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The shrinkage of inland lakes has become a major problem in arid region. Human activities are
competing for water resources with sustainable lake ecosystem. Considering improving irrigation efﬁciency does not help on water saving at basin scale and reducing ET through mulching, zero tillage and
deﬁcit irrigation will lead to crop yield loss, this study proposed an alternative way that returning
cropland to lake to achieve the balance between endorheic lake restoration and human water consumption. The approach consists of four procedures: (1) identifying the target annual inﬂow (Qtar) of
endorheic lake; (2) calculating available consumable water (ACW) in the upstream based on Qtar; (3)
setting ET deduction goals using water consumption balance approach; (4) estimating crop area to be
deducted. This approach is implemented at Ebinur Lake of China under two restoration scenarios (lake
area restored to 522 km2 and 800 km2). The results indicate that to restore the Ebinur Lake to 522 km2,
the annual inﬂow should be increased to 602.6  106 m3, and human water consumption should be
reduced by 320.3  106 m3. If the restoration goal of Ebinur Lake is set to 800 km2, an annual inﬂow of
876.6  106 m3 is required, and the human water consumption should be reduced by 594.2  106 m3. The
over-expansion of cropland and artiﬁcial forest is found to be the main reasons for the shrinkage of
Ebinur Lake. Finally, the feasible solutions for ecosystem restoration of Lake Ebinur are provided for both
scenarios. The methodology adopted in this research can be applied to the restoration of other inland
lakes in arid regions.
© 2018 Published by Elsevier Ltd.
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1. Introduction
Inland lakes are rich in aesthetic, cultural, economic, recreational, scientiﬁc and ecological values. They are the major surface
water resources for arid regions (Bai et al., 2012), and serve as the
major food source for migratory birds (AghaKouchak et al., 2015).
However, the shrinkage of inland lakes has become a major problem in arid region. For example, about 121 lakes in the semi-arid
region of China that bordering the Asian Gobi desert were dried
up from the 1970s to 2000s (Liu et al., 2013). The Lake Chad in Africa
decreased more than 90% in area from the 1960s to 2000 (Coe and
Foley, 2001). The Lake Urmia, which is one of the largest saltwater

* Corresponding author. State Key Laboratory of Remote Sensing Science, Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences, Beijing,
100101, China.
E-mail address: wubf@radi.ac.cn (B. Wu).
https://doi.org/10.1016/j.jclepro.2018.12.284
0959-6526/© 2018 Published by Elsevier Ltd.

