals cycles of 25, 10, and 6 years. Thus, runoff and precipitation share
10- and 6-year cycles, while runoff and temperature share a common 25-year cycle.

This shows that runoff in the Kaidu River headstream is influenced by the combined

effects of precipitation and temperature, but that precipitation plays a greater role.
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Shule River Figure 4.5¢ shows the cycle of precipitation, temperature and runoff
of the Shule River headstream. Precipitation has complex cyclical fluctuations of
25, 8,5, 3 and 2 years and temperature changes in periods of 7 and 3 years, while
runoff keeps cycles of 25, 8 and 2 years. From this, we can see that runoff and
precipitation have three common cycles of 25, 8 and 2 years, while runoff and tem-
perature do not share a common cycle, indicating that the Shule River headstream
runoff is mainly influenced by precipitation.

Heihe River Figure 4.5f illustrates the Heihe River headstream’s precipitation,
temperature and runoff cycles. Precipitation and runoff followed complex fluctua-
tion periods of 5, 3 and 2 years and 10, 8, 6, 5, 3 and 2 years, while temperature
showed cycles of 8 and 7 years. From this, we can see that runoff and precipitation
share 5, 3, and 2-year common cycles, while runoff and temperature share common
cycle of 8 years. This shows that while precipitation and temperature both have
some impact on runoff, precipitation has the greater impact.

Shiyang River Figure 4.5¢g illustrates precipitation, temperature and runoff cycles
for the Shiyang River headstream. Precipitation and runoff reveal slightly complex
cycles of 5,4 and 3 years and 7, 5, 4 and 3 years, respectively, whereas temperature
chart 25- and 2-year cycles. Although runoff and precipitation both shared common
5, 4 and 3-year cycles, no common cycle was evident in temperature and runoff.
This indicates that the Shiyang River headstream runoff changes are mainly due to
the effects of fluctuations in precipitation, and that no obvious relationship exists
with temperature.

(3) Correlation Analysis of Runoff, Temperature and Precipitation

Aksu River In order to quantitatively investigate the correlation of runoff, pre-
cipitation and temperature of the Aksu River, scatter plots were drawn between
the annual runoff (Q) and annual precipitation (P), and between annual runoff (Q)
and annual average temperature (T) (Fig. 4.6a). A statistical fitting method was
carried out to establish a linear equation, and a statistical significance test was also
performed. Linear fitting results show that there is a positive correlation between
runoff and precipitation, and between runoff and temperature. The equations are as
follows:

0=0.0537P+65.323
QO =28.7485T +63.38

The multiple correlation coefficients (R2) of runoff and precipitation and runoff and
temperature are 0.0765 and 0.2406, respectively. From this, we can see that the correla-
tion of runoff and precipitation does not pass the significance test of 0.05 but that the
correlation of runoff and temperature does pass the significance test of 0.01. The analy-
sis results show that temperature change is the key factor inducing runoff changes.
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Fig. 4.6 Linear fitting of streamflow and precipitation (al, b1, c1, d1, el, f1), temperature (a2, b2,

c2, d2, e2, £2) of the Aksu River Basin
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In order to further reveal the relationship between runoff and climatic factors,
we established a regression equation in which the annual precipitation and aver-
age temperature are the independent variables and the mountain outlet flow is the
dependent variable:

0=0.0452P+8.3613T +53.7032

The multiple correlation coefficient (R2) of the regression equation is 0.2943. The
F test shows that the F value of the regression equation is 9.802 and the p value is
0.0003 (p<0.01) under a confidence level of 99 %. Hence, the regression equation
has passed the 0.01 significance level of statistical tests, which indicates that the
change of streamflow is the result of regional climate change.

Yarkand River In order to explore the quantitative correlation of runoff, precipita-
tion and temperature in the Yarkand River, scatter plots were drawn between the
annual runoff (Q) and annual precipitation (P), and between annual runoff (Q) and
annual average temperature (T) (Fig. 4.6b). A statistical fitting method was car-
ried out to establish a linear equation, and a statistical significance test was also
performed. Linear fitting results show that there is a negative correlation between
runoff and precipitation and a positive correlation between runoff and temperature.
The equations are as follows:

0 =-0.0609P+71.169
0 =3.722T +52.941

The multiple correlation coefficients (R2) of runoff and precipitation and runoff and
temperature are 0.0217 and 0.0782, respectively. Hence, the correlation of runoff
and precipitation did not pass the significance test of 0.05, but runoff and tempera-
ture did. The results of the analysis show that temperature change is the key factor
prompting runoff changes.

In order to further reveal the relationship between runoff and climatic factors,
we established a regression equation in which the annual precipitation and average
temperature are the independent variables and the outlet flow of the Yarkant River
is the dependent variable:

QO =-0.0388P+3.4475T +56.7364

Here, the multiple correlation coefficient (R2) of the regression equation is 0.0846.
The F test shows that the F value of the regression equation is 2.1719 and the p
value is 0.1253 (p>0.05), which is below the confidence level of 99 %. Therefore,
the regression equation did not pass the significance test of 0.05, which indicates
that changes in the streamflow cannot be explained by regional climate change. At
the same time, we also noted that there is a weak negative correlation between an-
nual runoff and annual precipitation and that this conclusion is obviously not true.
As we all know, the original data contains a certain level of noise, which may affect
the analysis results. Therefore, we performed wavelet decomposition of the original
data to filter out the noise.
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Fig. 4.7 The change trend of the streamflow of the Yarkand River and Hotan River under different
time scales

Wavelet decomposition on different time scales was carried out for the runoff
sequence of the Yarkand River using the Symmelt as basis wavelet and sym8 as the
wavelet function. The results are shown in Fig. 4.7a.

As can be seen from the figure, the curve on the 2-year scale retains a greater
amount of residual information compared with the original data. It was slightly flat-
tened but fluctuated severely. An important message can be drawn from the curve:
namely, that an increasing trend exists in the annual runoff of the Yarkand River
in spite of the strong shock of ups and downs. The curve on the 4-year scale also
retains substantial residual information and large fluctuations of four peaks and
valleys. Further along, it is smoother compared to the 2-year scale curve, and the
hidden increasing trend is more obvious. The curve on the 8-year scale also contains
much less residual information and only one fluctuation compared with the 4-year
scale curve. Overall, it is much smoother compared to the previous curve and the
hidden increasing trend is decidedly more obvious. The curve on the 16-year scale
contains only scant residual information and is smooth with a clear increasing trend.
The curve on the 32-year scale basically contains no residual information and the
increasing trend is obvious. The results of wavelet decomposition for the precipita-
tion and temperature series are similar to those for runoff, but are not narrated here.

In order to reveal the relationship between runoff and climate factors from multi-
time scales, further regression analyses based on wavelet denoising series should be
performed. It can be seen that regression equations based on time scales can pass
the 0.01 level significance tests, and that a 2-year scale denoising series can pass
the 0.05 level significance test (Table 4.1). That runoff and precipitation still show
a weak negative correlation in the 2-year scale denoising series is likely due to the
2-year scale wavelet decomposition having removed some noise but still retaining
a substantial amount of residual information.

