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Abstract To implement effective water resource man-
agement strategies, a sufficient data basis about the
hydrologic situation must be available. An important
parameter is the water consumption by the natural envi-
ronment, e.g., evapotranspiration (ET). This study delivers
actual evapotranspiration rates (ET,) computed on the basis
of Landsat TM/ETM+ and MODIS data. Vegetation
mappings recorded during a field work campaign in 2012
allowed the correlation of ET rates to certain units of
vegetation. The study site is located in the Heihe river
basin, Northwest China, where the landscape is character-
ized by extending land under cultivation along the middle
reaches and ecologically valuable Tugai vegetation further
downwards. Due to the arid climate, all agriculture depends
on irrigation with water taken from the Heihe River. As a
result of a massive expansion of irrigated land in the last
decades, an imbalance with regard to water allocation has
developed. It is characterized by an overexploitation of the
water resources in the middle reaches and a strong
degeneration of the natural Tugai vegetation along the
lower reaches due to water shortage. As a response, a water
distribution plan has been adopted to define target amounts
of water that shall reach the lower parts of the river. Total

H. Hochmuth - N. Thevs (<)

Institute of Botany and Landscape Ecology,
University of Greifswald, Soldmannstrae 15,
17487 Greifswald, Germany

e-mail: thevs @unigreifswald.de

URL: http://www.botanik.uni-greifswald.de/

P. He

Chinese Research Academy of Environmental Sciences,
8 Dayangfang BeiYuan Road, Chaoyang District,
Beijing 100012, China

e-mail: heping @craes.org.cn

URL: http://www.craes.cn/

values of the ET, over the whole vegetation period for
corn, dates, orchards and grapes amount to 667.7, 762.2,
703.5 and 483.9 mm, respectively. For forest vegetation
(ground coverage 80 %) and for shrub vegetation
(80-100 % ground coverage), values of 496-530 mm and
177-233 mm were calculated, respectively. Areas with
lower ground coverage show significantly lower ET, val-
ues. Spatially, ET, values decrease from the center towards
the border of the oasis and from the middle towards the
lower reaches. Agricultural land presents the largest water
consumer. The total ET, values over the vegetation period
amount to 2.15 km? (middle reaches) and 0.28 km> (lower
reaches), respectively. On this basis, a minimum discharge
of 0.34 km® was calculated to maintain the natural vege-
tation downstream.

Keywords Evapotranspiration - Remote sensing -
Water resource management - Tugai vegetation

Introduction

The worldwide water use and water consumption have
increased during the near past mainly due to the expansion
of agricultural land, which contributes to the current
worldwide withdrawal of fresh water by 70 % (Siebert
et al. 2010). Under limited water supply, especially in arid
and semi-arid climatic conditions, increasing water con-
sumption by agriculture exerts pressure on natural eco-
systems and results in degradation of natural ecosystems
(Wang et al. 2008a). In Central Asia, the region worldwide
with the highest number of endorheic river basins, agri-
culture and the most productive and diverse natural eco-
systems is located along those rivers. Then, we frequently
find water competition between agriculture and natural
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Fig. 1 Map of the Heihe river
basin 1
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ecosystems as well as water competition between upstream
and downstream. Due to increasing water consumption
upstream, agriculture downstream is often prone to water
shortage, natural ecosystems are degraded, and terminal
lakes vanished, e.g., the Aral Sea (Thompson 2008; Glantz
2005).

Starting in the 1950s, new agricultural land was
reclaimed all over China’s drylands (Gruschke 1991). In
the Heihe river basin in Gansu and Inner Mongolia (NW
China), new land was reclaimed in Zhangye along the
middle reaches of the Heihe River (Fig. 1) and to a smaller
extent in the inland delta in Ejina (Wang et al. 2007; Ejina
Qizhe 1998). Due to the arid climate along the Heihe River
with annual precipitation of 170 mm in Zhangye and
60 mm in Ejina (http://www.tutiempo.net), all agriculture
depends on irrigation with the river water being the only
water source. The increased water consumption by agri-
culture along the middle reaches of the Heihe resulted in
severe destruction of the natural ecosystems along the
lower reaches of the Heihe and also impacted on land use
there. The area of natural riparian vegetation in Ejina
decreased from 6,440 km® in 1960 to 3,200 km” in 2010
(Jin et al. 2010). The terminal lake of the Heihe West
Juyanhai has been dry since 1961 and most of the western
branch of the Heihe in Ejina has been dry, too. The second
terminal lake, East Juyanhai Lake, covered 35.5 km? in
1958, shrunk to 23.6 km? in 1980, and dried up in the
beginning of the 1990s (Ejina Qizhe 1998). In 2002, it
reappeared for a few months with an area of 12 km?* (Wang
et al. 2002).

@ Springer

The natural riparian vegetation in Ejina consists of a
mosaic of Tugai forests, reed beds, and shrub vegetation.
Tugai forests are the riparian forests of the deserts of
Central Asia (Thevs et al. 2008a). These forests together
with the reed beds are the most productive ecosystems of
the deserts of Central Asia (Thevs 2012; Thevs et al. 2007)
with most of the biodiversity concentrated there (Thevs
2007, 2008a). Besides that, the Ejina Oasis is of economic
value as one of China’s most important tourist attraction
with respect to Tugai forests with almost 200,000 visitors
per year.

Furthermore, the natural vegetation in Ejina plays an
important role with regard to the prevention of sand storms
originating in the deserts of NW China (Jiang and Liu
2010). An annual desertification rate of 5.6 % (Qi et al.
2004 quoted after Shan et al. 2008) has caused the
expansion of sandy areas and thus supports the formation
of sand storms (Wen et al. 2005; quoted after Guo et al.
2009).

In 2000, a water allocation plan was adopted by the
Central Government of China, which shall ensure a guar-
anteed annual amount of water to be released into the lower
reaches of the Heihe. The major objective of this water
allocation plan was to restore the Tugai forests along the
Heihe and part of the previous terminal lakes in Ejina.
Compared to other river basins in China’s drylands, the
water allocation plan for the Heihe river basin was the
earliest and it is imposed from the Central Government.
The water allocation plan for the Tarim river basin in
Xinjiang for example was only adopted by the Province
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Government. So, we assume that among other water allo-
cation plans in China’s drylands, the governance structures
enforcing the water allocation plan for the Heihe river
basin are among the strongest and have the longest record
of experiences. Therefore, for this study, the Heihe river
basin was chosen.

