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Abstract The Keriya River Basin was chosen as the

study site in this paper in order to investigate the suitable

scales of natural and artificial oases with a certain water

resource quantity. A calculation model was constructed and

the suitable scales of natural and artificial oases were

analyzed using remote sensing images, water resources,

weather and socioeconomic data. The results showed that

(1) high- and low-flow variations were apparent for the

Keriya River. The mean values for the high-flow period,

normal flow period and low-flow period were

9.23 9 108 m3, 7.177 9 108 m3 and 5.741 9 108 m3,

respectively. (2) The ecological water demand of natural

oasis in the lower reaches of the Keriya River Basin was

2.561 9 108 m3. (3) In the Tarim Basin, the proportion of

natural and artificial oases was 6:4. (4) In the middle

reaches, after guaranteeing the unchangeable scale of

artificial oases, the most suitable size of a natural oasis was

798–1,157 km2. Under the reasonable proportion (i.e.

proportion of 6:4 for the natural and artificial oases), the

respective suitable scales of natural and artificial oases in

the middle reaches were 831–1,003 km2 and 554–669 km2.

This study constructed a model for calculating the suitable

scale of an oasis, verified the suitable proportions of natural

and artificial oases and discussed the reasonable scales of

oases in order to provide a new theoretical basis for

determining reasonable development planning in similar

river basins located in extremely arid regions.

Keywords Arid region � Tarim Basin � Suitable

scale of oasis � Water balance � Climate change

Introduction

Oases are an essential part of arid and semi-arid regions

(Su et al. 2007), and their scale, location and development

all depend on the temporal-spatial pattern of water

resources (Kok and Nel 1996; Wang et al. 2011; Zhang

et al. 2011; Moharram et al. 2012; Feng et al. 2012). Oases

can be divided into artificial oases and natural oases (Fan

et al. 2000; Wang et al. 2011). Artificial oases develop

from desert or natural oases and are influenced by long-

term human activities. They are the key to human survival

and development in arid regions and include an artificial

water area, cultivated land, an artificial landscape and an

oasis city or town (Fan et al. 2000; Liu et al. 2010). Natural

oases can contain desert riparian forest and valley meadow

and shrubs. They lie between artificial oases and desert and

thus form an important buffer zone that provides the arti-

ficial oases with ecosystem stability (Fan et al. 2000; Li

et al. 2008). However, as a result of rapid economic

development over the past 60 years in China, large-scale

artificial oasis expansion has resulted in severe water

resource shortages, a reduction in the size of natural oases

and an increase in desertification (Pan and Chao 2003;

Zhao et al. 2004; Cheng et al. 2006; Wang et al. 2010; Ling

et al. 2011a, b). If oasis development is to be sustainable,
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we need to establish the most suitable size for an oasis,

based on the carrying capacity of water resources, certain

economic and technologic conditions, ecosystem stability

and ecological security (Hu et al. 2007; Li et al. 2008).

There have been few studies on the suitable scale of

oasis in the continental river basin of arid regions. Of the

few studies reported, most of them have focused on the

ecological water consumption of an oasis and the water-

course water consumption of rivers (Moran et al. 1994;

Maneta et al. 2009; Contreras et al. 2011). In China, a

number of studies have provided a theoretical base for

calculating the suitable scale of an oasis, such as the eco-

logical landscape types of natural and artificial oases (Fan

et al. 2000), or the water consumption in a unit area of

irrigated land or of a natural oasis (Lei et al. 2006). There

are also models that describe the area of oasis, water uti-

lization (Zhang et al. 2008), oasis stability (Wang et al.

2002; Leng et al. 2011), and oasis water consumption

(Tang et al. 2007; Zhao et al. 2010; Contreras et al. 2011).

In recent years, some researchers have focused on the

suitable scale of an oasis by using water-heat balance (Hu

et al. 2007; Huang et al. 2008; Li et al. 2011), but they only

considered the development scale of artificial oases under

the assumption of a certain water resource quantity and

neglected the ecological water demand of natural oases.