From the regression equations, we can see that annual runoff, precipitation and
average annual temperature have positive correlations on the 4-, 8-, 16- and 32-
year time scale wavelet compositions. With increasing time scales, the relation-
ship becomes stronger. However, the relationship between runoff and temperature
is stronger than the relationship between runoff and precipitation. A possible reason
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Table 4.1 The regression equations of streamflow and precipitation, temperature under multi-time
scales

Time scale Regression equation R2 F p

2-year scale  Q=-0.05P+3.66T+56.81 0.1548 4.3038 0.0192
4-yearscale  Q=0.08P+3.42T+48.25 0.2810 9.1833 0.0004
8-year scale  Q=0.11P+5.37T+39.41 0.8554 139.0479 0.0000
16-year scale Q=0.12P+3.92T+43.21 0.9851 1,554.003 0.0000
32-year scale Q=0.12P+4.63T+40.68 0.9992 29,132.820 0.0000

for this may be that snow (ice) runoff is the dominant water source in the Yarkand
River. This further indicates that the changes in streamflow are the result of regional
climate changes affecting Yarkand River runoff.

Hotan River In order to explore the quantitative correlation of runoff, precipitation
and temperature in the Hotan River, scatter plots were drawn between annual runoff
(Q) and annual precipitation (P), and between the annual runoff (Q) and annual aver-
age temperature (T). A statistical fitting method was carried out to establish a linear
equation and a statistical significance test was also performed. Linear fitting results
show that there is a negative correlation between runoff and precipitation and a
positive relationship between runoff and temperature. The equations are as follows:

0 =-0.0161P+44.556
0=0.9431T +32.105

The multiple correlation coefficients (R2) of runoff and precipitation and runoff and
temperature are 0.0019 and 0.0065, respectively. From these formulations, we can
see that the correlations of runoff and precipitation and of runoff and temperature
did not pass the significance test of 0.05.

In order to further investigate the relationship between runoff and climatic fac-
tors, we established a regression equation in which the annual precipitation and
average temperature are the independent variables and the outlet flow of the Hotan
River is the dependent variable:

Q0 =-0.0100P+0.8724T +33.4289

Here, the multiple correlation coefficient (R2) of the regression equation is 0.0072.
The F test, under a confidence level of 99 %, shows that the F value of the regression
equation is 0.1703 and the p value is 0.8439 (p>0.05). Hence, the regression equa-
tion did not pass the significance test of 0.05. These unconvincing results are similar
to those for the Yarkand River. Hence, we conducted wavelet composition of the
original data to filter the noise. Figure 4.7b shows the wavelet composition results.

As we can see from the figure, the curve on the 2-year scale retains a greater
amount of residual information compared with the original data. Although slightly
smoothed, it nonetheless fluctuates severely. The curve on the 4-year scale also
contains a large amount of residual information and sizeable fluctuations of three
peaks and valleys. Further along, it smoothes out somewhat compared to the 2-year
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Table 4.2 The regression equations of streamflow and precipitation, temperature under multi-time
scales of the Hotan River

Time scale Regression equation R2 F p

2-year scale Q=-0.0379P+0.7683T+35.9875 0.0241 0.5806 0.5635
4-year scale Q=-0.0235P+1.5077T+26.0975 0.1105 2.9204 0.0638
8-year scale Q=-0.2071P+1.0705T+39.4678 0.6309 40.1626 0.0000
16-year scale Q=0.3023P—-2.8646T+65.8657 0.1316 3.5618 0.0363
32-year scale Q=0.8362P—6.4011T+86.3073 0.9782 1054.61 0.0000

scale curves and the hidden increasing trend is also more obvious. From this, we
can surmise that a decreasing trend in runoff is emerging but that fluctuations are
still notable. The curve on the 8-year scale contains much less residual information
and only one fluctuation compared with the 4-year scale curve. As well, it is much
smoother compared to the previous curves and the hidden increasing trend is much
more obvious. The curve on the 16-year scale contains only a small amount of
residual information and is smooth with a clear increasing trend. The curve on the
32-year scale essentially contains no residual information and a weak decreasing
trend can be seen. The results of wavelet decomposition of the precipitation and
temperature series are similar to that of runoff and are not narrated here.

The regression equations for the 2-, 4-, and 16-year time scales do not pass the
0.05 level significance test; however, the equations for the 8- and 32-year time
scales do pass the 0.01 level significance test (Table 4.2). Moreover, although run-
off and precipitation still show a weak negative correlation in the 2-, 4-, and 8-year
time scales, this is due to wavelet decomposition on these time scales removing
some noise. Despite this, they still contain a large amount of residual information.
Judging from the 16- and 32-year time scales, the annual runoff and precipitation
was positively correlated, whereas runoff and temperature was negatively corre-
lated. Hence, from every aspect, the relationship between runoff and temperature is
stronger than that between runoff and precipitation. A possible reason for this may
be that snow (ice) runoff contributes significantly to the Hotan River’s streamflow.

Judging from the positive and negative correlations of runoff, precipitation and
temperature, the causes underlying changes in the Hotan River runoff are highly
complex. Nonetheless, from our findings, we can assume that these changes arise
as a result of the regional impacts of climate change, which urgently needs to be
studied on a larger scale.

Kaidu River In order to explore the quantitative correlation of runoff, precipita-
tion, and temperature in the Kaidu River, scatter plots were drawn between the
annual runoff (Q) and annual precipitation (P), and between annual runoff (Q) and
annual average temperature (T) (Fig. 4.6d). A statistical fitting method was car-
ried out to establish a linear equation, and a statistical significance test was also
performed. Linear fitting results show a positive correlation between runoff and
precipitation, and between runoff and temperature. The equations are as follows:

0 =0.0946P +12.531
0 =3.8192T +30.723
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The multiple correlation coefficients (R2) of runoff and precipitation and runoff
and temperature are 0.5179 and 0.2826, respectively. From these results, we can
see that the correlations of runoff and precipitation and runoff and temperature have
both passed the significance test of 0.01, and that the relationship between runoff
and precipitation is higher than that between runoff and temperature. The analysis
results show that temperature change is the key factor inducing changes in runoff.

In order to further investigate the relationship between runoff and climatic fac-
tors, we established a regression equation in which the annual precipitation and
average temperature are the independent variables and the mountain outlet flow is
the dependent variable:

0 =0.0807P +2.4485T +13.0459

Here, the multiple correlation coefficient (R2) of the regression equation is 0.6229.
The F test, under a confidence level of 99 %, shows that the F value of the regression
equation is 38.815 and that the p value is 0.0000 (p»<0.01). The regression equation
has therefore passed the 0.01 significance level of statistical tests, which indicates
that the changes in streamflow are the result of regional climate change.

Shule River In order to quantitatively investigate the correlation of runoft and pre-
cipitation and runoff and temperature of the Shule River, scatter plots were drawn
between the annual runoff (Q) and annual precipitation (P), and between annual
runoff (Q) and annual average temperature (T) (Fig. 4.6¢e). A statistical fitting
method was carried out to establish a linear equation, and a statistical significance
test was also performed. Linear fitting results show that there is a positive correla-
tion between runoff and precipitation, and between runoff and temperature. The
equations are as follows:

0=0.0286P+1.1765
0 =1.9465T +14.648

The multiple correlation coefficients (R2) of runoff and precipitation and of runoff
and temperature are 0.3866 and 0.3398, respectively. Hence, the correlation of run-
off and precipitation and of runoff and temperature both passed the significance test
of 0.01. The analysis results show that precipitation and temperature change are the
key factors prompting runoff changes.

