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ARTICLE INFO ABSTRACT

Keywords: Evapotranspiration (ET) is an important component of the water budget process and is characterized by complex
Irrigation district spatiotemporal changes, especially in irrigated agricultural areas. The impact of various hydrological processes
SEBAL model and human activities on ET is still a meaty theme to study and investigate. A typical agricultural irrigation
Evapotranspiration

district with shallow groundwater and arid climate conditions was selected as the case study area in this work.
The impact of the supplied irrigation water, shallow groundwater, crop planting pattern, and weather conditions
on regional ET was determined after the regional ET was estimated by a Surface Energy Balance Algorithm of
Land (SEBAL) model with Moderate Resolution Imaging Spectroratiometer (MODIS) data. The results show that
the regional ET in Hetao kept declining in the past 15 years. The positive correlation between the water input
(water diversion and precipitation) and ET indicated that reduced water diversion controls the declining ET, also
causing the drop of groundwater level. Due to capillary forces and root uptake, the shallow groundwater tended
to move upward to support the crop water consumption because the soil suffered from a water deficit.
Furthermore, we quantified the contribution of shallow groundwater to regional ET and found that the water
supplied from shallow groundwater increased from 5% to 15% during the period of water-saving irrigation.
However, the long—term decrease of irrigation water supply and groundwater level caused a soil water deficit
over the crop growth period, and the variation of crop planting pattern reduced ET as well. Therefore,
groundwater plays an important role in sustainable agricultural development in arid and semiarid areas and the
contribution of shallow groundwater to regional water consumption cannot be neglected.

Water saving irrigation
Shallow groundwater

because the implementation of WSM is primarily responsible for the
reduction of the seepage losses of irrigation water (Zhang et al., 2012).

1. Introduction

Evapotranspiration (ET) isan important part of regional or wa-
tershed water budgets. Understanding the spatial and temporal ET
change is foundation for regional water resource management, espe-
cially in arid and semiarid areas. However, assessing the ET change in
agricultural irrigation areas is still a huge challenge due to complex
water cycle processes driven by irrigation and shallow groundwater. On
one hand, traditional irrigation strategies have been improved by ap-
plication of water-saving measures (WSM) for sustainable water use in
arid and semiarid areas worldwide to cope with the water shortage in
agricultural development (Zhang et al., 2011). On the other hand, ex-
cessive agricultural water-saving will cause the groundwater to decline

Supplied irrigation water will directly change the soil water deficit and
induce a field ET change (Fig. 1). When the shallow groundwater is
supplied from the infiltration of large amount of irrigation, less
groundwater is consumed by evaporation because of the sufficient soil
water. When the soil water deficit caused by a decreasing water supply
negatively influences the regional ET, more of shallow groundwater
moves upward to support the crop water consumption. Previous studies
have proven that groundwater plays an important role in compensating
for the high water consumption (ET) and the reduction of ET can be
attributed to the decline of groundwater level (Liu et al., 2016; Balugani
et al., 2017; Gao et al., 2017a, b; Jiang et al., 2017; Ramos et al., 2017;
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Fig. 1. Water cycle between surface water and groundwater.

Satchithanantham et al., 2017; Wang et al., 2016; Yang et al., 2017a,
b). Both the WSM and groundwater decrease will therefore affect the
ET.

Many studies focused on the impact of water-saving irrigation and
groundwater on ET. By designing irrigation levels according to soil
water content as a percentage of field capacity, Ran et al. (2017) found
that ET under irrigation amount being 60%-55% and 50%-45% of field
capacity decreased by 14% and 28.1% respectively, compared with ET
under irrigation level of 70%—-65%. Based on the application of WSM,
the mean annual ET decreased from 752 mm to 610 mm in the North
China Plain (Pei et al., 2017). Meanwhile, the soil water storage de-
creases with decreasing water input and groundwater level (Zdenek
et al.,, 2017; Greaves and Wang, 2017; Alrajhi et al., 2017; Kisekka
et al., 2017). As the shallow groundwater declined excessively, water
deficit-induced stress negatively affected ET (Luo and Sophocleous,
2010). By conducting field experiments with different water treatments,
Kirnak et al. (2002) observed that the soil water remained higher
during full irrigation treatment and experienced less stress than using
deficit irrigation. Based on a long-term field observation data, Liu et al.
(2016) found that the soil moisture decreased significantly as the
groundwater depth increased from near the ground surface to 2.5m
below the surface. Gao et al. (2017a, b) reached similar results using a
process-based model.