Therefore their results did not take into account ecosystem

stability and the water resource allocation of the whole

oasis. In addition, some studies tried to describe the suit-

able scale of an oasis using the ‘certain oases planning

mode’ (Hu et al. 2007; Huang et al. 2008), but they did not

consider the variations in demand of oases water resources

and the impact of socio-economic development on artificial

oasis. Accordingly, it is vital to determine the suitable

development scales of natural and artificial oases if sus-

tainable development of oases is to be achieved.

The Keriya River Basin is situated on the south margin

of the Tarim Basin. The Kunlun Mountains are to the

south, and the Taklamakan Desert (the largest desert in

China) is to the north (Fig. 1). The Keriya River is the

longest river in Yutian County and flows from south to

north in the Tarim River Basin (Yang et al. 2004). The

Daliyaboyi Oasis in the lower reaches of the Keriya River

Basin and is a unique, naturally vegetated area that stret-

ches deep into the hinterland of the Taklamakan Desert.

The Daliyaboyi Oasis has attracted wide attention because

of its desert ecological research, tourism, archaeology and

exploration value (Blanc 2011; Yang 2001; Yang et al.

2002; 2006; Baumer 2011; Zhang et al. 2011). However, as

a consequence of the rapid expansion of artificial oases in

the middle reaches of the Keriya River Basin since the

1950s, the desert ecosystem in the lower reaches is now

under threat because the river channel has been cut off and

natural vegetation is declining (Ling et al. 2011b). In order

to save the natural oases in the lower reaches, we need to

investigate the water resource allocation and the most

suitable scale of oases in the middle and lower reaches of

the Keriya River Basin.

Therefore, based on water resource data (1957–2009),

air temperature and precipitation data (1971–2009), socio-

economic data (2009), and ALOS satellite remote sensing

images (2010) with the resolution ratio of 2.5 m, this study

analyzed the high- and low-flow variations of surface

runoff in the Keriya River. The required water resource

quantity for maintaining ecosystem stability of a natural

oasis in the lower reaches and the socio-economic devel-

opment of artificial oases in the middle reaches was cal-

culated. Additionally we put forward new development

mode for oases based on the optimal size of natural and

artificial oasis under the different high- and low-flow

variations of the river. The study aimed to provide new

ways of investigating the suitable scales of oases in con-

tinental river basins located in extremely arid regions (i.e.,

moist index \0.05) (Ci 1994) and to offer references for

Fig. 1 Sketch map of Keriya River Basin
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determining reasonable oases development management

plans.

Study region

With a total length of 740 km and the annual runoff of

7.215 9 108 m3, the Keriya River begins in the northern

Kunlun Mountains and the catchment area covering the

mountain pass headstreams is 7,358 km2, according to the

Langan Hydrometric Station. The river basin (35�140–
39�290N, 81�090–82�510E) 466 km long from north to

south and 30–120 km wide from east to west (Ling et al.

2011b). The total study region is 3.95 9 104 km2, the

mountain area is 1.24 9 104 km2, the plain area is

0.57 9 104 km2, and the desert area is 2.14 9 104 km2.

The Keriya River Basin lies in the hinterland of Eurasia

and belongs to the extreme desert climate of the warm

temperate zone. The average annual air temperature is

9.53 �C, the extreme maximum temperature is 43.0 �C,

and the extreme minimum temperature is -26.3 �C. The

average annual precipitation is 44.7 mm, and the evapo-

ration is 2,239.8 mm. The river basin is one of the regions

with a very vulnerable ecosystem and the most serious

desertification in western China (Yang 2001; Yang et al.

2006).

Data resources

This study collected ALOS satellite remote sensing images

of the Keriya River Basin in July 13, 2010 with a resolution

ratio of 2.5 m, and the images were digitalized to obtain

the land cover/use data of this river basin (Fig. 1; Table 1).