In order to dig further into the relationship between runoff and climatic factors,
we established a regression equation in which the annual precipitation and aver-
age temperature are the independent variables and the mountain outlet flow is the
dependent variable:

0=0.0217P+1.3737T +6.7796
The multiple correlation coefficient (R2) of the regression equation is 0.5335. The

F test, under a confidence level of 99 %, shows that the F value of the regression
equation is 26.879 and that the p value is 0.0000 (p<0.01). Hence, the regression
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equation has passed the 0.01 significance level of statistical tests, which indi-
cates that changes in the Shule River’s streamflow are caused by regional climate
change.

Heihe River In order to quantitatively investigate the correlation of runoff and pre-
cipitation and runoff and temperature in the Heihe River, scatter plots were drawn
between annual runoff (Q) and annual precipitation (P), and between annual runoff
(Q) and annual average temperature (T) (Fig. 4.6f). A statistical fitting method was
carried out to establish a linear equation, and a statistical significance test was also
performed. Linear fitting results show that there are positive relationships between
runoff and precipitation, and between runoff and temperature. The equations are as
follows:

0=0.043P-1.796
0=1.3237T+17.071

The multiple correlation coefficients (R2) of runoff and precipitation and of runoff
and temperature are 0.7142 and 0.0865, respectively. From this, we can see that the
correlations of runoff and precipitation and of runoff and temperature passed the
significance test of 0.01. Our analysis results reveal that temperature change is the
key factor leading to changes in Heihe River runoff.

We further established a regression equation in which the annual precipitation
and average temperature are the independent variables and mountain outlet flow is
the dependent variable. Our intent is to reveal the relationship between runoff and
climatic factors, as follows:

0=0.0422P+0.25587 —-1.2170

Here, the multiple correlation coefficient (R2) of the regression equation is 0.7172.
The F test, under a confidence level of 99 %, shows that the F value of the regression
equation is 59.599 and that the p value is 0.0000 (p<0.01). Therefore, the regres-
sion equation has passed the 0.01 significance level required of statistical tests,
which indicates that changes in the Heihe River’s streamflow can be explained by
regional climate change.

Shiyang River In order to quantitatively study the correlation of runoff and pre-
cipitation and of runoff and temperature in the Shiyang River, scatter plots were
drawn between annual runoff (Q) and annual precipitation (P), and between annual
runoff (Q) and annual average temperature (T) (not shown). A statistical fitting
method was carried out to establish a linear equation, and a statistical significance
test was also performed. Linear fitting results show that there is a positive correla-
tion between runoff and precipitation, and a negative correlation between runoff
and temperature. The equations are as follows:

0 =0.0062P+0.454
Q0 =-0.1549T +2.7997
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The multiple correlation coefficients (R2) of runoff and precipitation and of runoff
and temperature are 0.3778 and 0.0496, respectively. Furthermore, although the
correlation of runoff and precipitation passed the significance test of 0.01, that of
runoff and temperature did not pass the significance test of 0.05. The analysis re-
sults show that precipitation change is thus the key factor impacting runoff changes
in the Shiyang River.

In order to further investigate the relationship between runoff and climatic fac-
tors, we established a regression equation in which the annual precipitation and
average temperature are the independent variables and the mountain outlet flow is
the dependent variable:

0 =0.0063P-0.17137 +0.9921

The multiple correlation coefficient (R2) of the regression equation is 0.4384. The F
test shows that the F value of the regression equation is 18.344 and that the p value is
0.0000 (p<0.01), which is below the confidence level of 99 %. Nonetheless, the regres-
sion equation has passed the 0.01 significance level demanded of statistical tests, which
indicates that changes in the Shiyang’s streamflow result from regional climate change.

As presented in Table 4.3, precipitation has a strong positive impact on the runoff
of the Aksu and Kaidu Rivers but a considerably negative impact on the runoff of
the Hotan River. In Yarkand River runoff, temperature plays a major role. When
the impact of temperature is controlled, precipitation still exerts a strong positive
impact on the runoff of the Aksu and Kaidu Rivers, and a considerable negative
impact on Hotan River runoff, but its impact on the Yarkand runoff is only slight.
When the impact of precipitation is controlled, the partial correlation between tem-
perature and runoff in the Yarkand is weakened, and there is no apparent impact of
temperature on the runoff of the other three rivers.

In terms of baseflow, temperature has a strongly positive impact on all four rivers.
However, when the impact of temperature is controlled, precipitation has only a mi-
nor positive impact on the baseflows of the four rivers. When the impact of precipita-
tion is controlled, the partial correlation between the temperature and baseflows of
the Aksu River is weakened, but the partial correlations between temperature and
baseflows of the Hotan, Yarkand and Kaidu Rivers are strengthened. Thus, while
temperature exerts a strong positive impact on the baseflows of the Hotan, Yarkand
and Kaidu Rivers, it has only a minor positive impact on the Aksu River’s baseflow.

4.2.1.3 Conclusion

1. Affected by changes in precipitation and air temperature, runoff at stations around
the Tianshan Mountains has significantly increased, especially in stations along
the south slope of the Tianshan Mountains and in the NSET and Shule Rivers.
Few rivers exhibit decreasing trends and only the Shiyang River showed signifi-
cant negative trends. Step changes were detected in some stations with regards to
runoff, but these changes were generally non-uniform in the arid sub-regions.
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Table 4.3 Partial correlation analysis between flow variables (runoff, baseflow, and BFI) and
climate factors (temperature and precipitation) for the four rivers

Item Correlation and partial ~ Aksu River Hotan River  Yarkand River Kaidu River
correlation

Runoff Correlation P 0.410%* —0.393** —0.147 0.515%**
Correlation T 0.23 -0.079 0.276* 0.255
Partial correlation P 0.369%** —0.398%* None 0.468***
Partial correlation T None None 0.266 None

Baseflow Correlation P 0.252 0.144 0.221 0.099
Correlation T 0.650%** 0.680%* 0.145* 0.572%*
Partial correlation P 0.275 0.259 0.269 0.045
Partial correlation T 0.656 0.698*%** 0.212* 0.567***

* *¥* and *** indicate the significance at the levels of P<0.05, P<0.01, P<0.001 (2-tailed),
respectively

2. The rivers can be divided into three categories according to climate change:
namely, the precipitation-temperature deterministic type (Yarkand River, Hotan
River, Kaidu River, Heihe River), the precipitation deterministic type (Shule
River, Shiyang River) and the temperature deterministic type (Aksu River). The
data indicates that runoff in the Aksu River is mainly due to snow and ice melt-
ing; mountain runoff in the Yarkand, Hotan, Kaidu and Heihe Rivers is caused
by precipitation and snowmelt due to temperature fluctuations; and the glacier
on the Shule and Shiyang Rivers’ upper reaches is limited but more sensitive to
precipitation.

3. Huge regional differences exist in the correlation of runoff and precipitation
and runoff and temperature in the above seven basins. The differences may be
related to the recharge types of the streamflow. The correlation of runoff and
precipitation is higher in the rivers where the proportion of glacier-melt runoff
is low. However, in glacial-melt dominant rivers, the correlation of runoff and
temperature is higher. The correlation of runoff and precipitation and of runoff
and temperature is high in the rivers which are fed equally by glacier-melt and
precipitation. This deep-seated mechanism needs further study.