lake on earth, has decreased to 12% of its original size during the
past decades (AghaKouchak et al., 2015). As the former largest lake
in the world, Aral Sea lost 82% of its size from 1960s to 2011
(Micklin, 2007).
The shrinkage of inland lakes is due to inﬂow reduction caused
by climate change and human activities, especially the agriculture
water usage in the upstream (Liu et al., 2013). For example, the
dramatic shrinkage and salinization of Aral Sea was caused by the
expanded irrigation and the huge irrigation systems in the desert
(Micklin, 2007). The water loss of Lake Urmia was attributed to the
construction of dams, irrigation projects and overuse of surface
water and groundwater (AghaKouchak et al., 2015; Yamaguchi
et al., 2012). It has been estimated that agricultural water consumption accounted for about 75% to 85% of global water usage
(Perry, 2007 Foley et al., 2005). The over-expansion of cropland to
ensure food security has profoundly increased agriculture water
consumption and led to insufﬁcient water supply for natural ecosystems (Xue et al., 2017). In addition, the lake shrinkage in turn
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enhances the usage of groundwater for irrigation and accelerates
the drop of the groundwater table (Liu et al., 2013). In general, the
shrinkage of inland lakes in arid region can cause severe economic,
environmental and health problems (AghaKouchak et al., 2015;
Yamaguchi et al., 2012), including a decline in waterfowl, water
salinization (Micklin, 2007), dust storm (Micklin, 1988) and
epidemic diseases (Hashizume et al., 2010).
Human activities are competing for water resources with sustainable lake ecosystem, To stop lake shrinkage, or to restore the
lake size in endorheic basins, the inﬂow of inland lake should be
increased (Gao et al., 2018), and agriculture water usage should be
reduced (Xue et al., 2016). This is a trade-off of water allocation
between human (agricultural) water consumption and maintaining
healthy lake ecosystem.
How to reduce the agricultural water usage in the upstream?
Enhancing irrigation efﬁciency (IE) and reducing evapotranspiration (ET) are two commonly applied strategies. Other strategies
include changing cropping patterns and improving crop cultivars.
Enhancing IE has been widely encouraged to reduce agricultural
water usage (Perry et al., 2009). For example, Xue et al. (2017)
studied the trade-off between environmental inﬂows and agricultural water usage and suggested to adopt drip irrigation. However,
more evidences support that increasing IE only save water at farm
scale rather than at watershed or basin scale (Grafton et al., 2018).
The adoption of advanced irrigation technologies actually reduces
the return ﬂows of the lake and slowed down aquifer recharge at
basin scale (Ward and Pulido-Velazquez, 2008). Therefore, it is
impossible to increase the inﬂow of endorheic lake at basin scale
through enhancing IE.
Reducing ET is another promising way to save water for lake
restoration, considering ET is the dominate source of water losses
within a basin (Hellegers et al., 2010; Perry et al., 2009). More and
more studies conﬁrmed that water management should focus on
reducing ET for the basin with high water depletion (Kendy et al.,
2004; Nakayama et al., 2006). In water resource management, ET
can be decomposed to uncontrollable ET (ETunc), which is the ET
from the natural environment, and controllable ET (ETcon), which is
the ET from human interventions (Wu et al., 2014). Owing to the
uncontrollable characteristic of ETunc, reducing ETcon in the upstream is a more applicable way of reducing water consumption.
The common methods of reducing ETcon include mulching, zero
tillage, and regulated deﬁcit irrigation. Studied have revealed a
positive linear relationship between crop yield and ET (Ward and
Pulido-Velazquez, 2008), thus reducing ET is associated with less
available water and a loss in crop yield (Perry, 2011). For example,
soil tillage can reduce ET by 9%, but reduce yield by 20% at the same
time (Yan et al., 2015). Regulated deﬁcit irrigation can signiﬁcantly
reduce ET but at the meanwhile reduce yield by 9% (Howell, 1990;
Steduto et al., 2007; Yan et al., 2015).
Considering enhancing IE does not help on water saving at basin
scale and crop yield loss always comes along with reducing ET, we
are here to seek alternative way to balance water requirement from
agriculture and endorheic lake. Yan et al. (2015) suggested
returning cropland to water is a potential way to solve the water
deﬁcit in the Hai Basin. Xue et al. (2017) agreed that returning
cropland to water is a feasible solution if the food security of the
basin is preferentially guaranteed. In Heibei plain, about
1.6  109 m3 water were conserved by reducing winter wheat sown
area from 1998 to 2010 (Wang et al., 2014a). In addition, a shift from
crop rotation to fallow rotation has been taken place in China, and
the land fallow policy is strongly encouraged by the Chinese government for water saving in the regions with serious groundwater
depletion (Wang et al., 2016). Therefore, in this study we proposed
an applicable trade-off approach by returning agricultural land to
water area to achieve the lake restoration. Our research question
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are (1) how much cropland should be reduced to achieve the balance between lake restoration and human water consumption? (2)
Is returning cropland to water a feasible way?
This paper is organized in four sections to demonstrate our
approach and results. In the next section (“Method”), the whole set
of methodology is introduced, including (1) identifying the target
annual inﬂow with restoration goals; (2) calculating available
consumable water (ACW) in the upstream; (3) estimating the
returned water area from cropped land. A study case of applying
our methodology to Lake Ebinur and its results are provided in
“Case study and Results” section. Finally, we discussed the accuracy,
driven forces caused water shrinkage and implication of our
methods and conclusions were drawn in the ﬁnal section.
2. Methods
Fig. 1 illustrates the general framework of this study. It consists
of 4 major processes, (ⅰ) identifying the target annual inﬂow (Qtar)
of endorheic lake under two restoration goals; (ⅱ) calculating ACW
in the upstream according to Qtar; (ⅲ) setting ET deduction goals
based on water consumption balance; (ⅳ) estimating crop area to
be deducted to achieve the ET deduction goal.
2.1. Target annual inﬂow estimation
Environment healthiness and biodiversity of endorheic lake
depends on the size of water body, which is greatly affected by the
annual inﬂow from upstream. The relationship between lake area
and annual inﬂow is complicated, and it is impacted by climate,
terrain, shape of lake, and human factors. Xue et al. (2016) proposed
an approach to calculate the environmental ﬂow in oasis areas
using Bayesian networks (BNs). However, this approach is complex
and has great uncertainty related to the availability of sociopsychological variables (Poppenborg and Koellner, 2014). In this
study, the curve ﬁtting approaches, including Linear, Polynomial,
ExpDex, Boltzmann, Log3P1, Bradley, Power1, and Logistic ﬁtting
functions are adopted using SPSS to quantify the relationship between lake area and annual inﬂow based on long-term measurements. The ﬁtting approach with the highest coefﬁcient of
determination (R2) between the ﬁtted and observed values is
selected as the optimal model. The optimal model is then used to
estimate the target inﬂow (Qtar) with the target lake area under
different restoration scenarios.
2.2. Available consumable water (ACW)
Endorheic basin consists of two parts, the endorheic lake and it’s
upstream. The water balance of endorheic lake is described as:
Qin ¼ Pe e ETe e DSe

(1)

where Qin, Pe, ETe and DSe are respectively the annual inﬂow, precipitation, evapotranspiration and water storage change of lake.
The Qin equals to the outﬂow (Qout) from the upstream of lake with:
Qout ¼ Pup - ETup eDSup

(2)

where Pup, ETup, DSup respectively stands for the precipitation,
evapotranspiration and water storage change in the upstream of
endorheic lake. Thus, a decrease in the total ET in the upstream
(ETup) can increase the Qin of endorheic lake. ET can be further
divided into controllable ET (ETcon) and uncontrollable (ETunc) (Wu
et al., 2014) as
ET ¼ ETcon þ ETunc

(3)
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Fig. 1. General framework of this approach.

Where, ETcon is the ET that is or can be affected by human interventions and ETunc represents evapotranspiration from various
natural landscapes without impacts of direct human activities.
Considering ETunc is uncontrollable, it is operationally targeted to
decrease the total ETcon in the upstream to increase Qin of lake.
The concept of ACW was proposed by Wu et al. (2014), which is
the maximum water that can be consumed for human activities
without groundwater over-depletion. ACW can be described in eq.
(4):
ACW ¼ P-ETunc-Q

ETcon ¼ ETarg_con þ ETwin_con þ ETurb_con þ Qm þ Qb

(7)

ETarg_con ¼ ET - ETfal

(8)

ETwin_con ¼ ET - ETwin

(9)

ETurb_con ¼ ET - ETurb

(10)

Qm

i

¼ Qm

0



GDPind
GDPind

i

(11)

0

(4)

Where P is the precipitation within the watershed, Q is the surface
water that cannot be drawn under the current conditions of the
basin. In this study, Q is set to the estimated target inﬂow (Qtar) in
different scenarios to estimate the ACW of Ebinur Lake. ETunc can be
further decomposed by two landscapes, the natural landscape (ETn)
and the artiﬁcial landscape (ETa)

Qb

i

¼ Qb

0



Popi
Pop0

(12)