For image processing, firstly, relief maps of two amplitudes

with a ratio of 1:100,000 for the research regions were

scanned and registered by ArcGIS9.3 (the error precision

was below 0.5 pixels), and the digital raster graphic (DRG)

was created. Subsequently, the images in 2010 were reg-

istered by the digital raster graphic (DRG). Thirty inter-

pretation symbols, such as the crossing points of road and

canal systems, and residential centers, were located evenly

on the whole image plane. The error precision was below

0.5 pixels in the image registration. In addition, the images

in 2010 were further corrected based on field surveys and

sampling. The land use types were classified based on the

national criteria in the book ‘Current Land Use

Classification’, which was published by the Chinese Gov-

ernment in 2007. According to the classification precision

evaluation for the land cover/use of the Keriya River in

2010, the Kappa coefficient (classification precision eval-

uation index) (Congalton and Green 1999) was 95.8 %,

which indicated that it could accurately reflect the land use

in the study region.

The socio-economic data came from the Yutian County

in the Keriya River Basin yearbook and included the

population, crop planting structure, GDP and livestock

inventory statistics for 2009. The water resource and

weather data covers the measured runoff of the mountain

pass of the Keriya River (Langan Hydrometric Station)

between 1957 and 2009, underground water and the other

surface water resources between 2000 and 2009, and the

yearly precipitation and air temperature for Yutian County

and Langan Hydrometric Station between 1971 and 2009.

Study methods

The Z index was used to analyze the high- and low-flow

variations for surface runoff in the river basin. The varia-

tion ranges for natural and artificial oases in the river basin

were calculated based on the available water resources and

a model for calculating a suitable oasis size based on the

water quantity balance.

Z index method

The Z index can reflect the high- and low-flow variations

within a certain period. The specific steps are as follows

(Ling et al. 2013).

The annual runoff in a given period obeys the Person-III

distribution, and the probability density function is

f ðxÞ ¼ ba

CðaÞ
ðx� a0Þa�1

e�bðx�a0Þ x [ a0ð Þ ð1Þ

where a, a0, and b are the three coefficients. The mathe-

matic expectation of the probability density function is:

m ¼ a

b
þ a0 ð2Þ

where,

a0 ¼ m 1� 2cv

cs

� �
; ð3Þ

Table 1 Area ratio of each land type to oasis in the Keriya River Basin

Land use type Arable land Woodland Grassland Bare land and construction land Water area

Area ratio of each land type to oasis (%) 14.62 21.460 51.73 4.42 7.77
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a ¼ 4

c2
s

; ð4Þ

b ¼ 2

rcs

ð5Þ

Cs is the skewness coefficient and Cv is the variation

coefficient. Both are obtained from the runoff data

sequence as follows:

cs ¼
Pn

i¼1 ðxi � xÞ3

mr3
; ð6Þ

cv ¼
r
�x

ð7Þ

where r is the standard deviation of the annual runoff

sequence and x is the mean value of the annual runoff

sequence.

Subsequently, the annual runoff x is normalized as

follows:

x ¼ a

b
1� 1

9a
þ z

1

9a

� �1=2
" #3

þa0: ð8Þ

The probability density function is transformed from

Person-III distribution to standard normal distribution with

Z as the variable. The expression is:

zi ¼
6

cs

cs

2
ui þ 1

� �1=3

� 6

cs

þ cs

6
ð9Þ

where zi is the Z index within the region and ui is the

standard variable calculated by

ui ¼
xi � x

r
ð10Þ

According to the normal distribution curve of the

Z variable, the limiting value of the Z index is divided into

three grades and into high- and low-flow types (Table 2).

Model for calculating the most suitable oasis size

The model for calculating the most suitable oases size was

based on the water quantity balance theory.

W �W0

ðaAN þ bAA þ AWE/20cþ AOEpÞ10�5
¼ 1 ð11Þ

where AN is the area of a natural oasis (km2), AA is the

irrigated area of an artificial oasis, including farmland,

forest land and grassland under artificial irrigation (km2),

AW is the area of artificial water (km2) and AO is the areas

of the other land use types in the artificial oasis region,

including bare land and construction land (km2). W is the

total available water resource quantity (108 m3), W0 is the

water consumption of non-vegetation, including industrial

and domestic water, surface evaporation and the minimum

ecological water demand in the river channel (108 m3); a
and b are the water demand quotas of the natural and

artificial oases. In the Keriya River Basin, these are 400

and 650 mm, respectively (Lei et al. 2006). E/20 is the

surface water evaporation of the 20 cm general evaporation

dish (mm); Ep is the phreatic water evaporation (mm), and

c is the conversion coefficient of surface evaporation,

which has a value of 0.61 (Zhou 1999).