4.2.2 Relationship Between Runoff and Snow Distribution

4.2.2.1 Data Source and Process

Six scenes were required to cover the Tarim River Basin. These are: h23v04,
h23v05, h24v04, h24v05, h25v04 and h25v05. We selected 18,972 MYD10A1 im-
ages from July 4, 2002, to March 17, 2011, but discarded 106 as invalid data due to
loss of sensor signals. We also selected 23,802 MOD10A1 data from February 24,
2000, to March 17, 2011, ignoring 438 unavailable data. The formats of both data
are EOS-HDF (3 levels). The meanings of the classification codes in the MODIS
product are shown in Table 4.4:
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Table 4.4 Terrain classification coding in MODIS

Code Represented features Code Represented features
0 No data 50 Cloud

1 Unclassified 100 Glacial lake

11 Night, polar data 200 Snow

25 No clouds 254 Invalid data

37 Lake 255 No data

39 Sea

Table 4.5 Terrain re-classifi-

v o Classification code Re-classification code
cation coding in MODIS 100, 200 200 (Snow)
25,37, 39 101 (land)
50 50 (cloud)
0,1,3,4, 11,254,255 19 (invalid data)

As with other sensors, snow in MODIS is easily confused with clouds. This
article uses MOD10A1 and MYDI10A1 as the basic data source. Firstly, by using
time lags between Aqua and Terra and by combining MOD10A1 and MYD10AI,
we obtain a MOYD product that reduces the influence of the clouds. Then, by using
daily data generated by a synthetic MOYD (N) product, we can effectively remove
cloud affects and retention time resolution to identify the most appropriate time
resolution for each basin.

In this article, the MOYD (N) based on the synthesis of MODI10Al and
MYDI10A1 data have re-classified the classification criteria as follows (Table 4.5):

This section calculated the raster coded by 200 synthetic-based MOYD (N)
products. The quality of the MOYDN snow products is an improvement over the
Aqua (MYDI10A1) and Terra (MOD10A1) products provided by NASA. The qual-
ity of data from Terra is higher than for Aqua with regards to snow identification,
and the average recognition efficiency is about 0.5% (and may even reach 1.5%
in April and October). The recognition efficiency of synthesized MOYD data is
higher than Aqua (MYD10A1) and Terra (MOD10A1), with the lowest efficiency
in August (0.4 and 0.9 %, respectively) and the highest in January (4.5 and 4 %,
respectively). This indicates that the MOYD product can effectively improve rec-
ognition efficiency.

The climate factors related to snow are different in the southern slope of the Tian-
shans than in the northern slope of the Kunluns. In comparing the above three products,
the results showed that, in the southern slopes of the Tianshan Mountains, the recogni-
tion efficiency for MOYD-products improved 2 and 5% over Terra and Aqua prod-
ucts, respectively. Additionally, the Terra product is about 3% higher than the Aqua
product. In the northern slopes of the Kunlun Mountains, the Terra product has higher
recognition efficiency than the Aqua one. For example, in April, Terra’s percentage of
difference in snow is 17 %, while for Aqua the percentage difference is 11 %, although
both of them are less than the MOYD, which is 21 %. These differences indicate that
MOYD is more valuable to use for discriminating snow. Nevertheless, even though
the MOYD data improved the recognition rate of snow, the trend of the overall curve
has not changed. Hence, we selected MOD10A1 for the analysis below (Fig. 4.8).
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Fig. 4.8 Snow percentage in Tarim River Baisn, south slope of Tianshan and north slope of Kun-
lun Mountains

4.2.2.2 The Relationship Between Snow Cover, Runoff, and Precipitation

(1) The Relationship Between Snow and Runoff This section analyzes the trend of
snow cover using MOD10A 1 data, watershed runoff, and precipitation data. Taking
into account the interference of clouds on the MOD10A1 data, the original data is
synthesized as 10 days, with a 10-day synthesis maximum value to reflect the trends.

In Fig. 4.9, we can see that precipitation slightly precedes increased runoff
during the flood season. This lag indicates either that runoff formed from pre-
cipitation requires some buffer time, or that precipitation reaches a certain level
before it can produce significant effects on runoff. There is a strong correlation
between reduction of snow cover and runoff in the flood season, which indicates
that high temperatures lead to decreases in snow areas, which ultimately increases
the runoff.

(2) The Relationship Between Runoff and Snow Areas Above the Snow
Line Figure 4.10 illustrates that snow areas above the snow line in the summer
flood season did not significantly decrease, but that from October to the following
January, the snow area was significantly reduced. This indicates that the summer
snow line was defined before it was reasonable do so, as snow cover showed no
significant reduction in summer. However, because the snow area was decreased by
October, we presume that snow contributed to runoff during the dry season.
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Fig. 4.9 Relationship between precipitation, snow cover and runoff in Aksu River

Even though mountain snow cover and precipitation time series from 2000 to
2007 is highly cyclical, a steady trend is not obvious. At the same time, the similar-
ity between mountain snow cover and surface precipitation data is evident.

4.2.3 Response of Runoff to Atmospheric 0°C Level Height
in Summer

4.2.3.1 Study Area, Data, and Methods

(1) Study Area The arid region of Northwest China is sensitive to climate change,
as the ecosystem is extremely weak and water resources originate mainly from
mountain glacier-snow meltwater and precipitation. In addition, corresponding
fluctuations in glacial movement and snow distribution are promoted by climate
change, which has a greater influence on hydrological processes in this region (Shi
et al. 2007; Wang et al. 2010). The 0°C level (FL, also known as “freezing layer”)
is an important characteristic in the lower layer of the high atmosphere that can
reflect the temperature conditions of the mid-lower troposphere. In the troposphere,
the temperature declines with rising height. When the surface temperature rises to
above 0°C, the FL will appear at a high atmosphere, of which, in meteorology, the
corresponding altitude is the 0 °C level height (FLH). The rise or decline of the FLH
will influence the fluctuation of mountainous surface 0°C line to a certain extent,
thereby influencing the glacier-snow meltwater processes on high mountains (Zhang
et al. 2010). The glacial ablation areas in the Northwest are generally located at
higher altitudes, usually in the mid-lower atmosphere, where melting mainly occurs
in summer and most river runoff is directly related to glacial meltwater (Yang and
Zeng 2001). Therefore, the rise and decline of summertime FLH will inevitably lead
to changes in mountain runoff.
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(2) Data Based on the topography and spatial distribution of existing data in
China’s arid Northwest, four typical regions were selected for the research, i.e.,
the northern slope of the Kunlun Mountains (NSKM), the southern slope of the
Tianshan Mountains (SSTM), the northern slopes of the Tianshan Mountains
(NSTM), and the northern slopes of the Qilian Mountains (NSQM) (Fig. 4.1).
Summer FLH can be calculated based on daily sounding observations of eight
sounding stations provided by the China Meteorological Administration from
June to August within the 1960-2009 timeframe. The data shows that the summer
FL is basically between two standard barospheres of 500 and 850 hPa. Based on
these daily heights, temperatures in the three standard barospheres of 850, 700,
and 500 hPa at 00:00 and 12:00 were selected as basic data. To ensure data quality,
before calculating the FLH, the extreme decision method was used to amend any
gross errors caused by operational errors in sounding observations. Additionally,
a two-phase regression method was applied to homogenize the sounding heights
and temperature sequences of the eight sounding stations, using NCEP reanalysis
data as reference sequences. The intention here was to eliminate or reduce errors
in the observing system.

