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Abstract: The evapotranspiration demand of the Awati irrigation district has changed with irrigation
development since 1980. During the first period of traditional irrigation expansion from 1980 to 1997,
reference crop evapotranspiration (ET0) decreased as irrigation intensity increased. Since the second
period of water-saving irrigation extension began in 1998, the gross irrigation quota has decreased
as the water use efficiency improved, whereas ET0 has been increasing accordingly. The increasing
evapotranspiration demand has enlarged the irrigation water requirement per unit area, which partly
weakens the effects of water-saving irrigation. Findings show that irrigation-induced changes in
evapotranspiration demand should be considered when evaluating the performance of water-saving
technologies in irrigation districts in arid areas.
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1. Introduction

As the most important component of water use, irrigation accounts for approximately 80%
of global freshwater consumption [1]. Irrigation water use is classified as either consumptive or
non-consumptive, considering that only a fraction of irrigation water withdrawal is lost through
evaporation [2]. Evapotranspiration is the most important part of consumptive use [3], which includes
crop evapotranspiration, excess soil water and phreatophyte evapotranspiration, and canal and
reservoir evaporation. The water balance equation of an irrigation district can be expressed as:

P + I = ETcrop + ETn + D + ∆Sw + R, (1)

where P is precipitation; I is irrigation water withdrawal from outside; ETcrop is crop
evapotranspiration; ETn is non-crop evapotranspiration, i.e., evapotranspiration from water surface,
natural vegetation, and bare soil; D is discharge to drainage; ∆Sw is change in regional water storage;
and R is local river runoff. Evapotranspiration is further divided into beneficial and non-beneficial
components [2,4,5]. In other studies, these components have been defined as productive and
non-productive consumption [6–8]. Beneficial use is defined as that which supports crop production;
thus, ETcrop is regarded as the main component of beneficial use, whereas the majority of ETn is
considered to be of non-beneficial use [2]. For example, soil evaporation in excess of basal is considered
to be non-beneficial in the arid southwest part of the United States [9].

Irrigation development is driven by the need to achieve high-value crop production with less
water. Increasing water scarcity requires communities to increase irrigation efficiency through water
conservation and saving technologies [3]. The ratio of crop evapotranspiration to the amount of water
applied is used as a classic index of irrigation efficiency and is expressed as follows:
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IE =
ETcrop − Pe

I
, (2)

where Pe is effective precipitation. Through water-saving technologies, ETn is expected to be reduced
with changeless ETcrop [10]. I can then be reduced, and IE increases accordingly. Reducing ETn has
been proposed to improve water use efficiency in the Yellow River Basin of China [6].

Although improving irrigation efficiency through water-saving technologies provides
an opportunity to reduce water consumption, irrigation water withdrawal continues to increase
in many regions [11]. This condition is referred to as the rebound effect or Jevons paradox [8,12]. This
efficiency paradox has been gaining widespread attention from researchers studying arid or semi-arid
regions [13–16]. From an economic perspective, the augmentation of irrigated land is responsible for the
increasing irrigation water consumption, and the rebound effect would be insignificant if irrigated land
is constrained [12,17]. However, total water consumption depends on not only irrigated area but also on
crop water requirement per unit area, which should also be considered when predicting irrigation water
consumption. For a specific crop, water requirement is determined by evapotranspiration demand,
which is usually estimated by reference crop evapotranspiration (ET0). According to the crop water
production function, the crop yield to the maximum possible yield under given agronomic conditions
relies not only on ETcrop but also on crop water requirement (ETC, crop evapotranspiration under
non-stressed, standard conditions) [18–20]. Therefore, the changes in evapotranspiration demand and
the ratio of ETcrop to ET0 should also be treated seriously when assessing irrigation performance.

Regional climate conditions, which determine evapotranspiration demand, are significantly altered
by irrigation, especially in arid and semi-arid regions where atmosphere and soil moisture are strongly
coupled [21–23]. The surface wind speed would also be altered by irrigation development [24,25].
The additional water added through irrigation enhances evapotranspiration and results in near-surface
atmospheric cooling and wetting [26]. Accordingly, evapotranspiration demand and crop water
requirement decrease with changing climate conditions [27,28]. The impacts of irrigation expansion
on evapotranspiration demand have been studied under the framework of a complementary
relationship [29] in irrigation districts in southeast Turkey [30] and northwest China [28]. However,
the effects of irrigation on climate depend on the rate of irrigation development [31]. The cooling and
wetting effects of irrigation would be reversed if irrigation intensity decreases, i.e., through water-saving
technologies. For example, the end of the irrigation expansion in California was accompanied by
a slowdown in irrigation-induced cooling [32]. The absence of irrigation also increased the incidence of
heat waves in the United States [33]. The reversal of irrigation-induced regional climate effects would
substantially alter evapotranspiration demand and irrigation water requirement.