The proportion of natural oasis to the total oasis is set as

l.

AN ¼ lA ð12Þ
AH ¼ AA þ AW þ AO ¼ 1� lð ÞA ð13Þ

where A is the optimal area of a natural oasis in the study

region (km2), and AH is the optimal area of an artificial

oasis (km2). Equations (12) and (13) were put into Eq. (11),

and the calculation model of suitable oasis scale changed to

A ¼
W �W0ð Þ105 þ AWðb� E/20cÞ þ AO b� Ep

� �
alþ b 1� lð Þ ð14Þ

Phreatic evaporation model

This study used a phreatic evaporation model to calculate

evaporation from bare land and construction land in an

artificial oasis area as follows (Ye et al. 2010):

Ep ¼ x 1� H

Hmax

� �k

�E/20 ð15Þ

where H is the groundwater depth (mm) and Hmax is the

critical phreatic water depth (m); x and k are the empirical

coefficients, which were 0.62 and 2.8 in the Keriya River

Basin (Ye et al. 2010). The values of H and Hmax are 4.0

and 4.5 m in this river basin (Chen et al. 2005).

Results and analysis

High- and low-flow variations for surface runoff

in the Keriya River Basin mountain pass

The high- and low-flow variations for runoff were analyzed

using the Z index method (Fig. 2), based on the annual

runoff from the Keriya River between 1957 and 2009.

Table 2 Grade of high- and low-flow index

Grade Cumulative

frequency (%)

High- and low-flow

index (Z)

High- and low-

flow type

1 [70 Z [ 0.5244 High flow

2 30–70 -

0.5244 \ Z B 0.5244

Normal flow

3 \30 Z B -0.5244 Low flow
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Figure 2 shows that the runoff in the Keriya River mountain

pass headstreams changed from a normal flow period into the

low-flow period between 1957 and 1959. Three high-flow

years (1961, 1966 and 1967) and three low-flow years (1960,

1968 and 1969) occurred between 1960 and 1969, and the rest

were normal flow periods. The runoff had a normal flow period

between 1970 and 1973, and then rose to a high-flow period in

1974, but declined to a low flow in the subsequent 2 years.

There was then the high-normal-low flows between 1977 and

1979. The flows were mainly normal during the 1980s, except

for 1981, which was a high-flow year. Flow was low in 1990,

and 1991–1998 had seven alternant changes between high and

low flow. The runoff has generally been at the high-flow level

since 1999, particularly between 2000–2003 and 2005–2007.

However normal flows occurred twice in 2004 and 2008, and a

low-flow period occurred once in 2009. According to the above

analysis, the Keriya River has apparent high and low-flow

variations, so it is feasible to determine the suitable oasis sizes

for the Keriya River based on the variations in surface runoff.

The mean values for annual runoff in the three flow categories

(high, normal and low) between 1957 and 2009 were

9.23 9 108 m3, 7.177 9 108 m3 and 5.741 9 108 m3,

respectively. In addition, the average runoff in the study region

was 7.34 9 108 m3, and thus its minimum ecological base

flow was 0.734 9 108 m3 according to the Montana Method

(Xia et al. 2006). Moreover, the total available water quantity

in the other water systems, spring water and groundwater was

6.424 9 108 m3. Accordingly, the total available water

quantities in the river basin over the three periods were

14.92 9 108 m3, 12.867 9 108 m3 and 11.431 9 108 m3.