The FLH was calculated by the following steps. First, the upper and lower stan-
dard barospheres were determined based on the locations of daily FL at 00:00 and
12:00, respectively. Then, a linear interpolation method (Bradley et al. 2009; Zhang
and Guo 2011) was used to calculate the FLH each time, assuming that the tem-
peratures between the two standard barospheres of 500 and 850 hPa have uniform
changes in the vertical direction). Subsequently, the mean of two times was calcu-
lated to obtain a daily FLH. Finally, daily values from June to August were averaged
to obtain the summer FLH. The linear interpolation method was used to calculate
the FLH with the following equation:

H,-H,
Hj:ﬁ(Ti—Tk)+Hk (4.6)
J k
where variable H represents the height (m), T represents the temperature (°C), sub-
script 1 is the identifier of FL, and j and k are the identifiers of upper and lower
standard barospheres of FL, respectively.

Summer runoff was sourced from the daily measured runoff data at the mountain
hydrological stations of nine representative rivers from June to August during the
period 1960-2009, which was less affected by human activities and thus able to
represent the actual river runoff. The distribution of sounding stations, rivers, and
hydrological stations is shown in Fig. 4.11.

(3) Methods Abrupt Change Point Analysis The MK non-parametric test is
widely applied for determining the occurrence of abrupt change points of meteoro-
logical and hydrologic series. The method’s advantages include the simplicity of its
calculation, the confirmation of the start-time of the changes, and the identification
of the area where the changes occur (Wei 2007). Let x1, ..., xn be the data points.
For each element xi, the numbers ri of elements xj precede it (j <i), such that xj<xi
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Fig. 4.11 The distribution of meteorological and hydrological stations in the ARNC

are computed. Under the null hypothesis (no abrupt change point), the normally
distributed statistic S, can be calculated via the following formula:

Sk=irl. (2<k<n) 4.7)

i=1

The mean and variance of the normally distributed statistic S, can be given by the
following formulas:

S, =E(S,)=k(k-1)/4 (4.8)

var(S,) = k(k —1)(2k +5)/ 72 (4.9)

The normalized variable statistic UF, is estimated as follows:

UF, = (8, =S, )/Jvar(s,) (4.10)

The normalized variable statistic UF, is the forward sequence, and the backward
sequence UBKk is calculated using the same equation but with a reversed series
of data. When the null hypothesis is rejected (i.e., if any of the points in the for-
ward sequence are outside the confidence interval), the detection of an increas-
ing (UF, >0) or a decreasing (UF, <0) trend is indicated. The sequential version
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of the test used here enables the detection of the approximate time of occurrence
of the trend by locating the intersection of the forward and backward curves of the
test statistic. If the intersection occurs within the confidence interval, it indicates
an abrupt change point.

Non-parametric Approach to Estimate the Climate Elasticity In relevant
research on climate change’s impacts on hydrological system to, elastic analysis
of hydrological elements is often used to explore the sensitivity of the elements
(Zheng et al. 2009; Ma et al. 2010). A vast number of climate elastic analysis meth-
ods exist, but the one based on a non-parametric method is best suited to our intent
(Sankarasubramanian et al. 2001) to quickly and easily assess the influences of cli-
mate change on hydrological elements. In this study, the non-parametric approach
to estimate the climate elasticity proposed by Zheng et al. (2009) was used for quan-
titative analysis on the sensitivity of asetival runoff to changes in summer FLH.
Based on this method, the elasticity of runoff to changes in meteorological elements
is defined as follows:

XX -XN0-0)
Q Z(Xf_)_()z

4.11)

Where ¢ is the elastic coefficient, Q, is the runoff, X, is the value of the meteo-
rological element, and O and X are mean values of runoff and meteorological
element series, respectively. The physical significance that relies on the meteo-
rological element changed by 1% can induce the runoff to change by ¢%. The
greater the elastic coefficient, the more sensitive the runoff will be to changes in
meteorological elements.

4.2.3.2 Changes in Summer FLH

In four typical regions of China’s arid Northwest region, an upward trend of the
summer FLH was shown on the southern slope of the Tianshan Mountains (SSTM),
the northern slopes of the Tianshan Mountains (NSTM) and the northern slopes of
the Qilian Mountains (NSQM) over the past 50 years, whereas a downward trend
was shown on the northern slope of the Kunlun Mountains (NSKM) (Fig. 4.12).
In these four typical regions, MK non-parametric test results (Table 4.6) revealed
that the summer FLH on the NSTM and NSQM tended to increase significantly,
with a rising rate of 2.05 and 2.28 m every year, respectively. Although an upward
trend was shown on the SSTM, the 5 % significance level was not passed. A sig-
nificant decline was shown on the NSKM with a rate of 2.33 m every year. The
significance of the changing trends of summer FLH was successively weakened
on the NSKM (|Z]=2.49), the Tianshan Mountains (]Z|=2.43), and the NSQM
(1Z]=2.01). In four typical regions, abrupt change points were related to changes
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Fig. 4.12 Changes of the summer FLH for many years in four typical regions

Table 4.6 The test results of change trends and abrupt changes of the summer FLH in four typical
regions

Typical regions Trend test Abrupt change points
Trend rate (m/a) Z values Significance level

NSKM -2.33 -2.49 0.05 1974*

SSTM 1.21 1.91 - 1994*

NSTM 2.05 2.39 0.05 1991*

NSQM 2.28 2.01 0.05 1996*

* represents an abrupt change occurring at the 5% significance level

in summer FLH, but at different times (Table 4.6), i.c., in 1974 for the NSKM,
which was significantly earlier than the SSTM (1994), NSTM (1991) and NSQM
(1996). By comparing the time-interval prior and posterior to abrupt change
points, the differences in mean values of the FLH are —77, 64, 78 and 243 m
on the NSKM, SSTM, NSTM and NSQM, respectively, with change magnitudes
increasing successively (Fig. 4.12).

Extremely complex geographical factors influence the above regional differ-
ences regarding changes in summer FLH. Firstly, since the changes can reflect cir-
culation variations of cold and warm air masses high in the atmosphere, circulation
characteristics unique to various regions are bound to greatly influence the FLH.
Secondly, elevation is also an important factor, and different elevation locations
correspond to different change degrees in FLH. Additionally, the underlying surface
also plays a role in FLH changes.
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Fig. 4.13 Summer runoff changes for many years in four typical regions

Table 4.7 The test results of change trends and abrupt changes of the summer runoff in four typi-
cal regions

Typical regions  Trend test Abrupt change points
Trend rate (10 m3/10a) Zvalues Significance level

NSKM 0.12 0.28 - 1994

SST™M 3.33 3.36 0.01 1990*

NSTM 0.47 2.26 0.05 1994*

NSQM 0.76 2.29 0.05 1995*

* represents an abrupt change occurring at the 5% significance level

4.2.3.3 Changes in Summer Runoff

Figure 4.13 shows the change sequence of summer runoff in four typical regions of
the arid northwestern zones. Upward trends occur in summer runoff on the NSKM,
the SSTM, NSTM, and NSQM over the past 50 years, of which the change trends
of summer runoff are largely consistent on the SSTM and NSTM, with a high co-
incidence degree of curve change trends. According to the MK non-parametric test
results (Table 4.7), all values of Z are greater than zero, indicating that the sum-
mer runoffs have generally increased. In this regard, noteworthy upward trends
exist in the summer runoff on the SSTM, NSTM, and NSQK, with rising rates
of 3.33x 108, 0.47x10%, and 0.76 x 108 m? every 10 years, respectively. However,
summer runoff on the NSKM shows an insignificant upward trend, with a slight rise
of 0.12x 108 m? every 10 years.