Compared with scare surface water resources, shallow groundwater
is essential for the maintenance of the high ET in arid and semiarid
areas (Sepaskhah et al., 2003; Namuburg et al., 2005; Ghamarnia et al.,
2013; Wang et al., 2014a; Wang et al., 2016). Previous studies confirm
that the capillary upward movement of shallow groundwater by soil
suction and root uptake can meet the water deficit when the soil
moisture is insufficient to meet the crop water demand (Xue et al.,
2017; Jorenush and Sepaskhah, 2003; Shouse et al., 2010; Wang et al.,
2016). Soppe and Ayars (2003) showed that 40% of the daily crop
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water use originated from groundwater on the west side of the San
Joaquin Valley with shallow groundwater (< 1.5m). Coincidentally,
Cohen et al. (2006) proved that groundwater—supported ET accountd
for as much as 12% of the total ET in a watershed of Minnesota. In
addition to the irrigation water and groundwater, the long—term re-
gional ET change also depends on the variation of the crop pattern
considering the fact that the water consumption varies depending on
the crop variety (Yang et al., 2017c; Yang et al., 2018; Bai et al., 2017).

Note that previous research about the influences on ET highly de-
pending on field observations was limited to point or field scales (Kang
et al., 2003; Gonzélez—Altozano et al., 2008; Zhang et al., 2008; Zeppel
et al., 2009; Wylie, 2003). Recently, the development of remote sensing
techniques (RS) provided an effective way to understanding ET change
at the regional scale. Based on the surface energy balance equation, the
Surface Energy Balance Algorithm of Land (SEBAL) model has been
successfully tested, it performs well with respect to in situ measure-
ments and catchment hydrologic models in many regions (Allen et al.,
2007; Li et al., 2008; Chang et al., 2017; Bastiaanssen et al., 2005; Lee
and Kim, 2016; Bala et al., 2015; Bastiaanssen et al., 2010). Various
RS-based-ET models have been developed over the past decades to
study ET (Mu et al., 2011; Miralles et al., 2011; Norman et al., 1995).

To study the variation of ET and impact factors at a regional scale,
the SEBAL model has been applied to estimate the ET in a typical ir-
rigation district over the past 15 years. The main objectives of this study
are: (1) to clarify the spatial and temporal variation of ET under wa-
ter-saving irrigation conditions, (2) to assess the variation of the
groundwater contribution to ET, and (3) to evaluate the long—term soil
water deficit at the regional scale.

2. Material and methods
2.1. Study area

The Hetao Irrigation District (HID), located in the upstream part of
the Yellow River Basin in China was selected as the study area. With a
total area of 11.2 x 10°km?, the HID is the third largest irrigation
district in China (Wu et al.,, 2017) and includes five irrigation sub-
districts: Yigan Irrigation District (YGID), Jiefangzha Irrigation District
(JID), Yongji Irrigation District (YJID), Yichang Irrigation District
(YCID) and Wulate Irrigation District (WID) (Fig. 2). The YGID is sur-
rounded by the Gobi Desert and includes only one third of farmland.
The farmland of the other four irrigation districts accounts for 60% of
the total land area.

YCID

YJID

m G

Hetao Irrigation District

« Observation wells Yellow River

Fig. 2. Location of the study area (the solid black points reflect the distribution
of the observation wells).
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Table 1

Summary of the hydro-meteorological characteristics of the five subdistricts,
including potential evaporation (E,), mean annual precipitation (P), mean an-
nual temperature (T), mean annual water diversion (I), total area (A) and ir-
rigation area (A4;).

Subdistrict  Eq (mm) P (mm) T (C) I(mm) A (km? A; (km?)
YGID 2680.54 139.83 9.24 355.69  2197.87  585.20
JID 1985.34 143.37 8.24 656.86  2156.80  1421.00
YJID 2226.29 139.99 9.24 664.05  1759.00  1167.47
YCID 2179.29 178.24 8.46 469.60  3138.07  1708.93
WID 2271.49 238.63 9.02 447.65  1424.33  805.53

The study area is located in an arid and semiarid continental climate
zone with an average annual precipitation of ~170 mm and annual pan
evaporation of ~2300 mm. The average annual temperature is ~8.8 °C
while the maximum and minimum are -12.3 °C in January and 23.8 °C
in July, respectively (Table 1). Most of the area of the HID is occupied
by a plain with a slope of ~0.02%. Based on the estimated small Darcy
velocity (~0.002 cm/day), the rapid horizontal groundwater flow is
negligible. The vertical flux exchange is the main characteristic of
shallow groundwater (Yu et al., 2010; Xu et al., 2010), including the
infiltration of water, groundwater capillary uptake for ET and discharge
through lateral drainage ditches.