Ecological water demand of a natural oasis in the lower

reaches of the river and available water resource

quantities of oases in the middle reaches of the Keriya

River Basin

The natural oasis was impacted less by anthropogenic

activities because it was located in the lower reaches of the

Keriya River and the hinterland of the Taklamakan Desert

(Yang 2001), which meant that the regional industrial and

domestic water could be ignored. The natural oasis area in

the lower reaches of the river is 640.138 km2, based on the

ALOS satellite remote sensing images from 2010. Its water

demand quota is 400 mm, and, therefore, its ecological

water demand is 2.561 9 108 m3. In addition, the area

covered by the natural lake and the river channel is

129.93 km2 and the water surface evaporation is

2239.8 mm. Therefore, the total water consumption is

1.775 9 108 m3 if the water surface conversion coefficient

(0.61) is used. In the Keriya River Basin, if stability in the

lower reaches is assumed, then the available water resource

quantities of oases in the middle reaches in the high-flow,

normal flow and low-flow periods were 10.584 9 108 m3,

8.531 9 108 m3, and 7.095 9 108 m3, respectively.

Water demand of artificial oases in the middle reaches

of Keriya River Basin

The land cover/use in 2010 showed that the irrigated area

supplied by the artificial oasis in the middle reaches of the

Keriya River Basin was 392.54 km2, and the total water

consumption was 2.552 9 108 m3. Furthermore, the water

consumption of the artificial oasis was 1.077 9 108 m3,

and the water consumption of bare land and construction

land was 0.003 9 108 m3. Therefore the total water con-

sumption by the oasis irrigated land, the water area, and the

other land use types was 3.632 9 108 m3.

The populations of the city and village located in the

river basin in 2009 were 31,814 and 213,328, respectively,

and the water consumption quotas per person per day were

0.096 and 0.08 m3, respectively (Gu 2006). Therefore, the

population water consumption of the river basin was

0.082 9 108 m3 if the water resource utilization coefficient

was 0.9. Furthermore, the regional industrial output in 2009

was 41,987 9 104 yuan. The water consumption quotas for

the industrial output of one ten thousand yuan is 210 m3

Fig. 2 High- and low-flow variations of runoff in the Keriya River Basin
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(Gu 2006), and thus the total industrial water consumption

was 0.098 9 108 m3 based on a water resource utilization

coefficient of 0.9. In addition, the study region had 580,721

adult livestock and 275,511 young livestock at the end of

2009 and the daily consumption quotas of the two livestock

were 0.04 and 0.006 m3 (Gu 2006), so the total water

consumption was 0.091 9 108 m3. According to the above

calculations, the socioeconomic water consumption of the

artificial oasis in the river basin was 0.271 9 108 m3, and

the total water consumption of the artificial oasis was

3.903 9 108 m3. Therefore, the respective available water

resource quantity of a natural oasis in the middle reaches of

the Keriya River Basin was 6.681 9 108 m3, 4.628 9

108 m3 and 3.192 9 108 m3 for the high, normal, and low-

flow periods.

Optimal size for an oasis in the middle reaches

of Keriya River Basin under different inflow variations

According to the statistical data for Yutian County, the

local population was 81,269 in 1949 and had increased

threefold by 2009, and the area under cultivation had

increased by 294.8 km2. Therefore, the water demand for

irrigation from the Keriya River had significantly

increased. As a result, the Keriya River has been able to

supply the natural oasis in the lower reaches only during

flood periods since the 1980s (Yang 2001). Therefore, if

oases are to be sustainably developed, it is important to be

able to guarantee the ecosystem stability of natural oasis

and to satisfy the normal water demand of artificial oasis in

the Keriya River Basin.

Table 3 shows that the optimal size of the natural oasis

in the middle reaches should not be below 798 or over

1,670 km2. If the normal flow period (25 years) and low-

flow period (14 years) occupied 74 % of last 53 years, then

the optimal area of the natural oasis in the middle reaches

is 798–1,157 km2, and the optimal area covered by all the

oases should be 1,372–1,731 km2. The natural oasis area of

middle reaches in 2010 was 1,325 km2 and its ecological

water demand was 5.3 9 108 m3. Accordingly, in the low

flow and normal flow periods, the respective ecological

water deficits are 2.108 9 108 m3 and 0.672 9 108 m3,

respectively, and thus the ecological water demand of the

natural oasis was only satisfied during high-flow periods.