Meanwhile, Z values can also reflect regional differences in summer runoff
changes. The change trend of summer runoff in the Tianshan Mountains is the
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most significant, followed by NSQM and NSKM. According to MK non-paramet-
ric test results on abrupt changes (Table 4.7), abrupt changes in summer runoff oc-
curred in 1990 (SSTM), 1994 (NSTM) and 1985 (NSQM). In comparing the time-
intervals both before and after the abrupt change points, we find that the mean
value of summer runoff increased by 11.76 x 108, 2.30x 10% and 1.90 x 10% m?,
respectively (Fig. 4.13b—d). Although no abrupt change points occurred on the
NSKM, a slight increase trend exists for summer runoff since 1994 (Fig. 4.13).
Thus, 1994 can be considered the turning point for changes in summer runoff in
that area (Chen et al. 2013).

Except for NSKM, the summer FLH in the other three typical areas share simi-
lar change trends to mountain runoff, indicating that a certain correlation exists
between summer FLH and mountain runoff. The reduction in summer FLH on the
NSKM is conducive to the accumulation of glacial material, resulting in a reduction
in glacial meltwater runoff. As a result, in the warm and humid Northwest climate,
insignificant changes occur in the summer mountain runoff on the NSKM, where
glacial meltwater runoff accounts for 56.26 % (weighted by the proportions of gla-
cial meltwater runoff of runoff components of the Hotan River and the Yarkand
River). In contrast, with gradual increases in summer FLH in the Tianshan Moun-
tains and NSQM, the melting of glaciers is accelerated, glacial meltwater runoff is
increased, and summer mountain runoff shows a strong upward trend. It is note-
worthy that the summer FLH and mountain runoff in these four typical sub-regions
do not have exactly the same abrupt change points, which may be related to local
natural conditions (such as topography and atmospheric circulation) and various
social activities (such as the mode and intensity of human activities). However,
abrupt change points for the summer FLH and mountain runoff are not the same
in one typical region, indicating that changes in summer mountain runoff are not
affected by a single factor, such as FLH, but result from the combined effects of
multiple factors.

4.2.3.4 Changes in Summer Runoff in Response to Changes
in Summer FLH

@ Linear Fitting Between Summer Runoff and FLH (Chen et al. 2013) Through
a comparative analysis, a better correlation can be found between summer runoff
and changes in FLH in our study area. For a quantitative study on correlation, a
scatter diagram was drawn on the summer runoff (Q) and FLH (H) in the four typi-
cal regions delineated above (Fig. 4.14). By using a statistical fitting method, linear
equations were established with a statistical significance test on correlation.

The linear fitting between the summer runoff and FLH on the NSKM (Fig. 4.14)
shows a significant positive correlation between them. The linear fitting equation is
shown as follows:

0, =0.116H, —483.459
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Fig. 4.14 The linear regression between the summer runoff and FLH in four typical regions

The linear fitting correlation coefficient R is 0.6862. Using the F-test, a correlation
significance test was carried out on 50 samples of the summer runoff and the FLH
on the NSKM. Confidence was gauged at 99 %, and P=0.0001<0.01. The 1% sig-
nificance level of statistical test was passed, indicating that a very significant linear
correlation exists between summer runoff and FLH.

As viewed from the linear fitting between the summer runoff and FLH on the
SSTM and NSTM (Fig. 4.14), a positive correlation was also proven to exist. The
linear fitting equations of the SSTM and NSTM are shown as follows:

SSTM: Q, = 0.097H, —365.502
NSTM: Q, =0.012H, —36.754

The linear fitting correlation coefficients R are 0.6510 and 0.6354 on the SSTM and
NSTM, respectively. Similarly, the F-test was used for a correlation significance
test on 50 samples of the summer runoff and FLH. Confidence was measured at
99%, and P=0.0001<0.01 for the SSTM and NSTM. Both passed the 1% signifi-
cance level, indicating a very significant linear correlation between summer runoff
and FLH in the Tianshan Mountains.

According to the linear fitting between the summer runoff and FLH on the
NSQM (Fig. 4.14), a significant positive correlation was also found between them.
The linear fitting equation is shown as follows:

0, =0.010H, —29.656
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Table 4.8 The statistics of rivers runoffcomponentsin four typical regions

Typical regions Representative rivers Runoff components® (%)
Glacial meltwater  Precipitation Groundwater

NSKM Yarkand River and Hotan 56.26 21.08 22.66

River
SSTM Aksu River and Kaidu 33.71 38.37 27.92

River
NSTM Manas River and Kuitun 31.80 36.06 32.14

River
NSQM Heihe River, Shule River 15.13 35.70 49.17

and Shiyang River

2 Runoff components for each of the four typical regions were calculated using the runoff compo-
nents of the representative rives

The linear fitting correlation coefficient R is 0.3174. The F-test was used as a cor-
relation significance test on 50 samples of summer runoff and FLH on the NSQM.
The confidence percentage was 99 %, and P=0.0247<0.05. The 5% significance
level was passed, indicating a significant linear correlation between summer run-
off and FLH.

As we can see from the above, the correlation coefficients between summer run-
off and FLH are reduced successively in the four typical sub-regions, which may
be related to the type of runoff recharge. Moreover, it can also be seen that the
recharge proportion from the glacial meltwater runoff of river runoff is reduced suc-
cessively (Table 4.8), consistent with a weakening trend of the correlation between
summer runoff and FLH. However, the recharge proportion from groundwater is
increased successively, contrary to a weakening trend of the correlation between
summer runoff and FLH. In other words, the greater the recharge proportion from
glacial meltwater runoff and the smaller the recharge proportion from groundwater
of river runoff, the higher the correlation between the summer runoff and FLH will
be. In terms of significance, the recharge proportion from glacial meltwater runoff
is only 15.13% on the NSQM, which is less than that on the NSKM (56.26 %),
SSTM (33.71%) and NSTM (31.80%). However, the recharge proportions from
precipitation and groundwater are 35.70 and 49.17 %, respectively. The correlation
between the summer runoff and FLH is less significant on the NSKM, SSTM, and
NSTM. In summary, it can be concluded that regional differences in summer runoff
in response to changes in summer FLH may, to a certain extent, be caused by river
runoff components.

@ Sensitivity of Summer Runoff to Changes in FLH The elastic coefficient can
be used to characterize the sensitivity of river runoff to climate change. According
to the equation, the elastic coefficients of the summer runoff to changes in summer
FLH were calculated in four typical regions of China’s arid Northwest. The purpose
was to facilitate the sensitivity analysis between summer runoff and FLH. It can
be seen that the elastic coefficients of the summer runoff to changes in summer
FLH on the NSKM, SSTM, NSTM, and NSQM were 7.19, 6.63, 3.80, and 2.79,
respectively (Fig. 4.15; Chen et al. 2013). In other words, a 1% change in summer
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Fig. 4.15 The elastic coefficient and proportion of glacial meltwater runoff in four typical regions

FLH in these areas can induce their summer runoff to change by 7.19, 6.63, 3.80,
and 2.79 %, respectively. It is noteworthy that although the elastic coefficient of the
summer runoff to changes in summer FLH on the NSKM was 7.19 (ranking it first
among the four areas), the summer FLH there showed a significant declining trend
in 1960-2009, with an average height of 4,861 m. This was slightly higher than the
minimum snow line altitude of 4,790 m in this zone. Accordingly, the temperature
around the glaciers declined, the glacier melt slowed down, material accumulation
increased, and glacial meltwater runoff was reduced, resulting in a slight increasing
trend in summer runoff due to the effects of humidity.