This study aims at firstly showing the reality of the
current water consumption in the Heihe river basin and
secondly assessing, in how far the requirements of the
water allocation plan are fulfilled. Therefore, the water
consumption, i.e., evapotranspiration (ET,), in the whole
Heihe river basin downstream of the station Yingluoxia
was mapped based on MODIS satellite images. Water
balances were calculated for Zhangye and Ejina, as they
are the main water consuming areas, and compared with
the water allocation plan. In a second step, the water
consumption was mapped for Zhangye and Ejina with
Landsat satellite images, to determine the water con-
sumption of the major crops in Zhangye and the natural
vegetation in Ejina. This information was included to
assess in how far water saving crops are planted or in how
far water could be saved along the Heihe River.

ET, can be determined with climate station data, i.e., by
calculating reference ET and using crop coefficients (k.)
(Allen et al. 1998), as used by Jiao and Xu (2013) in the
Heihe basin, or through the Bowen Ratio method (e.g.,
Malek and Bingham 1993), lysimeters (e.g., Howell et al.
1998 or Zheleznyh and Risbekov 1987), eddy co-variance
measurement devices (e.g., Cleverly et al. 2002), or as
residual of the water balance equation (e.g., Reddy et al.
2012). These methods measure ET, at a specific point.
Especially, lysimeters and eddy co-variance measurement
devices require sophisticated installations.

In this study, ET, of rather different natural ecosystems
and crops needs to be assessed. There are crop coefficients
(k.) for most of the relevant crops as well as for wetlands
(Allen et al. 1998). Thomas et al. (2006) and Hou et al.
(2010) provided crop coefficients for Populus euphratica
from Qira in Xinjiang, China, and Ejina in the Heihe river
basin. These two sites with P. euphratica represent forests
at the desert margin, but they cannot represent the full
range of forests and other natural ecosystems. The crop
coefficients (k) only can be applied for well-managed
crops without water stress. Adjustments to sub-optimal
conditions, which might be found in the study area, are
possible, but require additional information (Allen et al.
1998), which is difficult to obtain in the quality needed.

To cover large, diverse, and remote areas, models have
been developed to map ET, on the basis of remote sensing
data from satellites, either by applying relationships
between vegetation indices and ET, or using thermal
infrared data (Kustas and Norman 1996). Among those two
approaches, the latter approach is able to map ET, of

water-stressed vegetation and moist soils (Trezza et al.
2013). Frequently used models which use thermal infrared
data are: surface energy balance algorithm (SEBAL)
developed by Bastiaanssen (1995), Bastiaanssen et al.
(1998, 2000, 2002, 2005), mapping evapotranspiration with
internalized calibration (METRIC) after Allen et al. (2005),
surface energy balance system (SEBS) according to Su
(SEBAL, Advanced Training and Users Manual, 2002),
simplified surface energy balance (SSEB) by Senay et al.
(2007), and simplified surface energy balance index (S-
SEBI) after Roerink et al. (2000), Sobrino et al. (2005,
2007), as reviewed by Gowda et al. (2007, 2008).
SEBAL was used by Yang et al. (2012) to map ET, of
the Hetao Irrigation District in Inner Mongolia, China, and
found good agreements with data derived from climate
stations. ET, of irrigated agriculture was mapped by
Conrad et al. (2007) for Khorezm, Uzbekistan, with the
METRIC model using MODIS data. The results were in
accordance with reference climate station ET, values.
Costa dos Santos et al. (2010) assessed daily ET, for cotton
in Brazil applying the SEBAL and S-SEBI models on
Landsat satellite images. The ET, of SEBAL and S-SEBI
corresponded fairly well with each other and showed
deviations of up to 7.1 and 16.1 %, respectively, compared
with ET, values calculated with the Bowen Ratio method.

Study area

The Heihe river basin, with an area of 120,000 kmz, is the
second largest endorheic river basin in NW China (Li et al.
2012). The headwaters of the Heihe River are located in the
Qilian Mountains south of the City of Zhangye. The river
flows mainly through the provinces of Gansu (middle
reaches) and Inner Mongolia (lower reaches) between
96°42'-102°00'E and 37°41'-42°42'N (Li et al. 2012).
The climate in the study area is arid and continental as
shown in Table 1. In Zhangye, the mean annual tempera-
ture was 8.3 °C in 2011 and rainfall amounted to
86.35 mm. In Ejina, the mean annual temperature was
9.8 °C with 34.54 mm of rainfall. The climatic conditions

Table 1 Climate data of Zhangye and Ejina aggregated from 1973 to
2012 (http://www.tutiempo.net)

Climate station Zhangye Ejina

Position 38.93°N, 41.95°N, 101.61°E
100.43°E

Annual mean temperature (°C) 8 9.4

January mean temperature (°C) —9 —10.7

July mean temperature (°C) 22.1 27.2

Annual precipitation (mm) 170 60
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of 2011 were in the range of the long-term mean (http://
www.tutiempo.net).

There are three gauging stations along the Heihe River
(Fig. 1). At the gauging station Yingluoxia, the Heihe
flows out of the Qilian Mountains into the oasis of Zhangye
with its population of about 1.3 million people (Fig. 1).
The oasis of Zhangye is the place where most water is
consumed mainly for irrigated agriculture (Shan et al.
2008). Within the area of Zhangye, about thirty small rivers
flow down from the Qilian Mountains, which now are
diverted into irrigation, too. Only during spring or high
flood events, some of these rivers reach the Heihe. Once
the Heihe leaves Zhangye, it flows as a so-called losing
stream through mainly gravel deserts northwards from
Gansu into Inner Mongolia. Downstream of Zhangye, the
Heihe passes the gauging station Zhengyixia (Fig. 1).
About half way between Zhengyixia and the terminal lakes,
the gauging station Langxinshan is located. There, the
Heihe divides into two branches flowing into West and
East Juyanhai Lake, respectively (Qi and Luo 2005)
(Fig. 1). The runoff that passes the gauging station Lang-
xinshan is the water which is available for Ejina with its
population of 17,240 residents (Zhang et al. 2011).

The annual runoff at the gauging station Zhengyixia
decreased from 1.19 km?® in the 1950s over 0.942 km® in
the 1980s to 0.475 km® between 1990 and 1995 (Feng and
Cheng 1998). Thus, the Heihe River faced severe water
shortage downstream of Zhengyixia. The terminal lake
East Juyanhai Lake, which covered an area of 35.5 km? in
1958, shrunk to 23.6 km? in 1980, and dried up in the
beginning of the 1990s (Ejina Qizhe 1998). In the course of
decreasing runoff that reached Ejina County, soil salini-
sation increased in parts of the county (Qi and Cai 2007).
Groundwater levels dropped from 0.5-1.3 m in the 1940s
to 3—6 m in the 1990s (Guo et al. 2009). Even though, the
runoff from the Qilian Mountains recorded at the gauging
station Yingluoxia has not changed significantly for the
past 50 years despite of global warming and shrinking
glaciers in other mountains in China and Central Asia
(Jiang and Liu 2010).