ETn include ET from natural forest, woodlands, grasslands, wetlands, water surface and bare land. ETa include ET from fallow
cropped land (ETfal ), wind-break forest (ETwin ), and residential and
industrial land (ETurb). ETn can be estimated by overlapping the
annual ET estimation from ETWatch model (Wu et al., 2012) with
the land cover data (Wu et al., 2018). ETa can be determined by
multiplying gross precipitation with an efﬁciency factor u (Gerrits
et al., 2009).

in which, ETagr_con, ETwin_con and ETurb_con is calculated individually
as the difference between ET and ETa of the corresponding components (eq. (8) to eq. (10)). ETfal, ETwin and ETurb are respectively
the ETa from fallow cropped land, wind-break forest, and residential and industrial land. Qm_i is industrial water consumption in year
i, while Qm_0 is estimated industrial water consumption in reference year (both available from industrial water consumption survey). GDPind_i and GDPind_0 are respectively the industrial Gross
Domestic Product (GDP) in year i and reference year. Qb_i and Qb_0
are respectively the domestic water consumption in year i and
reference year (both available from domestic water consumption
survey). Popi and Pop0 are respectively the annual population in
year i and reference year. Finally, the difference (DET) between
ETcon and ACW is our target ET to be reduced under different
restoration scenarios.

ETa ¼ u*P

DET ¼ ETcon - ACW

ETunc ¼ ETn þ ETa

(5)

(6)

(13)

Under the extreme dry condition, all precipitation is lost
through evaporation without human intervention, and u can be
taken as 1.
2.4. Crop area deduction goal
2.3. ET deduction goal
ETcon includes cropped land (ETagr_con), wind-break forest
(ETwin_con), residential land (ETurb_con), industrial process (Qm) and
domestic process (Qb). The total ETcon within watershed can be
described as:

Saving water consumption from agriculture is essential for
water body recovery. Return cropland to water area may be one
feasible way to increase lake inﬂow. Assuming the crop type proportion remains the same, the cropping area to be deducted
(DArea) can be estimated by eq. (14)-(15):
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DArea ¼
CropET ¼

DET
CropET
ETarg con
CropArea

(14)

(15)

Where, CropET, CropArea are respectively the water consumption per
hectare crop, and the area of agricultural land.

3. Case study and results
3.1. Study area
Ebinur Lake is the largest saltwater Lake in Xinjiang Uygur
Autonomous Region in China. It is located in the downstream of
Alashankou, a famous desert with maximum wind speed up to
55 m/s (Ma et al., 2007; Zhang et al., 2014) and strong winds
(Beaufort wind scale of eight or higher) 164 days annually (Wu,
2004). The Ebinur Lake basin (Fig. 2 (a, b)) had an area of
50,621 km2 (Wang et al., 2014a). It is composed of Bortala, Jinghe,
and Kuitun watersheds, in which the Kuitun watershed alone
contributes 44.87% of water resource for Ebinur Lake basin.
Due to the construction of reservoirs for agricultural irrigation,
the Kuitun River did not provide any inﬂow to Ebinur Lake since
1977 (Su, 2006), and the Bortala River and Jinghe River became the
unique source of inﬂow for Ebinur Lake. In recent decades, the
inﬂow from Bortala River and Jinghe River were gradually reduced
as the expansion of irrigation agriculture in these two watersheds.
The area of Ebinur Lake decreased by 31.4% in 2013 compared with
that in 1972 (Zhang et al., 2014). The biodiversity and ecoenvironment of Ebinur Lake is facing increasing challenge. The
Ebinur Lake National Wetland Nature Reserve was once rich in
biodiversity with 595 species of plants, 327 vertebrates, 233 birds,
and 10 kinds of ﬁshes (Muhtar et al., 2017), but now the habitats of
animals and plants are severely degraded because of water area
shrinkage. Compared to the 1950s, 60% of the vegetation by the
lakeside had degenerated and biomass had sharply reduced (Bao

735

et al., 2006). Therefore, it is urgent to reduce the lake bed exposure and restore the ecological environment.
Examined by the Normalized Difference Water Index (NDWI)
(McFeeters, 1996), the area of Ebinur Lake was reduced from
790.64 km2 in 2003 to 416.07 km2 in 2013. Fig. 2 (c) and (e)
compared the water body of Ebinur Lake in 2002 and 2013. It is
obvious that the northwest part of the lake (indicated by the
hatched region) had completely dried out in 2013 and the southern
part of the lake had shrunk signiﬁcantly compared with that in
2002. Previous studies (Bao et al., 2006) indicated that the core
environment of Ebinur Lake can be prevent from damage if lake
area reaches to 522 km2. If lake area is above 800 km2, there will be
no lake bed exposure and the environment and biodiversity can be
completely restored (Bao et al., 2006). Therefore, 522 km2 and the
800 km2 are set as the target lake areas in this study for two
restoration scenarios, the “core restoration” scenario and the
“complete restoration” scenario.
3.2. Data
Due to the limitation of data availability, the case study focuses
on the change of Ebinur Lake in recently decades, and only data
from Bortala and Jinghe watersheds were used. The variables
adopted in this case include annual precipitation, ET, land cover,
lake area, annual inﬂow, and temperature.
Annual precipitation is the accumulation of daily gridded precipitation from China Meteorological Data Service Center (CMDC).
Daily gridded precipitation was produced by the optimal interpolation based on climate observations from 2419 stations over China.
The original data were resampled from 0.25  0.25 to 1 km resolution using bilinear interpolation. The Monthly and yearly ET with
spatial resolution of 1 km from 2009 to 2014 were derived from
ETWatch model (Wu et al., 2012) based on multi-source remote
sensing and meteorological data. Land cover for 2010 were
extracted from the China Cover dataset at 30 m (Wu et al., 2017)
and resampled to 1 km using majority resampling. China Cover
dataset was generated using Landsat TM/ETM and Chinese HJ-1
satellite data. Its ﬁrst level classes include forest, grassland,
wetland, cropland, residential land, and other natural lands with
overall accuracy larger than 94% (Wu et al., 2017). The overall accuracy of its second level classes is larger than 86% (Ouyang et al.,
2016).
Annual lake area, inﬂow of Ebinur Lake from 1998 to 2015,
annual runoff of Jinghe at Jingheshankou station and annual runoff
of Bortala at Bole hydrological station were provided by the Bozhou
Water Conservancy Bureau of Xinjiang Uygur Autonomous Region
(BWCB). The monthly and yearly precipitation and mean temperature of Wenquan, Bole, Alashankou, and Jinghe meteorological
stations from 1959 to 2013 were provided by CMDC.
3.3. Results