By comparing these four zones, we found that the sensitivity of summer run-
off to changes in summer FLH shows a successive weakening trend from south
to north and from west to east. The differences in sensitivity may be related to
the recharge proportions from glacial meltwater runoff. To verify this argument,
correlation analysis is required of the elastic coefficients and recharge proportions
from glacial meltwater runoff. Figure 4.15 shows the relationship among these ele-
ments. As can be seen, a high consistency exists, and the linear fitting equation is:
£=0.109G + 0.863, where ¢ is the elastic coefficient, and G is the recharge pro-
portion from glacial meltwater runoff. Hence, R=0.9808. In this test, the 1% sig-
nificance level was passed, indicating a significant positive correlation between the
sensitivity of summer runoff to changes in summer FLH and the recharge propor-
tion from glacial meltwater runoff in the area under study, all of which confirms the
validity of the foregoing argument.

In China’s Northwest, the recharge proportion from glacial meltwater runoff in
inland river basins is closely related to the distribution quantity and coverage of
mountain glaciers in the upper reaches. The greater the quantity and coverage of
the glaciers, the larger the recharge proportion from glacial meltwater runoff will be
(Kang et al. 2002). In representative river basins on the NSKM, SSTM, NSTM, and
NSQM, the area, reserves, and coverage of glaciers are successively reduced (Ta-
ble 4.9); notable differences also exist in the contribution rates of glacial meltwater
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Table 4.9 The distribution of glaciers covering four typical regions in ARNC

Typical regions Area of river  Glaciers Glacial area  Glacial reserves Glacier cov-
basins (km?) (km?) (km?) erage (%)

NSKM 129,100 6,472 10,652.29 1,190.81 8.25

SST™M 84,300 1,837 2,886.54 460.24 3.42

NSTM 51,000 1,105 808.65 44.47 1.59

NSQM 210,000 1,208 784.27 38.78 0.37

The data of glaciers, glacial area, and glacial volume were from the reference (Shi et al. 2005),
whereas the area of river basins was from the reference (Chen 2010); the computing method of
glacier coverage could be seen in detail from the reference (Shi et al. 2005)

runoff to river runoff. Combining the foregoing arguments regarding significant
positive correlations between the sensitivity of summer runoff to changes in sum-
mer FLH and the recharge proportion from glacial meltwater runoff, we can see that
different scales of glaciers are the key reason for regional differences in the sensitiv-
ity of summer runoff to changes in summer FLH (Chen et al. 2013).

® Response Mechanism of Summer Runoff to Changes in Summer FLH The
changes of mountain runoff in the area under investigation result from combined
effects of multiple factors, but different factors have different contribution degrees
to runoff changes. To explore this issue, under the premise of considering only the
related indicators of meteorological elements, and after standardized processing of
the summer FLH (H), surface temperature (T), precipitation (P), evaporation (E)
and runoff (Q) data, multiple regression was carried out on H, T, P, E and Q. The
intent was to obtain the regression equations on the NSKM, SSTM, NSTM and
NSQM respectively, as follows:

0, = 0.531H, +0.4007, +0.109P, +0.014E, —1.507¢—06 (F=18.562, N = 50)
0, =0.511H, +0.242T, +0.416P, +0.053E, = 7.415¢—07 (F=16.864, N = 50)
O, = 0.487H, +0.247T, +0.482P, +0.043E, —1.088¢ —06 (F =16.195, N = 50)

0, = 0.820H, —0.396T, +0.580P, —0.107E, —9.438¢ —06 (F =11.324, N = 50)

It can be seen from the F value that the above four regression equations all passed
the 1% significance level of statistical testing. Based on these equations, it is clear
that the FLH characterizing temperature change conditions in the mid-lower tropo-
sphere make the greatest contribution to changes in runoff. This indicates that the
rise and decline of summer FLH has become a critical factor influencing changes
in river runoff.

At the top of the Kunlun, Tianshan and Qilian Mountains, rain and snow are
abundant, and a natural “solid reservoir” is formed by glaciers and permanent snow.
This reservoir plays an important role in water resource composition and river runoff
regulation. Within a global context, the mountain glaciers are exceedingly sensitive
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to climate change (Kang et al. 2002). With changes in near-surface temperature,
mean summer FLHs on the SSTM, NSTM and NSQM over the past 50 years in-
creased, respectively, from 4,462, 4,219, and 4,777 m before the abrupt change
point to 4,398, 4,141, and 4,534 m after the abrupt change point. However, snow
line heights were in the 3,850-4,390, 3,650-3,850, and 4,400-4,800 m range, re-
spectively (Shi et al. 2005). As a consequence, the temperature around the glaciers
rose and the glacial area under FL increased, resulting in accelerated glacial melt
and retreat. Additionally, material accumulation was reduced and glacial meltwater
runoff generally increased, as did river runoff. However, mean summer FLH on the
NSKM was reduced from 4,916 m before the abrupt change point to 4,839 m after
the abrupt change point, and the snow line height was around 4,790-6,260 m (Shi
et al. 2005). In this area, temperatures around the glaciers actually declined, the
glacial zone under the FL decreased, glacial melt slowed down, liquid precipita-
tion was frozen, and water resources were reserved as snow, glaciers, and so on.
Moreover, material accumulation increased, and the recharge from glacial meltwa-
ter runoff to river runoff was reduced. As a result, no significant changes occurred
to summer mountain runoff in the two rivers on the NSKM, with the recharge pro-
portion from glacial meltwater runoff being more than 50 %. Wang et al. (2008)
used the functional model on glacial system change to analyze the sensitivity of
China’s glacial system to climate change and considered that the glaciers in the
Kunlun Mountains belonged to a stable type, whereas those of the Tianshan and
Qilian Mountains belonged to a sensitive type. These findings confirm the assumed
response mechanism of summer runoff to changes in summer FLH to be reasonable
and credible from a lateral perspective.

4.2.3.5 Conclusions and Discussion

Through analysis of the time series change trends of summer mountain runoff and
atmospheric 0 °C level height and their correlations in four typical areas located in
China’s arid Northwest region during the 1960-2009 period, the main conclusions
of this section are as follows:

1. In the past 50 years, a significant upward trend in summer FLH occurred on
the NSTM and NSQM. Although an upward trend also occurred on the AATM,
the 5% significance level was not passed there, and a significant decline was
shown on the NSKM at a rate of 2.33 m every year. In the four areas under study,
summer runoff showed increasing trends. Specifically, the SSTM, NSTM and
NSQM revealed strongly increasing trends, while the NSKM exhibited a slight
increasing trend, at a rate of 0.12 x 108 m3 every 10 years.

2. A strong positive correlation existed between summer runoff and FLH on the
NSKM, SSTM, NSTM, and NSQM, with the elastic coefficients of summer run-
off to changes in FLH pegged at 7.19, 6.63, 3.80, and 2.79, respectively. The cor-
relation coefficient and elastic coefficient were successively reduced. Different
recharge proportions from glacier meltwater runoff to rivers are a direct cause of
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regional differences in correlation coefficient and sensitivity, whereas different
glacial scales between regions are a root cause of such regional differences.