Due to the arid climate, all agriculture along the Heihe
River depends on irrigation. The water supply to the
agriculture in the middle reaches is mainly composed of
surface water from the Heihe River and other smaller
streams (70 %), and also groundwater (23 %) and effec-
tive precipitation (7 %) (Liu et al. 2010). Since the 1950s,
the area under agriculture along the Heihe in Zhangye
was enlarged from 82,600 ha in 1949 to 260,000 ha in
1995 (Feng and Chang 1998) and 253,300 ha in 2012
(Agriculture Administration Zhangye 2012). Before 2000,
cotton and paddy rice were important crops in Zhangye.
Now, corn has become the major crop in Zhangye. The
corm production focuses on seed production, which is
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exported to other provinces of China. Peach and dates are
found around the town Linze. Potatoes, rape, wheat, pear,
and apricot are grown on higher elevations near the foot
of the mountains. Cotton fields today are restricted to
Gaotai and Jinta (Agriculture Administration Zhangye
2012). While agricultural land dominates along the mid-
dle reaches in Ejina, agriculture only covers 1 % of the
distribution area of the riparian vegetation (Jin et al.
2010).

In 2000, the “Integrated Water Resource Management
Plan of the Heihe River Basin” was adopted (Guo et al.
2009), which includes water quotas for the middle and
lower reaches of the Heihe River. This water allocation
plan starts with an average runoff of 1.58 km?/a at Yin-
gluoxia. An amount of 0.95 km?/a water must pass Zhen-
gyixia to reach the lower section of the river (Wang et al.
2011b; Jiang and Liu 2010). The average annual discharge
at Yingluoxia and Zhengyixia from 2000 to 2009 amounted
to 1.747 and 0.995 km*/a, respectively, so that the target
amounts were accomplished (Environmental Protection
Administration Zhangye 2012). According to Zhang et al.
(2011) the average annual runoff was 0.53 km’/a at
Langxinshan from 2000 to 2008. This runoff at Langxin-
shan is equivalent to the amount of water that Ejina
receives.

Though the annual amount of water which passes
Zhengyixia fulfils the requirements of the water allocation
plan, the runoff distribution within the years has been
altered compared to natural conditions (Fig. 2).

Mongolia (lower reaches) between 96°42'~102°00'E and
37°41'—42°42'N (Li et al. 2012).

While the runoff at Yingluoxia peaks during August, at
Zhengyixia, there are two runoff peaks: one in late sum-
mer/autumn and another one in winter/early spring. During
summer, when the agriculture in Zhangye demands water
for irrigation, water is consumed from the Heihe so that no
water is left for the lower reaches. In autumn and winter/
early spring, there is no demand for irrigation water so that
water is released into the lower reaches.

Methods

In this paper, the actual evapotranspiration (ET,) of the
growing season 2011 of the Heihe river basin was mapped
based on MODIS satellite images (MODIS-ET). In addi-
tion, ET, of oasis Zhangye and Ejina was mapped with
Landsat satellite images (Landsat-ET). The MODIS-ET
was used to estimate the water consumption of agriculture
and natural ecosystems of the whole Heihe river basin,
while the Landsat-ET was used to assess the ET, of the
major crops and major natural ecosystems in Zhangye and
Ejina, respectively. For both ET, mapping procedures, the
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Fig. 2 Mean monthly discharge 400
from 2000-2009
(Environmental Protection

Administration Zhangye 2012)
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S-SEBI approach was used (Roerink et al. 2000; Sobrino
et al. 2005, 2007).

ET consumes energy and can be presented as a part of
the land surface energy balance.

R,—G—H—JET =0 (1)

where R,, G, H and AET refer to net solar radiation, soil
heat flux, sensible heat flux, and latent heat flux [W/mz],
respectively (Allen et al. 1998). Evapotranspiration is
expressed by the latent heat flux and can be computed by
solving Eq. 1 for AET:

JET = R,—~G—H (2)

The simplified surface energy balance index (S-SEBI)
applies the concept of the evaporative fraction (ETy) to
solve the land surface energy balance (Roerink et al. 2000):

ET; = JET / (JET +H) = JET /(R,—G) (3)

G = 0, when calculating daily values instead of instanta-
neous values (Allen et al. 1998). If energy values are
converted into evapotranspiration values, Eq. 2 can be
expressed as:

ET, = ET; ETp (4)

Source: Roerink et al. (2000) Here, the net radiation is
expressed as potential evapotranspiration (ET,) and latent
heat flux as the actual evapotranspiration (ET,).

The ETp, was computed according to Bastiaanssen
(1995) on the basis of date, geographical position, trans-
missivity of the atmosphere, land surface temperature and
albedo. The formulae were taken from the script of the
GRASS GIS add-on “i.evapo.potrad” (GRASS GIS 2012).
Since there was no transmissivity value available from
climate stations, the value of 0.685 was adopted from a
study in the Tarim basin, Xinjiang, China (Thevs et al.
2013).

The ETy is the part of the ET,, which is realized as the
ET,. ET; is calculated on the basis of so-called anchor
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pixels, the cold and hot pixels (Roerink et al. 2000; Sobrino
et al. 2005, 2007; Bastiaansen et al. 2007; Senay et al.
2007). Cold pixels are such pixels in which ET, ~ ET
and ET; ~ 1. The land surface temperature (LST) is low,
because the available energy is used for evapotranspiration.
In contrast, in hot pixels, ET, = 0 and ET; = 0, too. Here,
the land surface temperature is high, because all available
energy is converted into the sensible heat flux. Technically,
cold pixels cover well-watered vegetation without water
stress for the plants during the study period (SEBAL,
Advanced Training and Users Manual 2002). Hot pixels
are areas without vegetation coverage that are not sealed
like streets or roofs. In the S-SEBI approach, a linear
relationship between the land surface temperature (LST)
and ETy is assumed. Thus, ET; is calculated as:

ETy = (Th—T0) / (Th—To) (5)

whereby Ty, T, and Ty refer to the LST at the hot pixels,
cold pixels and the pixel, for which the ETy is calculated,
respectively (Roerink et al. 2000; Sobrino et al. 2005;
2007).

In this study, cold pixels were chosen from wetlands
with dense reed vegetation and small parts of open waters,
which were present during the whole growing season.
Wetlands in which open waters fell dry during the growing
season were excluded, to ensure that the vegetation never
suffered water stress. Such wetlands only were available in
Zhangye and around the East Juyanhai Lake. Due to this
large distance between those wetlands, it was not possible
to map the whole river basin with Landsat, because
Landsat scenes along the Heihe River between Zhangye
and Ejina do not include such wetlands. Therefore, the
whole river basin’s ET, was mapped with MODIS, because
the whole river basin is covered by the range of one
MODIS scene.