As an important food base of China, the main crop in the HID in-
cludes spring maize, spring wheat, and sunflowers. Irrigation events are
essential for agriculture production due to the arid climate and the
main irrigation water is diverted from the Yellow River (Xu et al., 2010;
Chen et al., 2016). The mean annual water diversion from the Yellow
River to meet the agriculture irrigation is ~ 5.2 billion m® (1980-2015),
accounting for 10% of the total discharge of the Yellow River. The
shallow groundwater produced by the large amount of water diversion
varies from 0.5 to 2.5m beneath the soil surface within a year.

With the increasing economic development, the water resource re-
quirements for industrial and domestic use increase in the HID, similar
to other developing regions. As a result, the allocated water resources
for agricultural irrigation have been cut down (Zhang et al., 2011; Fu
et al., 2007). A program identified by the Yellow River Conservancy
Commission has been adopted in the HID since 1998 to resolve the issue
of water shortage, reduce the water diversion from the Yellow River
while maintaining the agricultural production. Multiple water-saving
measures, including a reduction of water diversion, and lining of main
canals, have therefore been applied to decrease the delivery losses and
improve the irrigation water use efficiency.

2.2. Data collection

2.2.1. MODIS datasets for the SEBAL model

The ET distribution of the study area during 2000-2014 was cal-
culated with the SEBAL method and available MODIS data. The datasets
including MOD11A2, MOD13A2, MOD15A2, and MCD43B3 were
downloaded from the NASA Data Center (https://reverb.echo.nasa.
gov). The spatial resolution of the data is 1000m and the temporal
resolution of MOD11A2, MOD15A2 and MCD43B3 is 8d, while that of
MOD13A2 is 16d. All original images were pre—projected in a Universal
Transverse Mercator (UTM) projection. The Digital Elevation Model
data with a spatial resolution of 90 m were downloaded from http://
srtm.csi.cgiar.org/. Land use map was provided by Bayannur Survey
and Design Institute of Water Conservancy and Hydropower.

2.2.2. Groundwater depth

A total of 228 observation wells were installed in the five sub-
districts to monitor the groundwater depth every five days, that is, on
days 6, 11, 16, 21, and 26 every month from 2000 to 2014. The mean
monthly depth is the average of the five observation data points. The
locations of the observation wells are shown in Fig. 2.
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2.2.3. Irrigation, drainage and climate data

To support the agricultural production, irrigation water was di-
verted from the Yellow River from April to November every year.
Monthly data of pan evaporation (2000-2014), precipitation
(2000-2014), irrigation water (2000-2014), and annual drainage water
data (2000-2014) in the five irrigation subdistricts were monitored and
provided by the Hetao Irrigation District Administration. By assuming
that the amount of drainage is dependent on water supply, the monthly
drainage was estimated as:

_ _L+h

= ———— X TDr
T+ P)

’ m
where Dr, I; + P, are the drainage and water supply over period i, (mm);
T(Dr) and T (I + P) are the total amount of annual drainage and water
supply, (mm). Irrigation water and precipitation constitute the total
water input (I + P) of the whole district. In addition, daily flow data of
the main canal systems of the JID from 2006 to 2013 were available.

2.2.4. Soil water content

Among the 56 groundwater observation wells in the JID, 22 wells
were able to monitor the soil moisture by drying method before each
irrigation event at the same intervals during 2006-2013. The soil pro-
file in 1m below surface was divided into five layers (0-10cm,
10-20 cm, 20-40 cm, 40-70 cm, and 70-100 cm) and soil samples were
drilled in each layer. The soil layers between 1 m and the groundwater
level were regarded as the capillary water zone with high soil moisture,
the variation of which was supposed to be negligible. The monthly soil
moisture was estimated from the weighted average value of the five
layers.

2.2.5. Crop planting area

The planting area data of various vegetation, including maize,
wheat, and sunflowers in the five subdistricts from 2000 to 2014, was
provided by the Hetao Irrigation District Administration. The variation
of the crop pattern was determined by the planting ratio of each crop.

2.3. Methods

2.3.1. SEBAL model for the estimation of regional ET

The SEBAL model, which has been used since 1998, can estimate the
daily ET based on remote sensing technology. Based on the surface
energy balance equation, the ET is computed as energy residual
(Bastiaanssen et al., 1998),

_ R,—G-H
2

ET @
where ET is the estimated evapotranspiration, (mm); R,, G, and H are
the net radiation, soil heat flux and sensible heat (W /m?), respectively,
and A is the latent heat of the evaporation of water (J/kg).