Fig. 2. (a) Topography and (b) location of Ebinur Lake watershed. Subplots (c), (d) and
(e) respectively denote the remote sensing image of water surface of Ebinur Lake in
2002, 2013, and the difference (hatched area) between the two years. The underlined
texts in Fig. 2 (a) denote the names of weather stations.

3.3.1. Target inﬂow estimation
Based on annual lake area and inﬂow measurements of Ebinur
Lake from 1998 to 2015, the curves ﬁtting results with ﬁtting
equations are shown in Fig. 3. The dependent variable (Y) is annual
water area of Ebinur Lake, and the independent variable (X) is
annual inﬂow of Ebinur Lake.
According to Fig. 2, Bradley curve is identiﬁed as the optimal
ﬁtting function with maximum R2 of 0.629, and the custom equation is Y ¼ 2480.28ln (0.20375ln(X)). Based on this approach, if the
lake area were to be recovered to 522 km2 and 800 km2, the target
annual inﬂows are estimated to be 602.6  106 m3 and
876.6  106 m3 respectively. In previous study, Bao et al. (2006)
estimated the target inﬂow as 511  106 m3 and 792  106 m3
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Fig. 3. Relationship between annual inﬂow and lake area of Ebinur Lake.

respectively using the same two scenarios. Although our estimation
are 91.6  106 m3 and 84.6  106 m3 higher than Bao et al. (2006)’s
estimation, they are within the reasonable range considering
different approaches adopted and the complicated relationship
between inﬂow and water area. In reality, the lake area may not
present perfect positive correlation with the annual inﬂow. For
example, in 2002 the annual inﬂow was 1211  106 m3 with water
surface of 873 km2, while in 2003 the annual inﬂow was only
754  106 m3 but the water surface increased to 884 km2.
3.3.2. Available consumable water estimation
Based on eq. (4), the ACW of Bortala and Jinghe watershed are
calculated as 1058.7  106 m3 and 784.7  106 m3 respectively if
annual outﬂow reached to 602.6  106 m3 and 876.6  106 m3. The
detailed information on annual precipitation (P), ACW and each
component of ETunc are given in Table 1. It is revealed in Table 1 that
the annual precipitation over the two watersheds (Bortala and
Jinghe) varied greatly from 2009 to 2014, with the average of
7588.0  106 m3. The maximum precipitation was 9577.0  106 m3
in 2011, and the minimum was 5633  106 m3 in 2012. The mean
annual ETunc during the period 2009 to 2014 was 5926.7  106 m3,
and the mean ETfor, ETgra, ETwet, ETbar, ETfal, ETwin and ETurb were
343.0  106, 2782.7  106, 62.2  106, 2031.0  106, 548.2  106,
152.3  106, and 7.3  106 m3 respectively, accounting for 5.79%,
46.95%, 1.05%, 34.27%, 9.25%, 2.58%, 0.12%, and 0.12% of total ETunc.
Natural grassland, natural bare land are the major land cover types
in Bortala and Jinghe Watershed, which accounts for 81.22% of ETunc
in research basin. In the “core restoration” scenario that lake area
reaches 522 km2, the average annual ACW was 1058.7  106 m3,
with minimum of 547.4  106 m3 in 2009, and maximum of
1980.4  106 m3 in 2010. In the “complete restoration” scenario
where lake area restores to 800 km2, the average annual ACW was
784.7  106 m3 with the minimum of 273.4  106 m3 in 2009, and
maximum of 1706.4  106 m3 in 2010.
According to eq. (4), ACW for human activities is greatly affected
by precipitation and ET. Therefore, the accuracy of precipitation and

ET is very important for accurate estimation of ACW. The accuracy
of CMDC monthly gridded precipitation was assessed by comparing
it with the gauged precipitation obtained from Alashankou, Bole,
Jinghe and Wenquan meteorological stations. Fig. 4 shows the
scatter plot of the two datasets from January 2010 to December
2013. It is seen that the CMDC data slightly overestimate the precipitation compared with the station measurements. However,
there is an overall good agreement between the two datasets with
R2 of 0.97, 0.98, 0.97, 0.89 and RMSE of 1.90, 2.93, 1.01, and
2.93 mm month1 over four sites.
The accuracy of remotely sensed ET was evaluated by the
measurements from Eddy Covariance (EC) tower (Fig. 5, left), which
was installed in Jinghe irrigation agriculture experiment station.
The monthly ET measurements were recorded from the EC towers
by the EdiRe software and were used to validate the monthly ET
estimated from ETWatch model with 1 km spatial resolution. The
validation was carried out from July 2014 to August 2015. The results indicate there is a strong correlation between the measured
ET and the ETWatch estimated ET (Fig. 5, right). The adjusted R2
between estimated and measured monthly ET is 0.95 and the RMSE
is 3.59 mm month1.
3.3.3. Water consumption to be reduced
The water consumption for industrial (Qm) and domestic (Qb)
usage were respectively 3.26  106 m3 and 2.87  106 m3 based on a
survey over 60 factories and 74 communities in year 2011. Surveyed
industrial GDP over 60 factories was 2718.2  106 CNY in 2011,
accounting for 55.97% of the total industrial GDP in the study region. The population over the 74 communities was 133,485, accounting for 27.44% of total population. Considering the proportion
of surveyed GDP and population to the total in the region, Qm and
Qb of the study region in 2011 were estimated to be 3.8  106 m3
and 10.5  106 m3, respectively. Industrial and domestic water
consumption for the rest of years were estimated according to eqs.
(11) and (12) and the results are listed in Table 2.
Table 2 indicated the mean annual ETcon over Bortala and Jinghe
River watershed was 1378.9  106 m3 during 2009e2014, with
maximum of 1578.1  106 m3 in 2012, and the minimum of
1256.3  106 m3 in 2011. The mean annual ETcon of industrial, domestic, cropland, wind break forest and residential area were 5.3,
10.5, 1040.9, 280.5 and 41.7  106 m3, respectively. In the real world,