Hot pixels were selected from sandy areas, adjacent
to dense vegetation but far enough to avoid boundary
effects on the LST. It was not possible to choose
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fallow agricultural land for hot pixels as suggested in
SEBAL, Advanced Training and Users Manual (2002),
since no agricultural field actually has the size of a
MODIS pixel (1 x 1 km). Hot and cold pixels for
Landsat were selected within the reference pixels
chosen for MODIS.

Following this approach, MODIS-ET and Landsat-ET
maps were produced. For the MODIS-ET maps, MODIS
8-day lands surface temperature (MOD11A2) and 16-day
albedo (MCD43A3) were used, which yielded daily ET,
maps every 8 days. The ET, values in between were
linearly interpolated. For the Landsat-ET maps, all
available Landsat 5 and 7 images were used, if the cloud
coverage was less than 25 %. On the Landsat images,
which were included into this study, clouds were digi-
tized manually and those areas were excluded from the
ET mapping. Missing values due to clouds were also
linearly interpolated. Daily ET, values were summed up
to total values over the whole growing season.

The growing season was defined from May Ist to Sep-
tember 30th for the natural ecosystems. This time period
was adopted from other studies that focused on the ET, of
natural vegetation in the Heihe river basin (Hou et al. 2010;
Si et al. 2005). However, corn as the major crop is planted
in April and harvested in the middle of September (Zhao
et al. 2010). Planting times for other crops are not known.
Thus, to include all kinds of agricultural land, an extended
vegetation period of April 1st to October 31st was assumed
for cultivated land. This time period was also taken for the
large-scale analysis over the whole basin. To retrieve ET,
values from irrigated agriculture and natural vegetation,
vegetation and land-use records were taken (Braun-
Blanquet 1964) during May and June 2011 in Zhangye and
Ejina.

Results

The spatial distribution of the daily ET, (MODIS-ET) is
illustrated in Fig. 3 taking May 15th and August l1st as
examples. In Ejina, the East Juyanhai Lake shows high ET,
in spring (top left in Fig. 3) and summer (top right in
Fig. 3), i.e., throughout the whole growing season. In
August (top right in Fig. 3), the Tugai forests have daily
ET, of 4-5 mm, while their daily ET, in spring is less than
2 mm (top left in Fig. 3). In Zhangye, the ET map from
August (bottom right in Fig. 3) reflects clearly the irrigated
agriculture with daily ET, of up to 7 mm. The spots, which
show high daily ET, values in May, are lakes and wetlands.
In both areas, the ET, rates decline towards the border of
the oasis and with increasing distance to the river as water
source.
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The MODIS-ET, sums for the whole growing season
2011 yielded a total water consumption of 2.11 km® in
Zhangye and 0.28 km® in Ejina.

The ET, values (Landsat) for the whole growing season
of the major crops and vegetation units are listed in
Tables 2 and 3, respectively. The Landsat-ET summed up
over the whole growing season of Zyzyphus jujuba, corn,
and orchards, i.e., 762, 668, and 704 mm, respectively, do
not differ significantly. The corresponding Landsat-ET of
grapes, 484 mm, is significantly lower than of the three
formers. Further crops were not differentiated, because the
fields were too small to find fields which could accom-
modate one whole Landsat pixel of 60 m x 60 m.

The Landsat-ET of the natural vegetation increases with
the total coverage. The Tugai forests show higher ET
values than the shrub vegetation for corresponding total
coverages. Thus, corresponding to the total coverage, the
ET, of the natural vegetation decreases with increasing
distance from the river courses (Fig. 2). Forests and shrub
vegetation with the highest total coverage (70 % and more)
have ET, values of 530 and 393 mm, respectively
(Table 3), which are lower ET, values than found for corn,
orchards, and Z. jujuba (Table 2).

Landsat-ET, and MODIS-ET, are very similar for
agriculture and natural vegetation as shown in Fig. 4.

Discussion
ET, maps and ET, of crops and natural ecosystems

Several studies have shown that MODIS and Landsat
produce similar results with respect to ET, mapping (Allen
et al. 2008; Compaoré et al. 2007; Hong et al. 2005). The
models used for calculation of ET, in these publications
(Metric, SEBAL) also applied the concept of hot and cold
pixels.

The computed mean ET, of 667.7 for corn (Table 2) as
the main crop is within the range of other studies covering
the Heihe basin and surrounding landscapes (Table 4).
Only Ding et al. (2013) reported a significantly lower ET,
for 2008. For 2009, Ding et al. (2013) reported an ET,
which is in the range of the standard deviation of the ET,
mapped in this study (Table 2). Ding et al. (2013) trace this
difference back to lower radiation energy, LAI, soil relative
extractable water and canopy conductance in 2008 com-
pared to 2009. Howell et al. (1998) published the evapo-
transpiration of irrigated corn measured with a lysimeter in
Texas as 741 to 841 mm over the growing season. A major
reason for the difference to the ET, of corn in this study is
the different irrigation. While the lysimeter of Howell et al.
(1998) was irrigated with a sprinkler, in Zhangye corn is
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Fig. 3 Spatial distribution of
the ET, on 15.05.2011 and
01.08.2011 in Ejina (images fop
left and top right, respectively)
and on 01.05.2011 and.
01.08.2011 in Zhangye (images
bottom left and bottom right,
respectively)
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Table 2 ET, values of irrigated agricultural in Zhangye for the
whole growing season 2011

Table 3 ET, values of natural vegetation in Ejina for the whole
growing season 2011

Crop n ET, mean Standard Sign.
(mm) deviation o < 0.05

Zyzyphus jujuba 7 762 61 a

Corn 560 668 134 a

Orchards 16 704 43 a

Grape 15 484 26 b

n indicates the number of pixels queried from the Landsat-ET, map.
The letters in the last column indicate significant differences between
ET, mean of the different crops at o < 0.05

grown under drip irrigation coupled with plastic mulch.
Thereby, the plastic mulch reduces evaporation from the
soil surface, especially, when the corn is still in its initial
stage. Thevs et al. (2014) reported ET, values of wheat—
corn rotations from Turkmenistan of 533 to 876 mm over
the growing season. The higher ET, compared to this study
is mainly due to the ET, of two crops compared to only
corn in this study.