By converting the difference between the aerodynamic temperature
and air temperature (Ty.,—1;) into a linear relationship of the land
surface temperature (T;), the sensible heat (H) can be estimated as:

_ pcp(TAero_’El) _ pcp(aTs + b)

s

H
3
where p is the air density, (kg/m?); C, is the specific heat capacity of air,
(J/kg-°C). The coefficient a and b can be defined by hot pixel and cold
pixel. Due to the existence of Ulansuhai Lake, the cold pixel generally
determined as a pixel with minimum temperature was always located in
water body pixels, consistent with the selection criteria of traditional
SEBAL model (Bastiaanssen et al., 2005). As to the hot pixels, the land
use map, NDVT and T; values (derived from MODIS dataset) were taken
into account. After removing the pixels with small NDVT values (always
less than 0.1) and extremely high temperature, the pixel having both
high temperature and low NDVI values among the remaining candidate
pixels (i.e. bare agricultural field determined by land use map) was

Iy
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selected as the hot pixel. The detailed process can be referred to Allen
et al. (2013) and Bhattarai et al. (2017).
1, is the aerodynamic resistance to heat transport (s/m):

_ In(z:/z)
fa= u+k

4

where k is von Karman’s constant of 0.41; z; = 0.0l m and z, = 2m
(Chandrapala and Wimalasuriya, 2003; Gieske and Merjninger, 2005;
Singh et al., 2008). In fact, an alternative value of 0.1 for z; is also used
in many papers (Chang et al., 2017; Mkhwanazi et al., 2015; Wang
et al., 2014b). By conducting SEBAL model with four values of z;, Paul
et al. (2014) found that z; = 0.01m and z; = 0.1 m led to the same
estimate of ET (the comparison of ET values in this study and detailed
information is shown in Fig. S1). u- is the friction velocity (m/s):

koo

Y 1200/ Z0y) )

where 1, is the wind speed at the blending height of 200 m, converted
from the wind velocity at a height of 2m by the logarithmic wind law
and z,,, is the momentum roughness length (m):

Zom = 0.018 X LAI (6)

where LAI is the leaf area index.

For the stability examination of u+ and r,, please refer to the studies
of Paulson (1970) and Webb (1970).

Based on the above-mentioned SEBAL model, the ET estimated by
Eq. (2) is an instantaneous value (ET;, mm/s), which needs to be up—
scaled to daily values (ET;, mm/d) using the empirical formula
(Jackson et al., 1983),

2N (ET)

ET; = 3600 x ———7
7 sin(7tt/N)

@)
where t is the difference between the time of sunrise and satellite
passing; and N is the sunshine duration.

Because the MODIS datasets are collected and composited under
cloudless sky conditions (the data of cloud affected pixels is blank), the
estimated ET is supposed to be higher than the true value (Jia et al.,
2012; van Leeuwen et al., 1999; Xiong et al., 2010). Considering the
weather conditions, the total cloud cover (a proportion of the sky ob-
scured by all clouds) was introduced to calibrate the ET during cloudy
weather:

EToua = a (fdgud —2)ET jear (8)

where f, 4 is the total cloud cover (0-10); (f,;,,,—2) means the impact
of cloud (a clear sky is defined as less than 20 percent of cloud); and a is
the cloud adjustment coefficient, that is, a constant of 0.132 after ca-
libration. The monthly data of f,,,, is referred to Dabuxilatu Su and
Deng (2009).

By averaging all available pixels of each subdistrict, we can obtain
the daily ET value at an interval of 16d, that is, a total of 12 estimates
during the crop growth period (at Day 97, 113...257 and 273 of a year).
The ET estimated by the SEBAL model was regarded as the average of
each 16-day period. The monthly data (monthly products are compos-
ited by calendar month) was based on the time-weighted average of the
two to three 16-day SEBAL ET that contribute to each month; the
monthly data was then accumulated into annual values.

2.3.2. Performance evaluation of the SEBAL model

The water balance method was selected in the present study to es-
timate the actual ET and test the performance of the SEBAL model.
Compared with other methods introduced by hydrologists and me-
teorologists, the traditional water balance method is still a good alter-
native for the estimation of the ET in a closed basin and has a solid
theoretical background (Xu and Chen, 2005; Billah et al., 2015). The
estimated ET for the 22 soil water observation wells in the JID during
the crop growth period of 2006-2013 was compared with the SEBAL ET
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values picked at the corresponding wells pixels. Considering local hy-
drogeology conditions, the water balance method including 22 wells
during the crop growth period can be expressed as:

AW, + AW, = P + I-Dr—ET ©

where P is the local precipitation denoted by the average values of the
JID (mm); I is the irrigation water estimated by the sum of daily flow
data of the nearby canal systems, (mm); Dr is the drainage through the
drain ditches (mm); ET is the estimated evapotranspiration (mm); and
AW, and AW, represent the storage variation of groundwater and soil
water (mm),

AWy = u X AH (10)

AW, = G X AS X 1000 a1

where AH is the change of the groundwater depth, (mm); u is the
specific yield (nondimensional) of 0.07 (Hao et al., 2013) indicating the
volumetric fraction of water yielded by a given aquifer under gravity; G
is the thickness of the soil layer (supposed to be 1 m herein); and A4S is
the variation of the soil moisture, (mm). The application of all para-
meters is limited to the crop growth period.