Fig. 4. Comparison between CMDSS gridded monthly precipitation and gauged
monthly precipitation at Wenquan, Bole, Jinghe, Alashankou weather stations from Jan
2010 to Dec. 2013.

Table 1
Available consumable water (ACW) for human activities with 522 km2 and 800 km2 lake area goals (unit: 106 m3 yr1).
Area ¼ 522 km2

Area ¼ 800 km2

Year

P

Uncontrollable ET (ETunc)
ETfor

ETgra

ETwet

ETbar

ETfal

ETwin

ETurb

Sum

Qtar

ACW

Qtar

ACW

2009
2010
2011
2012
2013
2014
Ave.

6785.0
8489.0
9577.0
5633.0
8787.0
6257.0
7588.0

318.0
353.0
407.0
264.0
425.0
291.0
343.0

2698.0
2723.0
3407.0
2011.0
3510.0
2347.0
2782.7

53.0
75.0
77.0
47.0
75.0
46.0
62.2

1964.0
1960.0
2460.0
1574.0
2505.0
1723.0
2031.0

443.0
583.0
670.0
383.0
705.0
505.0
548.2

153.0
204.0
233.0
84.0
153.0
87.0
152.3

6.0
8.0
10.0
5.0
9.0
6.0
7.3

5635.0
5906.0
7264.0
4368.0
7382.0
5005.0
5926.7

602.6
602.6
602.6
602.6
602.6
602.6
602.6

547.4
1980.4
1710.4
662.4
802.4
649.4
1058.7

876.6
876.6
876.6
876.6
876.6
876.6
876.6

273.4
1706.4
1436.4
388.4
528.4
375.4
784.7
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Fig. 5. Eddy covariance (EC) station and the scatter plot between estimated monthly
ET from ETWatch and the eddy covariance (EC) observations at Jinghe irrigation
agriculture experiment station from July 2014 to August 2015.

the wind-break forest was planted around the cropland to reduce
the production loss from strong wind, which indicates ETcon from
wind-break forest (ETwin_con) can be deemed as part of agricultural
water consumption. It is obvious from Table 2 that ETcon from
cropped land (ETagr_con) and wind break forest (ETwin_con) are the
major water consumption in human activities, since they together
account for 95.83% of total ETcon. Compared with the large ﬂuctuation of precipitation and ACW, the ETcon was relatively stable
during the study period with standard deviation of 117.2  106 m3
yr1.
By comparing Tables 1 and 2, it is found that the gap between
annual ETcon and ACW is 320.3  106 m3 and 594.2  106 m3 for the
two scenarios, which indicates the ETcon has to be reduced by
320.3  106 m3 and 594.2  106 m3 respectively if the lake area
were to reach 522 km2 and 800 km2. Although ETagr_con and
ETwin_con are the major water consumption from human activities,
ETwin_con takes less than one third of ETagr_con (Table 2). Therefore,
reducing ETagr_con or reducing the size of cropland is a more
effective way to reduce the overall human water consumption.
3.3.4. Cropland to be deducted
In 2014, the water consumption per hectare of cropland in
Bortala and Jinghe watershed has reached 4204 m3. Under the “core
restoration” scenario (lake size restored to 522 km2), about
76,189 ha cropland should be reduced to close the gap between
ACW and human water consumption according to eq. (14) and eq.
(15). Under the “complete restoration” scenario (lake size restored
to 800 km2), about 141,342 ha cropped land should be fallowed to
fully restore the environment and biodiversity in Ebinur Lake basin.
What will happen if the cropland were returned to water in this
study region? There was a total of 225,970 ha cropped land in
Bortala and Jinghe watersheds by the end of 2014. If 76,189 ha
(z33.72%) land was fallowed to make the lake area reaches
522 km2, there will be 149,781 ha cropland left, which is still
slightly larger than the cropped area in this region in 2000. According to the statistical report on economic and social development of Bortala in 2014, the grain production was about 0.90
million tons and the production per capita was 1521 kg, which was
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nearly 3.5 times more than the average level of China. This indicates
the crop production in this region is enough for feeding the population even with 33.72% cropped land fallowed. If the water size
were to reach 800 km2, 141, 342 ha (z62.55%) cropland should be
fallowed. It is not impossible to fallow 141, 342 ha land in Bortala
and Jinghe watershed and feed the population at the same time. An
alternative way is to assign the fallow land proportion according to
the water resource proportion to each watershed. The Kuitun
watershed accounts for 44.87% of total water resources in the
Ebinur Lake, and the Bortala and Jinghe watershed together contributes 55.13% of water resources. Therefore, if assigned 44.87% of
target fallow land to Kuitun watershed and the rest portion to
Bortala and Jinghe watershed, the Kuitun needs to reduce cropland
by 63,420 ha and the reduction share for Bortala and Jinghe
watershed is 77,922 ha.