The Landsat-ET, of Z. jujuba, corn, and orchards do not
show a significant difference, while the ET, of grapes is

Vegetation  Total n ET, Standard  Sign.
type coverage (%) mean  deviation o < 0.05
(mm)

Shrub <10 40 21 55 f
Shrub >10and <50 58 115 25 e
Shrub >50 and <70 37 233 27 d
Shrub >70 49 393 83 c
Forest <20 14 102 10 €
Forest >20 and <50 25 223 32 d
Forest >50 and <70 29 356 31 ¢
Forest >70 20 530 43 b

n indicates the number of pixels queried from the Landsat-ET, map.
The letters in the last column indicate significant differences between
ET, mean of the different crops at o < 0.05

significantly lower (Table 2). The reason might be the
lower vegetation coverage in grape plantations, where wine
shrubs are planted in rows with space of about 1 m in
between. These gaps lower the overall vegetation coverage
of a field. Intercropping of date palm with fruits, vegetables
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Table 4 ET, summed up over the growing season for corn over the vegetation period in the Heihe basin and neighboring regions

ET, (mm) Growing season Study area Method Source

668 01.04-31.10. 2011 Zhangye Based on S-SEBI This study

591 March-Oct. 2007 Pingchuan (near Zhangye, Gansu) Penman—Monteith Liu et al. (2010)
777.8 21.04-15.09. 2007 Pingchuan (near Zhangye, Gansu) Bowen Ratio Zhao et al. (2010)
693.1 21.04-15.09. 2007 Pingchuan (near Zhangye, Gansu) Penman—Monteith Zhao et al. (2010)
618.3 21.04-15.09. 2007 Pingchuan (near Zhangye, Gansu) Penman—Monteith Zhao et al. (2010)
615.7 21.04-15.09. 2007 Pingchuan (near Zhangye, Gansu) Soil water balance Zhao et al. (2010)
560.3 21.04-15.09. 2007 Pingchuan (near Zhangye, Gansu) Priestley—Taylor Zhao et al. (2010)
552.1 21.04-15.09. 2007 Pingchuan (near Zhangye, Gansu) Hargreaves Zhao et al. (2010)
503.1 02.05.-25.09. 2008 Shiyanghe Experimental Station for Water Saving, Gansu Priestley—Taylor Ding et al. (2013)
562.4 21.04.-28.09.2009 Shiyanghe Experimental Station for Water Saving, Gansu Priestley—Taylor Ding et al. (2013)

and pasture is common in traditional areas of date pro-
duction (Carr 2012), which increase the total vegetation
coverage. On corn fields and orchards, vegetation coverage
was generally high.

The ET, of a P. euphratica forest with a canopy cov-
erage of 80 % in Ejina determined by Hou et al. (2010)
with the Bowen Ratio method amounts to 446.96 mm and,
thus, is in the range of the values calculated in this study.
The Landsat-ET, of P. euphratica with a total coverage of
70 % and more in this study is 530.2 mm (Table 3). The
daily ET, values of P. euphratica reported by Jia et al.
(2012) on 12.09.2003 in Ejina (0.12-5.41 mm; mean
2.27 mm) comprise the range of data of this study on
09.09.2011 (0.53-3.02 mm). The high ET, was found close
to the river, i.e., on a site with high groundwater level,
while the low ET, values were found on sites further away
from the river.

The Landsat-ET, of Tamarix ramosissima, 393 mm for
T. ramosissima stands with a total coverage of 70 % and
more, is in line with the results of two studies by Si et al.
(2005) and Liu et al. (2010) located in Zhangye and Ejina,
respectively, who reported an ET, for the growing season
of 248.2 and 416.6 mm. Three years of eddy co-variance
observations were carried out in a Tamarisk stand in the
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lower Tarim river by Yuan et al. (2014). There, ET, values
of 509.3 and 499.8 mm in 2012 and 2013, respectively,
were recorded over the vegetation period.

Calculating water balances for the Heihe middle
and lower reaches

Water balances were calculated after Wu et al. (2013), to
estimate how much the water quotas were met or exceeded:

P—ET -0 + 1 = Agw + As (6)

with P being precipitation, ET referring to total evapo-
transpiration, O being basin outflow, / being inflow in the
basin, and Agw and As referring to change in groundwater
and soil moisture storage. A negative term
Agw + As would indicate that the water quota was
exceeded and groundwater and soil moisture were deple-
ted, to meet the water consumption of irrigation and natural
vegetation.

The basin inflow for the middle reaches consists of the
runoff at Yingluoxia, 1.747 km? in 2000-2009 (Environ-
mental Protection Administration Zhangye 2012),
0.63 km? of water carried by smaller streams, which flow
from the Qilian Mountains towards the Heihe within
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Zhangye, as shown in Fig. 1 (Jin et al. 2009), and
0.175-0.42 km® of groundwater flowing from the Qilian
Mountains (Gansu Provincial Bureau of Water Resources
(GPBWR) 2003). Water outflow of the oasis of Zhangye is
represented by the mean annual flow rate of the Heihe at
Zhengyixia of 0.995 km® in 2000-2009 (Environmental
Protection Administration Zhangye 2012). Annual precip-
itation over the study area was 0.39 km> in 2011 (http:/
www.tutiempo.net/en). ET is 2.11 km®> for the middle
reaches of the Heihe. The term Agw + As thus becomes
—0.163 to 0.1 km? for 2011. Thus, the water consumption
in Zhangye matches the water allocation plan and does not
exceed the water quota given.

While the water quota for the middle reaches was not
exceeded, the runoff at the station Langxinshan was
0.53 km?> in 2000-2008 (Zhang et al. 2011). This runoff is
equivalent to the inflow for the above equation. As the
Heihe river basin is endorheic, there is no outflow from the
lower reaches. Precipitation was 0.017 km? in 2011 (http://
www.tutiempo.net). ET for 2011 was determined with
0.28 km®. Thus, Agw + As for the lower reaches (Ejina)
for 2011 was 0.267 km®. Guo et al. (2011) and Zhao et al.
(2007) state that there is a transfer loss of 30 %, due to
evaporation and leakage, from Langxinshan to the center of
Ejina. If this 30 % transfer losses was included into the
calculation for the lower reaches, than Agw + As still
would be 0.108 km?/a. Thereby, the precipitation in Ejina
and Zhangye in 2011 was below the long-term average.
Thus, it can be concluded that the water allocation plan
with respect to the lower reaches of the Heihe River is
fulfilled.

Conclusions

In this study, the ET, of agriculture and natural ecosys-
tems was assessed through the remote sensing-based
S-SEBI approach, to evaluate in how far water require-
ments for the lower reaches of the Heihe River are met, as
fixed in the water allocation plan of the Heihe basin.
Thereby, this study reflects the year 2011. The water
allocation plan with respect to the lower reaches of the
Heihe River was fulfilled in this year, even though the
annual precipitation was below the long-term average
(http://www.tutiempo.net).