Figure 2 shows that there were 7 years between 2000 and

2009 belonging to the high-flow period in the Keriya River,

so the water quantity of water in the river basin in the past

10 years was able to guarantee the ecosystem stability of

the natural oasis in the middle reaches. However, there

needs to be further study into whether this ecosystem sta-

bility can be maintained in the future.

Calculating the suitable sizes of oases in the middle

reaches of the Keriya River Basin under appropriate

proportioning

Hu et al. (2007) suggested that the area of a natural oasis

should occupy 60 % of the total oases area in any given

arid region. Therefore, the optimal size of an oasis in the

middle reaches of Keriya River was calculated based on the

constructed mathematical model (Eq. 14) in this paper

(Table 4).

Table 4 and the calculation show that the respective

water consumptions of the natural oasis during the high-

flow, normal flow and low-flow periods were

5.0 9 108 m3, 4.012 9 108 m3 and 3.324 9 108 m3,

which represented 49 % of the total available water

resource (i.e., a high flow of 10.313 9 108 m3, a normal

Table 3 Areas of natural oasis and total oases in the middle reaches of Keriya River Basin

Grade Water resource

quantity (108m3)

Water demand

quota (mm)

Natural oasis (km2) Total oasis (km2)

Suitable scale Actual scale Suitable scale Actual scale

High-flow period 6.681 400 1,670 1,325 2,244 1,899

Normal flow period 4.628 1,157 1,731

Low-flow period 3.192 798 1,372

Table 4 Suitable scale of oases in the middle reaches of Keriya River Basin under appropriate proportioning

Grade W - W0 (108m3) AW (km2) AO (km2) l Ep (mm) Suitable scale (km2)

Total oasis (A) Natural oasis (AN) Artificial oasis (AH)

High-flow period 10.313 78.86 102.98 60 % 2.96 2,083 1,250 833

Normal flow period 8.260 1,672 1,003 669

Low-flow period 6.824 1,385 831 554
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flow of 8.26 9 108 m3 and low-flow period of

6.824 9 108 m3). Therefore, the allocation of water for the

natural and artificial oases in this arid region is consistent

with the study result of Qian et al. (2004), and it indicates

that the proportion of land occupied by natural and artificial

oasis (i.e., natural oasis occupies 60 %, and artificial oasis

occupies 40 %) is feasible. Furthermore, the optimal size

of a natural oasis in the middle reaches needs to be between

831 and 1,003 km2 and should not exceed 1,250 km2.

However, the regional natural oasis area has been exceeded

by 75 km2. The actual area covered by artificial oases was

574 km2 in 2010 for the Keriya River Basin, but this was in

the optimal range of 554–669 km2. Overall, the total area

covered by oases in the Keriya River Basin needs to be

1,385–1,672 km2.

Optimal oasis sizes in the middle reaches of the Keriya

River Basin in the future

This study showed that there exists a significant non-linear

correlation between surface runoff and climate factor in the

Keriya River Basin and that there are close relationships

between air temperature, precipitation and evaporation

(Ling et al. 2011b). Consequently, a correlation model

runoff was constructed, based on relevant data from the

Keriya River Basin, such as surface runoff, air temperature,

precipitation and evaporation in the headstreams and oasis

area (Table 5).

Table 5 shows that the correlation coefficients among

runoff and three climate factors (evaporation, air temper-

ature and precipitation) were all extremely significant at the

0.01 level, so these three fitting models all had better fitting

precision. According to Xu et al. (2008), the average

annual air temperature for Xinjiang between 2011 and

2020 will be higher than between 2001 and 2010 by 0.4 �C,

whereas precipitation will not change. Therefore, the air

temperature and precipitation in the Keriya River head-

streams will be 11.7 �C and 95.9 mm and will be 12.8 �C

and 49.9 mm, respectively in the oasis areas. Table 5

shows that the surface runoff would be 8.862 9 108 m3

and the evaporation will be 1,805.8 mm in the Keriya

River Basin in 2020.