4. Discussions
4.1. Accuracy assessment and feasibility of trade-off method
According to eq. (13), ACW and water consumption from human
activities (ETcon) are two major factors in determining the ET
deduction goal and the amount of cropland to be reduced, thus
accurate estimation of these two parameters are important for
decision support. ACW is calculated by precipitation (P), ET and
target annual inﬂow (Qtar) (eq. (4)). Section 3.3.1 indicated a
reasonable estimation of target inﬂow and the results in section
3.3.2 revealed high accuracy of the precipitation product and estimated ET, which all guaranteed the reliability of our ACW results. In
addition, the ACW estimation conducted in this study is an
improvement of the similar study from Wu et al. (2018), where the
environmental restoration is not considered. In this study, two
restoration scenarios were considered when calculating ACW.
On the other hand, the annual water consumption from human
activities (ETcon) was estimated as 1378.9  106 m3 (Table 2) in this
study. The average annual water usage recorded by the annual
bulletin of water resources in Bortala is 1550  106 m3, which is
171.1  106 m3 higher than our estimation. Generally, water
consumed by human activities should be less than amount of water
use, considering part of water will be inﬁltrated into ground or
return to environment. In this case, this gap is reasonable. As a
summary, validated by observation and compared with previous
studies and ofﬁcial records, the approaches adopted in this study to
estimate ACW and ETcon are reliable and the accuracy of the ACW
and ETcon estimation are satisfactory.
Our study also suggested a trade-off method of returning
cropland to water to balance the water demand between human
activities and environment restoration. Is it a feasible way?
Considering improving IE failed on water saving at basin scale
(Grafton et al., 2018) and reducing ET through mulching, zero tillage
and regulated deﬁcit irrigation could lead to yield loss (Ward and
Pulido-Velazquez, 2008), reducing cropland area is an alternative

Table 2
Water consumption from human activities during period 2009 to 2014 (unit: 106 m3).
Items

Qm

Qb

ETagr_con

ETwin_con

ETurb_con

Sum (Controllable ET, ETcon)

2009
2010
2011
2012
2013
2014
Avg.2009-2014
fraction

2.1
3.1
3.8
5.8
7.4
9.5
5.3
0.38%

10.3
10.4
10.5
10.5
10.6
10.6
10.5
0.76%

1008.0
996.9
899.9
1240.3
977.1
1123.5
1040.9
75.49%

316.9
311.0
298.4
283.5
232.2
240.7
280.5
20.34%

40.0
45.0
43.7
38.0
43.3
40.3
41.7
3.03%

1377.3
1366.4
1256.3
1578.1
1270.6
1424.6
1378.9
100.00%
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promising way to restore the damaged endorheic lake. In reality,
the land fallow policy has been carried out by Chinese governments
in Beijing and Hehei, which provide subsidies to fallow land especially at groundwater over-exploited regions (Wang et al., 2016).
The study of Yan et al. (2015) also suggested to fallow agricultural
land in Hai Basin for water saving.
4.2. Driving forces of lake shrinkage
It is also worthwhile to investigate the driving forces of lake
shrinkage, which will provide guidance on preventing lake
shrinkage. In general, climate change and human activities are two
major driving forces that cause lake shrinkage.
4.2.1. Climate driving forces
Precipitation and temperature are two climate variables that
have prominent impact on lake area. In this study, the nonparametric Mann-Kendall trend test (Mann, 1945) was used to assess
the changes in trend of precipitation and temperature (Fig. 6 and
Fig. 7). The trend variation of target variable is indicated by the UF
curve. If the UF value is greater than 0, the sequence has an upward
(or positive) trend; and if the UF value is less than 0, a downward
(or negative) trend is presented. The standard normal test statistic
(Gocic and Trajkovic, 2013) was used to judge the signiﬁcance of the
change in trend. If the absolute value of UF exceeds the 95% signiﬁcance level (U0.05 ¼ ± 1.96), the upward or downward trend is
signiﬁcant. If UF and UB have intersection within the signiﬁcance
intervals, the point of intersection indicates where the abrupt
change of trend occurred.
Fig. 6 showed the trend assessment of annual precipitation at
Jinghe and Wenquan meteorological stations. An increasing trend
was observed for precipitation at Jinghe station (Fig. 6a) starting
from 1982 (positive UF curve), while the signiﬁcant positive trend
was observed during 2002e2005. For Wenquan station (Fig. 6b), an
increasing trend of precipitation has been observed since 1990,
while the positive trend was not signiﬁcant (>1.96) until 2002.
Fig. 7 showed the trend assessment of annual temperature at
Jinghe and Wenquan meteorological stations. At Jinghe station
(Fig. 7a), the temperature presented an increasing trend since 1990,
and the trend is signiﬁcant after 2002. Furthermore, a shift of dominate trend from negative to positive was observed in 2000. At Wenquan station (Fig. 7b), an increasing trend of temperature has been
observed since 1997, and the trend became signiﬁcant after 2007. A
shift of dominate trend from negative to positive was observed in 2001.
In sum, both precipitation (Fig. 6) and temperature (Fig. 7)
presented an upward trend in Ebinur Lake basin since 2000s, which
agrees well with the ﬁndings from Wang et al. (2014a). The positive
trend of precipitation in the 1990s corresponded well to the rapid
expansion of Ebinur Lake from the end of 1990s to the early 2000s.
The rise of temperature may accelerate the melting of glacier,

Fig. 6. Mann-Kendall test of annual precipitation at Jinghe and Wenquan meteorological stations (P ¼ 0.05).