3. The rise and decline of summertime FLH has become a critical factor influenc-
ing changes in river runoff. Due to rises in summer FLH, temperatures around
mountain glaciers will rise and glacial areas under FL will increase, resulting in
accelerated glacial melt, an increase in material accumulation, and a decrease
in glacial meltwater runoff. Conversely, declines in summer FLH will cause
the temperature around glaciers in high mountains to decline and the glacial
area under FL to reduce, resulting in mitigated glacial melt, increased material
accumulation, and a decrease in glacial meltwater runoff, all of which influence
changes in mountain runoff.

4.3 Quantification of Climate and Human Factors

4.3.1 Study Area, Data and Methods

The study area includes seven typical inland rivers (the Aksu, Yarkand, Hotan,
Kaidu, Shiyang, Shule and Heihe Rivers), using annual runoff sequences from
1960 to 2009.

Time sequence mutation detection and identification Due to the impacts of
human activities on the different strengths of the basin, the hydrological time series
will show stage or trend changes. To eliminate impacts of climate change (such as
precipitation and temperature) on runoff, the runoff series was divided into natural
and human activity-impacted periods to quantitatively depict the stages of the hy-
drological changes caused by human activities and climate change.

Step jump is a statistical method to measure hydrological response to climate
change and human activities. At present, the Pettitt method (1979) is widely used in
the detection and identification of the step jump point of hydrological time series. It
is grounded in non-parametric testing and has the advantage of simple calculation,
clear change time, clear physical meaning, and the enhanced ability to identify the
step change point. The Pettitt method is mainly based on the Mann—Whitney statis-
tical functions UT’  and assumes that the two samples x, ... x and x _,, ... X, are
from the same sequence distribution. For continuous sequence, U, \ is calculated
by the following equation:

N
Uy =Uy+ 2, 505 =x,) (t=2,...N)

(4.12)
where: +1, >0
sgn(@)=40, =0
-1, 6<0

(4.13)
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The test statistic calculated that the times of the first sample frequency exceeded
those of the second sequence sample frequency. The null hypothesis of the Pettitt
method has no step jump point. The statistic k(t) and probability (P) are calculated
as follows:

k(1) = Max,, |U, | (4.14)

P=2exp{-6(K, ) /(N +N?)} (4.15)

The step jump point can be used as the cut-off point to distinguish the natural period
from the human activities period.

Method to Distinguish Climate Change and Human Activities If we consider
the measured runoff in the natural period as a reference value, the measured runoff
impact by human activities then consists of two parts: the human activities impact
and the climate change impact. The effects of human activity and climate change on
runoff are divided as follows:

AQ; = Oy = O (4.16)
AQy = O = Oy (4.17)
AQ = Oy = Oy (4.18)
C, = A0, /A0, x100% (4.19)
C. = A0,/ AQ, x100% (4.20)

where AQ, is the total change amount of runoff, AQ,, is the runoff impacted by
human activities, AQ. is the runoff impacted by climate change, Q, is the runoff
during the natural period, Qy, is the measured runoff during the human activities
period, Qy, is the natural runoff during the human activities period, and C, C. is
the percentage of runoff impacted by human activities and climate.

4.3.2 The Judgment of the Natural and Human
Activities Periods

The Pettitt method was used to test step changes for mountain outlet flow in seven
rivers, with the results shown in Table 4.10. As we can see, runoff in the Aksu, Kai-
du, Shule and Heihe Rivers experienced significant step changes (P <0.05). Specifi-
cally, a step change point was observed in 1993 in the Aksu, Yarkand and Kaidu, but
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Table 4.10 Step changes of runoff time series

Rivers Statistic k(z) Step jump ¢ Probability P Significance level a
Aksu River 422 1993 <0.0001 0.01
Yarkand River 198 1993 0.235 >0.05
Hotan River 91 1985 0.958 >0.05
Kaidu River 436 1993 <0.0001 0.01
Shule River 396 1997 <0.0001 0.01
Heihe River 312 1979 0.011 0.05
Shiyang River 167 1990 0.410 >0.05
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Fig. 4.16 Runoff before and after step changes in some typical rivers. a Aksu River. b Kaidu
River. ¢ Shule River. d Heihe River

the change in the Yarkand River was not significant. In the Shiyang River, runoff
decreased in 1990 and then significant increased after 1997. Changes in the Heihe
occurred the earliest (1979), followed by the Hotan (1985), although changes in
runoff before and after the step change point were not significant for either river.
Conversely, the runoff in the Aksu, Kaidu, Shule and Heihe underwent sizeable
changes before and after the step change, increasing by 21.78, 26.48, 27.11 and
17.4%, respectively (Fig. 4.16). From these data, we can see that step change years
show major differences and are not consistent with the warm and wet phenomenon
from west to east in the study area.

Due to the observed significant step jump changes in runoff in the Aksu, Kaidu,
Shule and Heihe Rivers, we can see that these areas were strongly impacted by cli-
mate change and human activities. Based on the step change year, the natural change
periods in the above rivers are, respectively, 1960—1993, 1960-1993, 1960-1997
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Table 4.11 Runoff changes caused by climate change and human activities

River  Period Obs Sim Variations Climate change Human activities
(108 m?) (103 m?) (10% m?)

Amount Percent- Amount Percent-
(10°m’) age (%) (10°m®) age (%)

Aksu 1960-1993  72.51  72.51

River 1994-2009 88.3 74.02 15.79 1.51 9.6 14.28 90.4
Kaidu  1960-1993 3236  32.36

River 1994-2009 40.93  36.16 8.57 3.8 443 4.77 55.7
Shule 1960-1997  8.62  8.62

River 1998-2009 12.55  10.07 3.93 1.45 36.9 248 63.1
Heihe  1960-1979 1433 1433

River 1980-2009 16.83  14.86 2.5 0.53 21.2 1.97 78.8

and 1960-1979, while the human activity periods are 1994-2009, 1994-2009,
1998-2009 and 1980-200.

4.3.3 The Effect of Climate Change and Human Activities
on Runoff

Multiple regression models were established in the Aksu, Kaidu, Shule and Heihe
Rivers using hydrological and meteorological data before the step changes oc-
curred. Models were used to predict the mean runoff in natural and change periods
according to the longer time scale average state (Table 4.11). The results show that
the measured runoff and simulated runoff are extremely consistent for the natural
period, and so this regression model would be useful to calculate the impact of hu-
man activity on runoff. This section will consider the natural period as a reference
to analyze the effects of human activities and climate change on runoff (Table 4.11).

Table 4.11 shows that: (1) measured runoff in the Aksu, Kaidu, Shule and Heihe
Rivers have increased significantly; (2) the impacts of human activities and climate
change vary in degrees from river to river due to differing scales of human activities
and variations in differences in the magnitude of climate change; (3) the degree of
human activities’ influence on runoff is 90.4, 55.7, 63.1 and 78.8 %, respectively,
in the Aksu, Kaidu, Shule and Heihe Rivers; and (4) human activities are the main
cause of runoff changes in the above four rivers.

The term “human activities”, as referred to in this section, is a relatively broad
concept that includes activities that have a direct effect on water, such as the trans-
formation of the basin’s underlying surface, soil conse