The total water resource of the Keriya River Basin will

be 15.286 9 108 m3 in 2020. If the water consumption of

the natural oasis in the lower reaches 2.561 9 108 m3, then

the minimum ecological base flow demand of the river

channel will be 0.734 9 108 m3, water surface evaporation

of the natural water area will be 1.431 9 108 m3, the socio-

economic water consumption will be 0.1 9 108 m3 (Zhu

2000) and the available water resource quantity of oases in

the middle reaches of the river will be 10.46 9 108 m3

(Table 6). As suggested by the Hu et al. (2007), the water

demand quota for artificial oases in this river basin is

500 mm under the implement of water-save measures.

Table 6 shows that as climate change and irrigation tech-

nology advance, the respective upper limits of natural and

artificial oasis areas in the middle reaches of the river basin

in 2020 could be 1,432 and 954 km2, which is greater than

the area of each by 107 and 380 km2, respectively, so the

oases in the study region have a development potential in

the future. However, it is worth noting that the water

quantity of the river basin could not satisfy the water

consumption demand for all of the oases in the middle

reaches in 2010. Consequently, a series of efficiency

measures, such as regulating oasis development, enhancing

water utilization efficiency and strengthening water

resources allocation are still necessary if the coordinated

development of natural and artificial oases is to be

achieved.

Discussions

Calculation of the optimal size of oases in arid region

Small oases usually restrain human production and daily

living because it is difficult to fully utilize the regional

natural resources in arid regions. However oversized oases

Table 5 Non-linear fitting between surface runoff and climate factor in Keriya River Basin

Keriya River Basin Time (year) Fitting model R F P

Runoff 1971–2009 R = e-2.8098�P0.1511�T1.7491 0.604 10.321 0.0003

E/20 1971–2009 E/20 = e12.9106�P-0.1249�T-1.9312 0.643 12.686 \0.0001

Table 6 Suitable scales of oases in the middle reaches of Keriya River Basin in 2020 with appropriate proportioning

Basin W - W0 (108m3) AW (km2) AO (km2) l Ep (mm) Suitable scale (km2)

Total oasis (A) Natural oasis (AN) Artificial oasis (AH)

Keriya River 10.46 78.86 102.98 60 % 2.38 2,386 1,432 954
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will lead to environmental deterioration due to a shortage

of water resources, which will then threaten oasis survival

and development. Overall, oasis development needs to be

controlled. According to Li et al. (2008), oases of 90 %

have no appropriate proportion of artificial and natural

oases in arid regions of China, and artificial oases covering

of 59 % cannot be maintained. For this reason, the deter-

minations of suitable oases sizes should been further

investigated. There have been few studies into the optimal

size of oases in arid regions. Domestic studies have only

focused on the optimal size of artificial oases (Hu et al.

2007; Huang et al. 2008; Li et al. 2011). However, the

above studies have not considered the regional water

resource changes and have not calculated the ecological

water demand of natural oases. Therefore, this paper uti-

lized GIS technology and field survey techniques to ana-

lyze natural and artificial and confirmed the optimal size of

natural and artificial oases. Furthermore, the model for

calculating the optimal size of natural and artificial oasis in

the continental river basins of extremely arid regions has

been constructed for the first time.

In this arid region, the optimal oasis size mainly depends

on the total water quantity (Li et al. 2011). This paper took

the change in water recourses as the primary factor and

determined the optimal oasis size for an artificial oasis and

for reasonable proportion of two oases. In addition, in the

continental river basin of an extreme arid region, the local

water resources are mainly supplied by glacial meltwater

and precipitation in the headstream mountain area, so the

water recourses are sensitive to the regional climate change

(Ling et al. 2011b) This paper forecasts the development

direction of oases in the future and supports the sustainable

development of oases in the arid regions.