Fig. 7. Mann-Kendall test of mean annual temperature at Jinghe and Wenquan
meteorological stations (P ¼ 0.05).

which is an important source of water recharge for Ebinur Lake.
Wang et al. (2014b) estimated that the glaciers in Ebinur Lake basin
decreased by 14.7% during the past 40 years, which corresponded
to a roughly 20.5% change of water volume in Ebinur Lake. With the
increased precipitation and temperature (or increased melting
glacier water), the water volume of Ebinur Lake is expected to increase. However, the Ebinur Lake has experienced severe area
shrinkage since 2003. Therefore, other factors rather than climate
change may play a stronger role in driving the depletion of Ebinur
Lake. In the following section, the impact from human activities on
lake shrinkage is discussed.
4.2.2. Human driving forces
4.2.2.1. Expansion
of
cropland
and
wind-break
forest.
Agriculture accounts for major water withdrawals from streams,
lakes and groundwater (Rulli et al., 2013). The rapid expansion of
agricultural has resulted in increased water consumption of the
basin. Fig. 8 illustrated the changes of cropped land area in Bortala
and Jinghe watershed from 1990 to 2014. Table 3 listed the statistics
of area and ET for cropland and artiﬁcial vegetation in Bortala and
Jinghe watershed at ﬁve years (1990, 2000, 2010, 2013 and 2014)
based on the analysis of Landsat and HJ satellite imagery.
In 1990, 2000, 2010, 2013 and 2014, the cropped land in the
Bortala and Jinghe watershed was estimated to be 91.1, 143.7, 195.5,
218.7, and 226.0  103 ha, respectively (Table 3). Table 3 also
showed the cropped land increased by 52.6  103 ha from 1990 to
2000 and by 51.8  103 ha from 2000 to 2010. The expansion of
agricultural land also resulted in the enlargement of farmland
windbreak, which protects crop from frequent strong wind. The
remote sensing imagery indicated that the area with planted
vegetation was 69.1  103 ha in 1990, 85.5  103 ha in 2000,

Fig. 8. Changes of cropped land area in Bortala and Jinghe watershed from 1990 to
2014.
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Table 3
Cropped land, artiﬁcial vegetation area and water consumption change from 1990 to 2014 at Bortala and Jinghe watershed.
Items

Cropped land

3

Area (10 ha)
ET consumption per ha (m3/ha)
ET of sum (106m3)

Artiﬁcial vegetation

1990

2000

2010

2013

2014

1990

2000

2010

2013

2014

91.1
4238
386.1

143.7
4238
609.0

195.5
4388
857.9

218.7
3836
838.9

226.0
4204
950.1

69.1
3860
266.7

85.5
3860
330.0

104.8
4177
437.7

109.0
3825
416.9

110.0
3984
438.2

104.8  103 ha in 2010, and 110.0  103 ha in 2014, with an increment of 40.9  103 ha from 1990 to 2014 (Table 3). In the downstream of Bortala and Jinghe basin, the cropland also showed a
signiﬁcant increasing trend. The rapid expansion of irrigation
agriculture around Ebinur Lake is threatening the health and sustainability of its ecosystem.
Assuming the water consumption of crop and manmade vegetation in 1990 and 2000 remains the same as the average of that
from 2009 to 2014, the ETcon from cropped land were estimated as
386.1, 609.0, 857.9, 838.9, 950.1  106 m3 in 1990, 2000, 2010, 2013,
2014 respectively, and the ETcon from manmade vegetation were
266.7, 330.0, 437.7, 416.9, 438.2  106 m3 for the ﬁve years (Table 3).
Overall, the ETcon of cropped land and artiﬁcial vegetation increased
by 564.0  106 m3 and 171.5  106 m3 respectively from 1990 to
2014 with a total increase of water consumption of 735.5  106 m3.
If left unattended, the Ebinur Lake will suffer from dramatic
shrinkage as the Aral Sea in Central Asia with current water consumption rate.
The decrease of runoff difference between upstream hydrological station and downstream outlet also indicated a rapid increase
of water consumption from irrigation agriculture. From 1998 to
2014, an average of 68.10% runoff was lost between Shankou station
and the outlet at Jinghe basin, and the loss reached to 92.14% in
2014. Similarly, an average of 47.42% runoff was lost between Bole
station and the outlet at Bortala basin, and the loss reached to
74.18% in 2013. The left panel in Fig. 9 showed the accumulated
runoff anomalies at Bole station in Bortala basin (red line) and
Shankou station in Jinghe basin (blue line). A sharp increase of
accumulated runoff anomalies were respectively observed after
2004 at Shankou station and after 2009 at Bole station. The right
panel in Fig. 9 showed the ratio of runoff loss at the Bortala (red
line) and Jinghe (blue line) basins. An increasing trend of runoff loss
was observed for both Jinghe and Bortala River. By comparing the
slopes of regression line of the two basins, it is found that the runoff
loss at Jinghe (1.9) is larger than that of Bortala (1.34). This indicated
the agricultural water consumption in Jinghe basin was more
intense than that in Bortala basin.
The over-expansion of cropland in study region is due to both
political incentives and economic proﬁt. Xinjiang Uygur Autonomous is the largest province in China and is endowed with abundant arable land. If water availability is not a constraint, crop

Fig. 9. The accumulated runoff anomaly (left panel) at Bole station in Bortala basin
(red line) and Shankou station in Jinghe basin (blue line), and the ratio of runoff loss
(right panel), ratio of runoff loss ¼ (runoff at upstream station - runoff at downstream
outlet)/runoff at upstream station, at the Bortala (red line) and Jinghe (blue line)
basins.