To evaluate the performance of SEBAL model at different time
scales, the actual ET based on field experiments in the HID was obtained
from previous studies. Dai et al. (2011) measured the daily ET during
crop growth period of 2009 in the Dengkou Agricultural Experiment
Station by water balance method. Daily ET were aggregated to 16-day
ET with the same durations of SEBAL ET to conduct validation. In ad-
dition, the actual ET measured by the Bowen ratio system at same
durations in 2014 of the YJID was provided by the Fenzidi Experiment
Station. The monthly ET of 2006-2008 in the YCID are referred to Jia
et al. (2013) and Wu et al. (2006).

The MOD16 A2 Evapotranspiration products of 2000-2014 (MOD
ET for short) with spatial-temporal resolution of 1000 m and 8d were
selected to conduct model intercomparison as well. The detailed in-
formation about MOD16 algorithm is referred to Mu et al., 2007.

2.3.3. Contribution of shallow groundwater to ET

In our previous research (Chen et al., 2016), we observed that the
groundwater depth change in the HID with a declining trend during the
crop growth period can be attributed to the abundant water con-
sumption for ET. Thus, the groundwater net consumption (ET,,) during
the crop growth period can be estimated as follows:

ET,, = AW,~D, = u x AH-Dr (12)

where 1 and AH are the same parameters as Eq. (10); Dr is the drainage
in the same period, (mm). The contribution of groundwater to ET was
determined as the ratio of ET,, to ET (ET,,/ET) (Cohen et al., 2006;
Chen et al., 2016; Gao et al., 2017a,b).

2.3.4. Estimation of the regional soil water deficit

The soil moisture is the main factor restricting ET in arid and
semiarid areas. In this study, we used the soil water deficit as the term
determining the soil water conditions. Usually, we can estimate the
field ET using the FAO equation, wherein the ET is the product of the
crop coefficient, soil water coefficient and reference evaporation (Allen
et al., 1998). Furthermore, the soil water deficit factor is determined
based on irrigation and groundwater levels.

Based on the evaporation proportional hypothesis (Penman, 1948)
and FAO 56, the estimation of field ET can be expressed as:

ET = Kg X K¢ X ET, (13)

where Kg and K. are the water stress and crop coefficient (non—-
dimensional), reflecting the impact of soil moisture deficit and crop
growth conditions, respectively. The reference evaporation ETy can be
converted from the pan evaporation E, by multiplied by a constant
coefficient of 0.55 (Ren et al., 2002):
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Fig. 3. A-C: Comparison between the SEBAL ET and actual ET at different time scales in the HID; D-H: Intercomparison between SEBAL model and MOD16 product.

ETy = 0.55 X E, 14
Here, we extended Eq. (13) to the regional scale. For the regional scale,
the crop coefficient K¢ reflecting the variation of the vegetation growth
depending on the main crop pattern (wheat, maize, and sunflowers,
etc.) and stage duration of each crop growth period (initial, rapid
growth, middle, and late). In each subdistrict, the local K- was esti-
mated by the weighted average as:

160

where Ky is the crop coefficient at a different growth stage; L; is the
ratio of each stage duration to the total crop growth period; i = kinds of
vegetation; j = initial, rapid growth, middle, and late growth period;
and A; is the planting area ratio of crop i, estimated as the planting area
of each crop divided by the total planting area. The estimation of K can
then be expressed as follows:

_ ET/ET,

T Ke (16)
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Fig. 4. Spatial distribution of the total ET in the HID from 2000 to 2014.
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3. Results
3.1. SEBAL model validation

As shown in Fig. 3A-C, the mean relative errors (MREs) at different
scales show that the SEBAL model has a higher precision in evaluating
the annual-scale ET (crop growth period in present study) than the
monthly- and 16-day- scale values. The MRE at the annual scale was
8.99%, while that at monthly and 16-day scales reached up to 12.95%
and 18.95%, respectively. The results are in accordance with the pre-
vious study. Based on the estimation of the annual ET in Sri Lanka,
Bastiaanssen and Chandrapala (2003) reported that the MRE of the
SEBAL model in the regional field ranged from 1% to 11%, while
Hemakumara et al. (2003) obtained a MRE on a 10-day basis ranging
from 4% to 32%. In the present area, the SEBAL-estimated ET in the
HID without WID was compared with the actual ET at regional scale by
Yang et al. (2012). The MRE of the annual ET was 5.6%, which is si-
milar to the results of this study.