Measures to ensure the sustainable oasis development

1. There is a need to change oases development. For-

merly, the development of artificial oases mainly relied

on the shrinkage of natural oases (Yang 2001). This led

to a weaker ecosystem in arid regions and a reduction

in the long term survival and development of artificial

oases. Therefore, the development of artificial oases

should depend on productivity enhancement rather

than expansion. Local managers should reduce the

water consumption from artificial oases by a series of

measures, such as enhancing water utilization effi-

ciency, strengthening cyclic utilization of municipal

and industrial sewage and adopting advanced irrigation

technology. In the Keriya River Basin, the upper limits

of natural and artificial oases should exceed 1,432 and

954 km2 in 2020, respectively. Compared with 2010,

the two oases in 2020 have expansion potential to

expand by 107 and 380 km2, respectively. However, if

the natural and artificial oases in river basin were to

remain at their 2010 levels there would be a surplus

water quantity of 2.328 9 108 m3 in 2020; but most

importantly, the surplus water could be used to

enhance the output value of water resources (for

example, for industrial development around artificial

oases) and replacing the expansion of the artificial

oasis area.

2. Reasonable water resources allocation needs to be

determined according to the high and low-flow vari-

ation in surface runoff. The surface runoff usually

shows high and low-flow variation in the continental

river basin of this arid region (Ling et al. 2011a, b), so

local managers should avoid expanding artificial oases

during the high-flow period and reducing ecological

water supply to the natural oasis during a low-flow

period. For example, the Keriya River was dominated

by normal flow and low flow in the middle of the

1980s to the late 1990s, thus the expansion of artificial

oasis before the 1980s led to the shrinkage of the

natural oasis and no flow in the river channel during

the low-flow periods (Yang 2001; Ling et al. 2011b).

3. We need to build and improve water conservancy

projects in the middle reaches of Keriya River Basin.

There are eight plain reservoirs in the middle reaches

that have a designed total capacity of 0.3 9 108 m3

and have an actual total capacity of 0.18 9 108 m3.

However, these reservoirs are old and suffer from

severe leakage losses. Moreover, the total spillage of

spring water from the river basin is 2.8 9 108 m3, but

the reservoirs have a much smaller capacity and have

limited regulation, and thus the utilization degree of

the spring water is not high. Therefore, it is urgent to

build and improve water conservancy projects in the

middle reaches of the Keriya River Basin.

4. Establishing a mountain reservoir will improve flood

storage and management. The annual runoff of the

Keriya River has an uneven distribution and the water

quantity between May and September represents

80.4 % of the annual runoff. It is necessary to allocate

water resources reasonably and scientifically by build-

ing the mountainous reservoir in order to make up for

the lack of oasis water in the lower and middle reaches.

Conclusions

The Keriya River Basin, which is in an in the extremely

arid region of China was chosen as the study area. Based on

the data of water resources, weather, socio-economy and

remote sensing image data, the suitable scales sizes of

oases under different high and low-flow variations were
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analyzed by using the Z index and by creating a model that

could calculate an appropriate oases size. The following

conclusions were obtained:

1. The Keriya River has high- and low-flow variations.

During the high, normal and low-flow periods, the total

available water from the river basin was

14.92 9 108 m3, 12.867 9 108 m3 and 11.431 9 108

m3, respectively.

2. The ecological water demand of the natural oasis was

2.561 9 108 m3 in the lower reaches of the Keriya

River. The respective development scales in the natural

oasis in the middle reaches of the river during the high-

, normal- and low-flow periods were 1,670, 1,157 and

798 km2, respectively, and the optimal size was

798–1,157 km2.

3. The optimal proportion of the natural to artificial oases

was 6:4 (i.e., natural oasis occupies 60 % of the whole

oasis, and the artificial oasis is 40 %.). Using this

proportion, the size of the natural oasis in the middle

reaches should be 831–1,003 km2, and the size of the

artificial oasis should be 554–669 km2. If climate

change is taken into account, the increase of basin

water quantity and the advance of science and

technology, then the respective upper limit of natural

and artificial oases in the middle reaches in 2020 will

approach 1,432 and 954 km2, respectively.

4. With climate change and provisions for sustainability,

the oases in the middle reaches of Keriya River Basin

have substantial development potential. However, the

study region has obvious high and low-flow variations

in surface runoff, so we need to limit the size of oases

because the oases may not be supplied during low-flow

periods. However, as technology advances, we may be

able to enhance the productivity of artificial oases.
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