A study by Jiang and Liu (2010) shows the positive
effect of the implementation of the water distribution plan
with regard to regeneration of vegetation, increasing of
biodiversity, and decreasing of groundwater lowering. In
contrast, Guo et al. (2009) claimed that positive changes,
however, occurred only on a small scale and the overall
structures and functions of the degraded ecosystem could
not yet be recovered.

The water currently reaches the downstream river
stretch during winter and spring. During those seasons, the
groundwater layers are refilled and sustain the water supply
for the natural vegetation for the following summer (Xiao
et al. 2014). But, recruitment from seed germination,
especially of the only forest-building tree species, P. eu-
phratica, is not possible under the current water allocation,
because the germination and establishment need summer
floods (Thevs et al. 2008b; Xiao et al. 2014). Therefore, it
would be essential to temporally adjust flooding events to
the germination period of P. euphratica (Guo et al. 2009)
and enable summer flood pulses at least every few years
(Xiao et al. 2014), to sustainably protect the whole range of
natural ecosystems along the downstream of the Heihe
River.

Acknowledgments We thank the Kurt-Eberhard-Bode-Foundation
within the Stifterverband fiir die Deutsche Wissenschaft for funding
this research within the Research Project Sustainable water manage-
ment and wetland restoration in settlements of continental-arid Cen-
tral Asia. Furthermore, we thank the German Academic Exchange
Service (DAAD) for funding the field work stay of Henrike Hoch-
muth in China.

References

Agriculture Administration Zhangye (2012) Personal contact during
field work campaign

Allen RG, Pereira LS, Raes D, Smith M (1998) FAO irrigation and
drainage paper No. 56. Crop Evapotranspiration. Rome: Food
and Agriculture Organisation of the United Nations

Allen RG, Tasumi M, Morse A, Trezza R (2005) A Landsat-based
energy balance and evapotranspiration model in Western US
water rights regulation and planning. Irrig Drain  Syst
19:251-268

Allen R, Tasumi M, Trezza R, Robison C, Garcia M, Toll D,
Arsenault K, Hendrickx J, Kjaersgaard J (2008) Comparison of
evapotranspiration images derived from MODIS and landsat
along the Middle Rio Grande. World Environmental and Water
Resources Congress, pp 1-13

Bastiaanssen WGM (1995) Regionalization of surface flux densities
and moisture indicators in composite terrain: A remote sensing
approach under clear skies in Mediterranean climates. Ph.D.
dissertation. CIP Data Koninklijke Bibliothek, Den Haag, the
Netherlands, p 273

Bastiaanssen WGM, Menenti M, Feddes RA, Holtslag AAM (1998)
A remote sensing surface energy balance algorithm for land
(SEBAL)—1 formulation. J Hydrol 212-213:198-212

Bastiaanssen WGM, Molden DJ, Makin IW (2000) Remote sensing
for irrigated agriculture: examples from research and possible
applications. Agric Water Manag 46:137-155

Bastiaanssen WGM, Ahmad M, Yuan CM (2002) Satellite surveil-
lance of evaporative depletion across the Indus Basin. Water
Resource Res 38:1273-1282

Bastiaanssen WGM, Noordman EJM, Pelgrum H, Davids G, Thore-
son BP, Allen RG (2005) SEBAL model with remotely sensed
data to improve water-resources management under actual field
conditions. ASCE J Irrig Drain E. 131:85-93

Braun-Blanquet J (1964) Pflanzensoziologie: Grundziige der Vegeta-
tionskunde. Springer, Wien

@ Springer


http://www.tutiempo.net
http://www.tutiempo.net
http://www.tutiempo.net
http://www.tutiempo.net
http://www.tutiempo.net

5278

Environ Earth Sci (2015) 73:5269-5279

Carr MKV (2012) The water relations and irrigation requirements of
the date palm (Phoenix dactylifera L.): a review. Exp Agric
49(1):91-113

Chen DJ, Xu ZM, Chen RS (2003) Design of resources accounts: a
case of integrated environmental and economic accounting. Adv
Water Sci 14(5):631-637

Compaoré H, Hendrickx JMH, Hong SH, Friesen J, Van de Giesen
NC, Rodgers C, Szarzynski J, Vlek PLG (2007) Evaporation
mapping at two scales using optical imagery in the White Volta
Basin, Upper East Ghana. Physics and Chemistry of the Earth,
Parts A/B/C

Conrad C, Dech SW, Hafeez M, Lamers JPA, Martius C, Strunz G
(2007) Mapping and assessing water use in a Central Asian
irrigation system by utilizing MO-DIS remote sensing products.
Irrig Drain Syst. doi:10.1007/s10795-007-9029-z

Ding R, Kang S, Li F, Zhang Y, Tong L (2013) Evapotranspiration
measurement and estimation using modified Priestley-Taylor
model in an irrigated maize field with mulching. Agric For
Meteorol 168:140-148

Dos Santos CAC, Bezerra BG, Da Silva BB, Rao TVR (2010)
Assessment of daily actual Evapotranspiration with SEBAL and
S-SEBI algorithms in cotton crop. Rev Brasileira de Meteorol
25:383-392

Ejina Qizhe (1998) Ejina Qizhe (Description of Ejina County).
Fangzhe Chubanshe, Beijing

Engman ET, Gurney RJ (1991) Remote sensing in hydrology.
Chapman and Hall, London

Environmental Protection Administration Zhangye (2012) Personal
contact during field work campaign

Feng Q, Cheng GD (1998) Current situation, problem and rational
utilisation of water resources in Gansu Province. Chinese J Arid
Land Res 11:293-299

Gansu Provincial Bureau of Water Resources (GPBWR) (2003)
Gansu water resource official report of 2002. China Water Power
Press, Beijing. (In Chinese)

Glantz MH (2005) Water, climate, and development issues in the
Amu Darya Basin. Mitig Adapt Strat Glob Chang 10:1573-1596.
doi:10.1007/s11027-005-7829-8

Gowda PH, Chavez JL, Colaizzi PD, Evett SR, Howell TA, Tolk JA
(2007) Remote sensing based energy balance algorithms for
mapping ET: current status and future challenges. Am Soc Agric
Biol Eng 50:1639-1644

Gowda PH, Chavez JL, Colaizzi PD, Evett SR, Howell TA, Tolk JA
(2008) ET mapping for agricultural water management: present
status and challenges. Irrig Sci 26:223-237

GRASS GIS 7 (2012) GRASS-Addons: i.evapo.potrad. http://trac.
osgeo.org/grass/browser/grass-addons/grass7/imagery/i.evapo.
potrad. Accessed 20 September 2012

Gruschke A (1991) NeulanderschlieBung in Trockengebieten der
Volksrepublik China. Institut fiir Asienkunde, Hamburg