Since 1998, water-saving technologies, such as drip and sprinkler irrigation systems, have been
widely utilized in the extremely arid Xinjiang Autonomous Region, northwest China, through the
efforts of the central and local governments in improving water use efficiency [15,34,35]. During the
expansion of water-saving irrigation, the gross irrigation quota decreased rapidly [36]. Although
the water saved through water-saving technologies has been reused in the further expansion of
irrigated lands in some regions [15], actual evapotranspiration would be significantly reduced if
water withdrawal is restrained. According to the complementary relationship, it may result in
an increase in evapotranspiration demand, thereby negatively affecting crop production. Thus, changes
in evapotranspiration demand induced by irrigation development in the irrigation districts of Xinjiang
should be examined to accurately predict irrigation water requirement and appropriately assess
water-saving technologies at the district scale. Specifically, the impacts of recent rapid water-saving
irrigation expansion should be carefully studied.

In the current study, the Awati irrigation district, which is located downstream of the Akesu
River, is chosen as a case study because the data on irrigation development, water withdrawal, and
meteorology is available for this district. An evaluation of irrigation development and water balance
since 1980 is first conducted. The changes in potential evaporation, reference evapotranspiration,
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and crop water requirement are then evaluated, and the contrast between the periods of rapid gross
irrigation quota increase (1980 to 1997) and decrease (1998 to 2012) is highlighted. Whether the changes
in evaporation demand are due to local irrigation development is analyzed through comparisons with
other regions, as well as an analysis based on the complementary relationship. The results can be used
to accurately estimate agricultural water requirements with water-saving irrigation development for
a sustainable agricultural water management system in Xinjiang.

2. Study Area, Data, and Method

2.1. Irrigation Development of Awati

The Tarim River located south of Xinjiang is the largest inland river in central Asia, with the
Akesu River being its largest tributary. The Tarim Basin can be roughly divided into three regions:
the mountainous regions, the oasis regions, and the desert region. The oasis and desert regions are
extremely arid with an annual precipitation of less than 100 mm. There is a long history of agricultural
development in the Tarim Basin. The local characteristic of the agriculture is ‘desert oasis, irrigated
agriculture.’ Oases dot along the streams in the deserts, and the cultivated lands are distributed
among the oases. Because of the extremely arid climate, almost all of the cultivated lands are irrigated.
The Tarim River Basin has experienced rapid irrigation development since 1950s. The increasing
water consumption resulted in serious depletion of the ecosystem, especially downstream along the
river [37]. Efforts have evolved to mitigate and restore the ecological system since the late 1990s.

The Awati irrigation district (71◦39′–93◦45′ E and 34◦20′–43◦39′ N) is along the Akesu River
(Figure 1), with an altitude of 1100–1200 m. The study area is extremely arid, having a mean annual
precipitation of 57 mm and a pan evaporation of 1900 mm. The total area is 1805.8 km2, with farmland,
natural vegetation, bare land, and water body as main land-use types. The main water source for
irrigation is the Akesu River. The streamflow is concentrated in the high-water period from May to
September because of precipitation and the melting of glaciers in the mountainous upstream area
during summer. Irrigated water is diverted to the Awati irrigation district through three channels, and
is drained out of the study area through seven canals. The discharge of these canals is observed and
controlled for quality by the Akesu River Basin Authority. The monthly discharge of these channels,
as well as the discharge of the irrigated areas of different crops from 1980 to 2012 were directly
acquired from the Akesu River Basin Authority. Then, the annual water withdrawal and drainage
were calculated from the monthly discharges of the corresponding channels.
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The annual irrigated areas of different crops are censused by the Akesu River Basin Authority.
The changes in the irrigated area from 1980 to 2012 were collected. As of 2012, the irrigated area
was 1088.8 km2, while the rest of the area was composed of natural vegetation, bare land, and water
body. Cotton, wheat, and maize are the three main crops, which occupied 87.7% of the total irrigated
area in 2012. The rest of the irrigated area is planted with vegetables, pasture, and wood. The area
proportions of different crops are shown in Table 1.