The use of contaminated inputs of MOD16 will produce incorrect ET
estimates (Kim et al., 2012). Due to the missing data of desert pixels,
the accumulated MOD ET overestimated regional ET of the YGID while
the estimates in the other four districts were in good agreement with
SEBAL ET (Fig. 3D-H). Considering the fragment-cultivating pattern
(means small field size) in the study area, the accuracy of the SEBAL
model meets the precision requirements on the regional annual ET.

3.2. Temporal and spatial change of ET during the past 15 years

Based on the Geographic Information System (GIS), the regional ET
derived from the SEBAL method can clearly describe the spatial var-
iation of ET in the HID (Fig. 4). Note that the mean annual ET varied
from 200 to 900 mm in the whole irrigation district under different land
use patterns and water resource conditions. Due to the existence of the
Gobi Deserts and shortage of water supply in the west of the HID, the
annual ET in the YGID of ~ 388 mm was notably lower than that in the
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other four districts (annual average of 552 mm). The highest ET was
observed for the Ulansuhai Lake located in the WID. A higher ET was
obtained in the JID and WID. The characteristics of spatial distribution
has not changed significantly over the period of 2000-2014. The mean
annual ET in 2005, 2009, 2011, 2013, and 2014 was significantly
smaller than the multi-annual average of 515.8 mm/yr. The ET during
the crop growth period showed a declining trend in the subdistricts
during the past 15 years, except for the YGID. The decline of the ET in
the JID and YJID was approximately 50 mm, while that in YCID and
WID reached up to 100 mm (Fig. 5). The variation of the ET in the HID
as an arid area with irrigated agricultural production can be attributed
to the changes of the water supply and crop planting patterns. Details
will be discussed in the following sections.

3.3. Impact of water input and shallow groundwater on the regional ET

Generally, the regional ET in the irrigation area is controlled by the
combined influence of climate change (i.e., temperature and pre-
cipitation), water input, and shallow groundwater. Because of the
stable temperature over crop growth period (Fig. S2A), the variation of
temperature was supposed to have little impact on ET. Meanwhile, the
actual ET in arid area was proven to be mainly limited by water amount
(Yang et al., 2006; Han et al., 2014). So the water input and shallow
groundwater are considered as the main influence factors on ET (the
less precipitation is regarded as water supply, along with irrigation
water). Based on the WSM, the annual water diversion for irrigation in
the HID from 2000 to 2014 has been reduced by 20% to maintain the
sustainable utilization of water resources. Fig. S2B in Appendix shows
the significant decrease of the water input of the HID from 2000 to
2014. The ET variation pattern is similar to that of the water input in
the HID. The positive relationship between the ET and water input in-
dicates that the water amount is responsible for the ET change in study
area (Fig. 6A). Similar to the results of Gao et al. (2017a,b), the mean
ET during the crop growth period in the five subdistricts decreased from
543.9 to 498.3mm when the water input decreased from 616.6 to
521.2 mm (Fig. 6B). The smaller decline of the ET compared with that
of water input suggests that the shallow groundwater was consumed to
support crop water requirements.

Based on the shallow groundwater depth and arid climate,
groundwater evidently contributes to ET (Chen et al., 2016; Gao et al.,
2017a,b; Liu et al., 2016; Wang et al., 2016). In the present study, 2003,
2006, 2010, and 2013 were selected as years with typical spatio-
temporal groundwater depth characteristic (Fig. S3A in the Appendix).
The mean annual groundwater depth in the northeast of the HID was
shallower than that in the southwest, while the ET in the northeast was
larger than that in southwest. With the application of WSM, the mean
groundwater depth during the crop growth period in the HID increased
from 1.78 m in 2000 to 2.15 m in 2014 (Fig. S3B listed in the Appendix)
and the rate of groundwater level notably decreased from 2006 in re-
sponse to the rising water diversion. Considered as a potential water
resource for crop consumption, the decline of the shallow groundwater
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Fig. 6. A: Relationship between the ET and water input (I + P); B: Trends of the ET and water input (I + P) in the HID from 2000 to 2014 (the error lines indicate the

upper and lower bounds of regional ET in the HID).
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Fig. 7. Relationship between the ET and groundwater depth in the five subdistricts.

diminished the total water supply for regional ET. The positive re-
lationship between the groundwater depths of 228 observation wells
and ET values of corresponding pixels indicates that the ET was also
impacted by the shallow groundwater (Fig. 7), which is consistent with
the findings of previous studies (Huo et al., 2012a, b).