production can be increased by expanding cropland in this region.
For example, in the 1990s, the cropland was expanded greatly due
to the incentives given by local government through farmland
reclamation. In addition, proﬁtable cropland leasing and crop
production drive farmers to enlarge their land. Input-output survey
from 61 cotton farmers and 85 maize farmers revealed that the net
earnings from land leasing was 4200 to 4500 CNY/ha in 2013, and
this value increased to 4800 CNY/ha in 2014. The net earnings from
cotton and maize planting was 12,729 CNY/ha and 5158.5 CNY/ha in
2013, respectively. Stimulated by land leasing and crop planting
income, the cropped land reached a maximum area of
225.97  103 ha in 2014. From the late 1990s to early 2000s (Fig. 6),
Xinjiang Uygur Autonomous received abundant precipitation,
which led to environmental and ecosystem restoration and accelerated the arable land reclamation as well. After 2006, the
ecosystem was imbalanced as the decrease of precipitation. By
2013, the water area of Ebinur Lake had reduced to its historical
minimum mainly caused by human activities.
4.2.2.2. Dams construction. The diversion of surface inﬂow can also
cause a rapid decrease in lake size (Williams, 2002), such as the
case of Lake Urmia in Iran (Ouria and Sevinc, 2016). Ebinur Lake is
suffering from this issue due to the over-construction of dams in
the basin. In China, reservoir are classiﬁed into four categories according to the reservoir storage capacity (SL262-200, China),
namely, large reservoir Ⅰ (reservoir storage capacity > 1  109 m3),
large reservoir Ⅱ (0.1  109 m3 < reservoir storage capacity  1  109 m3), medium reservoir (0.001  109 m3 <¼ reservoir
storage capacity < 0.1  109 m3) and small reservoir (0 < reservoir
storage capacity < 0.0001  109 m3). By 2013, at least 30 reservoirs
have been built in Kuitun, Bortala and Jinghe basins. Six medium to
large sized reservoirs were built before 1977 in Kuitun basin,
including one large reservoir Ⅱ (Liugou in 1957 with storage capacity of 0.102  109 m3) and ﬁve medium reservoirs (Chepaizi in
1952, Kuitun in 1957, Huanggouyiku in 1957, Huanggouerku in
1970, and Quangou in 1977). These dams retained ﬂow from Kuitun
to Ebinur Lake since 1977. In Bortala, there are one medium
reservoir (Wuyi in 1968) and four medium reservoirs (Etuokesaier
in 1987, Konghaquan in 1994, Xiatianji in 1997 and Halatuluke in
2014). The total reservoir storage in Bortala was about
0.195  109 m3 in 2015, while the total reservoirs storage in Kuitun
was 0.303  109 m3 in 2009 (Deng et al., 2012). In other words,
nearly 0.4  109 m3 water has been stored in reservoirs in the upstream of Ebinur Lake. This is one of the major reasons that caused
the shrinkage of Ebinur Lake. Lake Urmia in Iran disappeared due to
damming for irrigation and hydropower, which takes nearly 90% of
its water inﬂow (Stone, 2015). If the reservoir construction within
Ebinur basin is not constrained and well-regulated in the future,
the tragedy of Urmia Lake may reoccur in Ebinur Lake. As a summary, compared with climate change, the human activities would
have stronger impact on the Ebinur Lake shrinkage.
4.3. Implications
In arid and semi-arid region, the shrinkage of endorheic lake
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proposes a big challenge for the sustainable development of
ecosystem. A lot of evidences conﬁrmed that overexpansion of
irrigation agriculture was the major reason for lake shrinkage. Take
Aral Sea as an example, the irrigation area expanded from 500
million ha in 1965 to 790 million ha in 2000, which remarkably
reduced the discharge (Micklin, 2007). The dramatic shrinkage of
Lake Urmia was caused by the dam construction and intensive
irrigation (AghaKouchak et al., 2015).
Our ultimate goal is to ﬁnd the sweet spot or a good balance
between the lake restoration and agricultural development.
Although enhancing IE may help to save water at farm scale, it does
not help at basin scale (Grafton et al., 2018). Reducing ET is the
another way to save water (Wu et al., 2014). However, reducing ET
through mulching, zero tillage, and regulated deﬁcit irrigation
could lead to yield loss (Perry, 2011; Yan et al., 2015), thus reducing
the area of cropped land is an alternative to reduce ET from upstream and increase the inﬂow of inland lake. Our study suggested
terminating the agricultural reclamation and reducing the irrigated
cropland to help restore the Ebinur Lake. In the real world, reducing
irrigated cropland and returning water from cropland to inland lake
has been adopted by government, such as Bortala and Turpan.
Considering the central Asia has been suffered from lake shrinkage
for a long time (Bai et al., 2011), returning irrigated land to water
would be a new way to restore the damaged lake.
The remote sensing technology may play an important role in
monitoring the area of endorheic lake, the area of cropland and
estimating ET and precipitation. Abundant remote sensing precipitation and ET products have been generated, such as TRMM
(Huffman et al., 2007) and GMP precipitation products (Hou et al.,
2014), ET estimations from ETWatch (Wu et al., 2012), SEBAL
(Bastiaanssen et al., 1998a, 1998b) and SEBS (Su et al., 2002) models.
As the advance of technology and the improvement of the accuracy,
remote sensing products are all very helpful in decision support of
environment restoration. Other emerging technology, such as the
machine learning and cloud computing may provide efﬁcient algorithms and novel platforms for information extracting and
knowledge sharing and may beneﬁt the tradeoff between environment restoration and human water consumption in the future.

adopted in this research can be applied to the restoration of other
inland lakes in arid regions as well.
The approach proposed by this study is simple and operational.
It is driven by remote sensing technology and the data are readily
available; thus, the method can be widely applied in a timely
fashion. However, there are still some limitation of this study and
can be improved in the future. The relationship between water size
of inland lake and the annual inﬂow was explored by statistic
regression in this study, the accuracy of which is greatly affected by
the length and accuracy of historical data. Although Bradley curve
was identiﬁed as the optimal ﬁtting function in this study, its R2
was below 0.65. This indicates the variation of annual inﬂow is not
very well captured (considering R2 > 0.8 for very good case) by
Bradley function, which would lead to overestimation or underestimation of actual annual inﬂow. Therefore, the physical model, for
example, the Bayesian networks, is recommended and will be
explored in our future study for annul inﬂow estimation. Secondly,
only six years of annual precipitation and ET data were available
and used to estimate the ACW of Ebinur Lake, which may cause
uncertainty in ACW calculation, the long-term historical data
should be employed in future.
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