Guo Q, Feng Q, Li J (2009) Environmental changes after ecological
water conveyance in the lower reaches of the Heihe River,
northwest China. Environ Geol 58:1387-1396

Guo Q, Yang Y, Li J, Chen Z (2011) Ecological water requirements
for vegetations in Ejina Oasis. J Arid Land Res Environ 25(5) (In
Chinese with abstract in English)

Hong SH, Hendrickx JMH, Borchers B (2005) Effect of scaling
transfer between evapotranspiration maps derived from LandSat
7 and MODIS images. Pro SPIE Int Soc Opt Eng 5811:147-158

Hou LG, Xiao JH, Si JH, Xiao SC, Zhou MX, Yang YG (2010)
Evapotranspiration and crop coefficient of Populus euphratica
Oliv forest during the growing season in the extreme arid region
northwest China. Agric Water Manag 97:351-356

Howell TA, Tolk JA, Schneider AD, Evett SR (1998) Evapotrans-
piration, yield, and water use efficiency of corn hybrids differing

@ Springer

in  maturity. Agron J 90:3-9.
00021962009000010002x

Jia Y, Zhao C, Niu B, Zhou L (2012) Estimation of vegetation
ecological water requirement using remote sensing in the
groundwater belt in lower reaches of Heihe River, Northwest
China. In: International symposium on geomatics for integrated
water resources management, pp 1-4

Jiang X, Liu C (2010) The influence of water regulation on vegetation
in the lower Heihe River. J Geograp Sci 20(5):701-711

Jiao WX, Xu ZM (2013) A distributed runoff model for the
mountainous region of the Heihe River Basin (China) based on
the spatial modeling environment (SME) I: model structure and
equations. Environ Earth Sci 68:881-888. doi:10.1007/s12665-
012-1793-x

Jin X, Schaepman ME, Clevers JGPW, Bob Z (2009) Impact and
consequences of evapotranspiration changes on water resources
availability in the arid Zhangye Basin China. Int ] Remote Sens
30(12):3223-3238

Jin X, Schaepman M, Clevers J, Su Z, Hu G (2010) Correlation
between annual runoff in the Heihe River to the vegetation cover
in the Ejina Oasis (China). Arid Land Res Manag 24(1):31-41

Kustas WP, Norman JM (1996) Use of remote sensing for
evapotranspiration monitoring over land surfaces. Hydrol Sci
41:495-516

Li S, Zhao W (2010) Satellite-based actual Evapotranspiration
estimation in the middle reach of the Heihe River basin using
the SEBAL method. Hydrol Process 24:3337-3344

Li ZL, Tang R, Wan Z, Bi Y, Zhou C, Tang B, Yan G, Zhang X
(2009) A review of current methodologies for regional evapo-
transpiration estimation from remotely sensed data. Sensors
9:3801-3853

Li X, Lu L, Yang W, Cheng G (2012) Estimation of evapotranspi-
ration in an arid region by remote sensing—a case study in the
middle reaches of the Heihe River. Int J Appl Earth Inf Geoinf
17:85-93

Liu B, Zhao W, Chang W, Li S, Zhang Z, Du M (2010) Water
requirements and stability of oasis ecosystem in arid region,
China. Environ Earth Sci 59:1235-1244

Malek E, Bingham GE (1993) Comparison of the Bowen ratio-energy
balance and the water balance methods for the measurement of
evapotranspiration. J Hydrol 146:209-220

NASA (2011) Landsat 7. Science Data Users Handbook. http://
landsathandbook.gsfc.nasa.gov/. Accessed 15 Feb 2013

Qi S, Cai Y (2007) Mapping and assessment of degraded land in the
Heihe River Basin, Arid Northwestern China. Sensors
7(11):2565-2578

Qi SZ, Luo F (2005) Water environmental degradation of the Heihe
River Basin in arid northwestern China. Environ Monit Assess
108:205-215

Qi S, Wang T et al (2004) Land desertification and sustainable
development in Heihe River Basin, Northwestern China. Res
Soil Water Conserv 11(2):94-96 (In Chinese with abstract in
English)

Rango A (1994) Application of remote sensing methods to hydrology
and water resources. Hydrol Sci J 39:309-320

Reddy JM, Muhammedjanov S, Jumaboev K, Eshmuratov D (2012)
Analysis of cotton water productivity in Fergana Valley of
Central Asia. Agric Sci 3:822-834

Roerink GJ, Su Z, Menenti M (2000) S-SEBI: a simple remote
sensing algorithm to estimate the surface energy balance. Phys
Chem Earth Part B Hydrol Oceans Atmos 25:147-157

Satellite Imaging Corporation (2012) Characterization of satellite
remote sensing systems. http://www.satimagingcorp.com/charac
terization-of-satellite-remote-sensing-systems.html. Accessed 20
Mar 2013

doi:10.2134/agronj1998.


http://dx.doi.org/10.1007/s10795- 007-�9029-z
http://dx.doi.org/10.1007/s11027-005-7829-8
http://trac.osgeo.org/grass/browser/grass-addons/grass7/imagery/i.evapo.potrad
http://trac.osgeo.org/grass/browser/grass-addons/grass7/imagery/i.evapo.potrad
http://trac.osgeo.org/grass/browser/grass-addons/grass7/imagery/i.evapo.potrad
http://dx.doi.org/10.2134/agronj1998.00021962009000010002x
http://dx.doi.org/10.2134/agronj1998.00021962009000010002x
http://dx.doi.org/10.1007/s12665-012-1793-x
http://dx.doi.org/10.1007/s12665-012-1793-x
http://landsathandbook.gsfc.nasa.gov/
http://landsathandbook.gsfc.nasa.gov/
http://www.satimagingcorp.com/characterization-of-satellite-remote-sensing-systems.html
http://www.satimagingcorp.com/characterization-of-satellite-remote-sensing-systems.html

Environ Earth Sci (2015) 73:5269-5279

5279

SBZC (Statistics Bureau of Zhangye City) (2003) Statistics yearbook
of Zhangye City. Zhangye Press, Zhangye City (In Chinese)

SEBAL, Advanced Training and Users Manual (2002) Water
Consluting, Universitiy of Idaho, Water Watch Inc, Version 1.0

Senay GB, Budde M, Verdin JP, Melesse AM (2007) A coupled
remote sensing and simplified surface energy balance approach
to estimate actual evapotranspiration from irrigated fields.
Sensors 7:979-1000

Shan X, Van de Velde R, Wen J, He Y, Verhoef W, Su Z (2008)
Regional evapotranspiration over the arid inland Heihe River
Basin in northwest China. In: Proc. Dragon 1 programme final
results 2004-2007, Beijing, PR China