4. Discussion
4.1. Contribution of groundwater to ET

As a result of WSM, the contribution of groundwater to ET is as-
sumed to vary depending on the combined impact of water supply and
groundwater (Gao et al., 2017a,b; Chen et al., 2016; Liu et al., 2016).
Compared with the declining tendency of the water input during
2000-2014, the contribution ratio of shallow groundwater to eva-
poration (ET,,/ET) in the HID showed an increasing trend (Fig. 8A).
Because of WSM, the maximum contribution ratio has increased from
5% to 15% during the past 15 years. The ET,,/ET values using MOD ET
were slightly less than that using SEBAL ET which can be attributed to
the missing data in desert pixels of MOD16 products (Fig. S4). These
results indicate that more shallow groundwater moved upward to cope
with crop water requirements because less irrigation water was applied,
which is in good agreement with the study of Luo and Sophocleous
(2010).

Based on our results, water-saving irrigation can enhance the
groundwater contribution to regional ET in the HID. However, ac-
cording to water cycle processes, the shallow groundwater level de-
clined with decreasing recharge from the infiltration of irrigation water
and caused the decline of the groundwater contribution to ET (Ramos
et al.,, 2017; Balugani et al., 2017; Karimov et al., 2014; Sepaskhah

et al.,, 2003). In contrast to previous research, we found that more
groundwater contributed to ET although the groundwater level showed
decline with decreasing irrigation water amount in the present study
(Fig. 8B). Notably, compared with the linear relationship, the response
of the ET,/ET ratio to the groundwater depth is characterized by a
single-peak curve. We call the groundwater depth responding to the
maximum ET,,/ET ratio “critical groundwater depth (GWDc)”. When
the groundwater depth is smaller than the GWDc, the ET,,/ET ratio
increases with decreasing groundwater level. This increase of the
ET,/ET ratio can be attributed to the larger effect of the soil water
deficit compared with that of declining groundwater. However, when
the groundwater depth is larger than the GWDc, the ET,,/ET ratio de-
creases with decreasing groundwater levels (Fig. S5 listed in the Ap-
pendix). In the early study period, the abundant water diversion for
irrigation in the HID resulted in high groundwater levels and enough
soil water storage for crop water consumption. Therefore, less
groundwater was consumed for ET, although the groundwater level was
shallow. Subsequently, the decreasing water input induced the decline
of the groundwater levels. At the same time, the soil water became
more and more insufficient in supporting the crop water requirements,
and shallow groundwater moved upward by capillary uptake to support
ET (Ghamarnia et al., 2013; Karimov et al., 2014; Sepaskhah et al.,
2003; Yang et al.,, 2007). Meanwhile, the increasing groundwater
consumption and reduced water recharge accelerated the decline of the
groundwater level. When the groundwater level declined to the GWDc,
the water supplied from groundwater decreased and gradually vanished
due to the weakened capillary force (Huo et al., 2012a, b; Steinwand
et al., 2006).

Fig. 8B shows the ET,,/ET variation of five subdistricts compared
with the groundwater depth. In the YGID with deeper groundwater, the
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Table 2
Weighted average K¢ of different crops during the whole crop growth period.
wheat maize sunflower oil plants melons tomato forest grassland
Initial 0.605 0.730 0.697 0.350 0.500 0.600 0.800 0.400
Rapid growing 0.946 0.982 0.751 0.735 0.735 0.858 0.980 0.784
Middle 1.286 1.118 0.804 1.150 1.000 1.150 1.200 1.200
Late 0.250 0.542 0.350 0.350 0.800 0.800 0.850 1.150
Weighted average 0.956 0.982 0.715 0.724 0.759 0.883 1.036 0.920

Note: Initial period lasts from early-mid April to late May; rapid growing period lasts from early June to mid-late July; middle period lasts from late July to late
August or early September; late period lasts from early September to late September or early October.
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Fig. 9. A: Variation of the water input, groundwater depth, and Kg; B: Relationship between Ky and the groundwater depth and water input.from 2000 to 2014.

ET,/ET value started to decrease with increasing groundwater depth
below 2.08 m. In the JID and YJID, the inflection point of the curves
seemed to appear with increasing groundwater depth. In the YCID and
WID with shallower groundwater depths, the ET,,/ET values con-
tinuously increased with increasing groundwater depth, but the in-
crease rate decreased. If the groundwater level keeps declining, the
ET,,/ET value is about to decrease as well. The variation of the ET,,,/ET
values with groundwater depth in different subdistricts indicate that
maintaining groundwater level in a reasonable range plays an im-
portant role in maintaining ecological balance in arid areas. It is worth
to further study the rational water management for irrigation. In the
HID, the mean critical groundwater depth was determined to be
~2.01m.