Si JH, Feng Q, Zhang XY, Liu W, Su YH, Zhang YW (2005)
Growing season evapotranspiration from Tamarix ramosissima
stands under extreme arid conditions in northwest China.
Environ Geol 48:861-870

Siebert S, Burke J, Faures JM, Frenken K, Hoogeveen J, Doll P,
Portman FT (2010) Groundwater use for irrigation—a global
inventory. Hydrol Earth Syst Sci 14:1863-1880

Sobrino JA, Gémez M, Jiménez-Muiioz JC, Olioso A, Chehbouni G
(2005) A simple algorithm to estimate evapotranspiration from
DAIS data: Application to the DAISEX campaigns Original
Research Article. J Hydrol 315:117-125

Sobrino JA, Goémez M, Jiménez-Mufioz JC, Olioso A (2007)
Application of a simple algorithm to estimate daily evapotrans-
piration from NOAA-AVHRR images for the Iberian Peninsula.
Rem Sensing Environ 110:139-148

Thevs, N (2012) Personal contact

Thevs N, Zerbe S, Gahlert F, Mijit M, Succow M (2007) Productivity
of reed (Phragmites australis Trin. ex. Staud.) in continental-arid
NW China in relation to soil, groundwater, and land-use. J Appl
Bot Food Qual 81:62-68

Thevs N, Zerbe S, Peper J, Succow M (2008a) Vegetation and
vegetation dynamics in the Tarim River floodplain of continen-
tal-arid Xinjian, NW China. Phytocoenologia 38(1-2):65-84

Thevs N, Zerbe S, Schnittler M, Abdusalih N, Succow M (2008b)
Structure, reproduction and flood-induced dynamics of riparian
Tugay forests at the Tarim River in Xinjiang, NW China.
Forestry 81(1):45-57

Thevs N, Rouzi A, Kubal C, Abdusalih N (2013) Water consumption
of agriculture and natural ecosystems along the Tarim River,
China. Geo-Oko 34:50-76

Thevs N, Ovezmuradov K, Zanjani LV, Zerbe S (2014) Water
consumption of agriculture and natural ecosystems at the Amu
Darya in Lebap Province. Environmental Earth Sciences,
Turkmenistan. doi:10.1007/s12665-014-3084-1

Thomas FM, Foetzki A, Arndt SK, Bruelheide H, Gries D, Zeng FJ,
Zhang XM, Runge M (2006) Water use by perennial plants in the
transition zone between river oasis and desert in NW China.
Basic Appl Ecol 7:253-267

Thompson (2008) The Aral Sea crisis. http://www.columbia.edu/
~ tmt2120/introduction.htm. Accessed 15 Feb 2013

Wang G, Cheng G, Xu Z (1999) Water resources use and
ecoenvironment problems in arid northwest China. J Nat Resour
14:19-116

Wang G, Cheng G, Shen Y (2002) Eco-environmental variations and
control strategies in Heihe Corridor region in the past 50 years.
J Nat Resource 17(1):78-86

Wang G, Liu J, Kubota J, Chen L (2007) Effects of land-use changes
on hydrological processes in the middle basin of the Heihe River,
northwest China. Hydrol Process 21:1370-1382

Wang JF, Guo CD, Gao YG, Long AH, Xu ZM, Li X, Chen H, Barker
T (2008) Optimal water resource allocation in arid and semi-arid
areas. Water Resour Manag 22:239-258

Wang Y, Xiao HI, Wang RF (2009) Water scarcity and water use in
economic systems in Zhangye City, northwestern China. Water
Resour Manag 23:2655-2668

Wang P, Zhang Y, Yu J, Fu, Ao F (2011) Vegetation dynamics
induced by groundwater fluctuations in the lower Heihe River
Basin. J Plant Ecol 4:77-90

Wen X, Wu Y, Su J, Zhang Y, Liu F (2005) Hydrochemical
characteristics and salinity of groundwater in the Ejina Basin,
Northwestern China. Environ Geol 48:665-675

Wu BF, Jiang LP, Yan N, Perry C, Zeng HW (2013) Basin-wide
evapotranspiration management: concept and practical applica-
tion in Hai Basin, China. Agric Water Manag 145:145-153

Xiao S, Xiao H, Peng X, Tian Q (2014) Daily and seasonal stem
radial activity of Populus euphratica and its association with
hydroclimatic factors in the lower reaches of China’s Heihe
River basin. Environ Earth Sci 72:609-621. doi:10.1007/s12665-
013-2982-y

Yang YT, Shang SH, Jiang L (2012) Remote sensing temporal and
spatial patterns of evapotranspiration and the responses to water
management in a large irrigation district of North China. Agric
For Meteorol 164:112-122

Yuan B, Zhang P, Shao M, Luoa Y, Zhu X (2014) Energy and water
exchanges over a riparian Tamarix spp. stand in the lower Tarim
River basin under a hyper-arid climate. Agric For Meteorol
194:144-154

Zhang J, (2005) Barriers to water markets in Chinas Heihe River
basin. Resaerch Report, Economy and Environment Program for
Southeast Asia, No. 2005-RR8

Zhang Y, Yu J, Wang P, Fu G (2011) Vegetation responses to
integrated water management in the Ejina basin, northwest
China. Hydrol Process 25:3448-3461

Zhao W, Chang X, He Z, Zhang Z (2007) Study on vegetation
ecological water requirement in Ejina Oasis. Sci China Ser D
Earth Sci 50:121-129

Zhao W, Liu B, Zhang Z (2010) Water requirements of maize in the
middle Heihe River basin. Agric Water Manag 97:215-223

Zheleznyh V, Risbekov Yu (1987) Analysis of experimental inves-
tigations on lysimeters comparatively with data on cotton field.
http://www.cawater-nfo.net/bk/water_land_resources_use/eng
lish/iptrid/uz_34.pdf

@ Springer


http://dx.doi.org/10.1007/s12665-014-3084-1
http://www.columbia.edu/~tmt2120/introduction.htm
http://www.columbia.edu/~tmt2120/introduction.htm
http://dx.doi.org/10.1007/s12665-013-2982-y
http://dx.doi.org/10.1007/s12665-013-2982-y
http://www.cawater-nfo.net/bk/water_land_resources_use/english/iptrid/uz_34.pdf
http://www.cawater-nfo.net/bk/water_land_resources_use/english/iptrid/uz_34.pdf

	Water allocation and water consumption of irrigation agriculture and natural vegetation in the Heihe River watershed, NW China
	Abstract
	Introduction
	Study area
	Methods
	Results
	Discussion
	ETa maps and ETa of crops and natural ecosystems
	Calculating water balances for the Heihe middle and lower reaches

	Conclusions
	Acknowledgments
	References