4.2. Variation of the soil water deficit

The ET during the crop growth period was positively correlated with
pan evaporation in the HID (Fig. S6 listed in the Appendix). To quantify
the effect of irrigation on regional ET, we first calculated the conversion
coefficient K- XK based on the ratio of ET to ET,. We then determined
K¢ using the crop planting pattern data and Ks from the evaporation

proportional equation. The parameters K- and Ks were proven to vary
with the crop pattern variation and soil water conditions (Scaini et al.,
2015; Keshavarz et al., 2014; Ceppi et al., 2014).

The crop pattern in the HID has changed greatly from 2000 to 2014,
affected by the agricultural product market and national economic
policies (Fig. S7 in the Appendix). Based on the empirical crop coeffi-
cient at different stages in the HID by Dai et al. (2011), the weighted
average K¢ of each crop during the whole crop growth period is shown
in Table 2. The maximum K. value of the main crops was obtained for
maize, followed by wheat and sunflowers. With the sharp increase of
sunflowers and decrease of wheat, K of the five subdistricts showed a
significant decrease (Fig. S8 in the Appendix). According to FAO-56,
the decline of the K- means that the crop will reduce the water con-
sumption. We can extend this equation to the regional scale, where K¢
is determined by the allocation of the crop pattern. In case of the pre-
sent study, the K¢ decrease in the five subdistricts will result in the
decline of regional ET.

Fig. 9A shows that, the value of K in the YGID was clearly lower
than that of the other four subdistricts due to the smaller amount of
water diversion and arid climate conditions (existence of deserts). With
lower water diversion but shallower groundwater depth, the value of K
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in the YCID and WID was almost the same as that in the JID and YJID.
This is likely related to the assumption that the variation of K is af-
fected by the combined influence of water diversion and groundwater
depth. The K variation in each subdistrict during 2000-2014 was di-
vided into two domains, that is, before 2008 and after 2008. The
parameter Kg remained high level before 2008, then kept declining.
The significant relationship between K and the groundwater depth and
water diversion confirms the above-mentioned hypothesis and provides
the cause for the variation of K (Fig. 9B). In the early period of WSM
application, the shallow groundwater can still contributed to support
crop water consumption as the water diversion reduced. However, the
continuous reduction of the groundwater without the resupply from
water infiltration failed to meet soil deficit later and the crop became
less resistant to water stress (Man et al., 2016; Ma et al., 2016; Zhang
et al., 2017; Kogler and Soffker, 2017). The severity of water stress
increases as the value of the coefficient deceases (Allen et al., 1998).
The increasing water stress due to deficit irrigation has been proven to
cause a significant decline in the crop water consumption (Greaves and
Wang, 2017; Caser et al., 2017)

In the present study, the declining K value is an indicator of the soil
drought caused by the shortage of the water supply, leading to a soil
water deficit that limits the water available for crop growth. This result
is consistent with previous research (Yang et al., 2017c; Panu and
Sharma, 2002; Sepulcre-Canto et al., 2012; McWilliam, 1986;
Seneviratne et al.,, 2010). Using satellite remote-sensing based soil
moisture, Nicolai-Shaw et al. (2017) found that soil drought is relevant
for reduced water supply and increased groundwater depth. Based on
surveying 275 famers in Northeast United States, Sweet et al. (2017)
showed that crop losses derived by soil deficit are attributed to an in-
adequate irrigation capacity and water supply. Moderate water stress
induced by suitable WSM can promote the water use efficiency while
maintaining the yield, but the severe water stress will have a serious
negative impact on agriculture production (Torrion and Stougaard,
2017; Ceppi et al., 2014). The strong link between Ky and the water
diversion and groundwater level further emphasizes the importance of
rational water management in arid areas.

5. Conclusions

In this study, the SEBAL model with MODIS data performed well in
estimating the ET of the HID of the past 15 years. Our results showed
that the actual ET in arid areas was mainly controlled by the variability
in water input and shallow groundwater. With the reduced water
supply through diversion, the mean annual ET during the crop growth
period in the HID during 2000-2014 decreased from 543.9 to 498.3 mm
and the groundwater depth increased from 1.78 to 2.15 m. Meanwhile,
the groundwater net consumption to ET (ET,,/ET) continued to in-
crease, indicating that more groundwater was used to meet the crop
water demand. However, the soil drought and water deficit derived by
the declined water input and groundwater level are worth to discuss.
Shallow groundwater is a very important water resource to meet crop
demands, especially in arid areas with agricultural irrigation. The ap-
plication of proper water diversion management to keep the ground-
water depth in a reasonable range is the primary focus of WSM. Overall,
the role of groundwater in the sustainable development of regional
agriculture needs to be considered when agricultural water—saving ir-
rigation is put forward in arid and semiarid areas. In future studies,
water cycle process-based analysis should be considered to quantify the
contribution of groundwater to meeting the crop water requirements at
the irrigation district scale.
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