The irrigation development in Awati can be divided into two distinct periods: the conventional
irrigation expansion from 1980 to 1997, and the water-saving irrigation expansion since 1998. Along
with the increase of surface inflow, irrigation water withdrawal increased from 1.20 × 109 m3 in 1980
to 2.03 × 109 m3 in 1997 (with an annual increase rate of 0.05 × 109 m3). Meanwhile, the irrigated area
increased slowly from 538.7 km2 in 1980 to 635.6 km2 in 1997. During this period, the gross irrigation
quota increased from 2235 to 3190 mm (Figure 2).

Table 1. Growth periods and area proportions of crops in different periods.

Crop Cotton
Wheat

Maize Vegetable Pasture Wood
CI 1 MDI 2 Summer Spring

Planting day
Harvesting day

25/4
1/11

22/4
4/10

25/9
20/6

20/6
10/10

25/4
1/9

10/4
10/9

1/4
30/9 ~

Proportion %
1980 33.8 0 30 25.1 3.9 1.8 0.4 5
1998 66.3 0 18.5 11.5 1.3 0.6 0.1 1.7
2012 44.7 26.4 9.2 7.3 0.2 1.2 0 11.1

1 Conventional irrigation; 2 mulched drip irrigation.
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To restore the riparian vegetation along the lower Tarim River, water transfers were implemented
to the downstream [38,39]. Meanwhile, the inflow of the Akesu River decreased from 10.15 × 109 m3

in 1998 to 8.27 × 109 m3 in 2012. Thus, water diversion from the Akesu River has been constrained to
ensure discharge to the mainstream [40]. Therefore, water-saving technologies have been promoted in
the Akesu River Basin by the Xinjiang government since 1998. As an effective and economic method to
increase water use efficiency, drip irrigation under plastic mulch has been extensively adopted by local
cotton farmers [15,41]. The water requirement of cotton with drip irrigation under plastic mulch is
considerably less than that of traditional cotton [41,42].
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Water-saving technologies significantly reduce the irrigation quota [36]. The water right quota to
the Awati irrigation district has decreased to only 0.8 × 109 m3 since 2005 [43]. Accordingly, irrigation
water withdrawal in Awati decreased from its maximum in 1997 to 1.43 × 109 m3 in 2012. However,
water-saving irrigation in Awati did not lead to a reduction in the irrigated area. Instead, the irrigated
area has increased because of the rebound effect of water-saving technologies and the loose farmland
policy. Crop production increases rapidly with water-saving technologies, especially for cotton with
drip irrigation under plastic mulch [41]. Therefore, a farmer’s demand for farmland increases because
of the increasing earnings and decreasing costs. Meanwhile, the loose farmland policy encourages
farmers to reclaim more farmland using the water saved from the existing irrigated land. Therefore,
the irrigated area increases rapidly. In 2012, the cotton area was 774.1 km2, of which 287 km2 employed
drip irrigation under mulch.

Accordingly, the gross irrigation quota decreases rapidly in the context of a growing irrigated area
and a decreasing water withdrawal. The amount was 1281 mm in 2012, which was only 40% of the
maximum value in 1997. The decline in P + I − D implies that the total actual evapotranspiration in
Awati increased from 1980 to 1997 and decreased from 1998 to 2012. Because of the rapidly increasing
irrigated area, the proportion of ETcrop to the total actual evapotranspiration significantly increased
during the expansion of water-saving irrigation.

2.2. Methods of Calculating Evapotranspiration Demand

The Awati Meteorological Station (80◦24′ E, 40◦39′ N) is in the study area, and its climate data
are representative of the Awati irrigation district. The meteorological data of Awati from 1980 to 2014,
including precipitation, mean, maximum, and minimum air temperatures, sunshine duration, wind
speed, and relative humidity, were collected. The data were deemed to be of good quality after being
quality-tested by the Climate Data Center of the National Meteorological Information Center, China
Meteorological Administration.

The reference crop evapotranspiration (ET0), which is the evapotranspiration rate from
hypothetical grass with specific and well-known characteristics [44], is appropriate for estimating
evapotranspiration demand in agricultural areas. Therefore, ET0 is used in this study and is
expressed as:

ET0 =
0.408∆(Rn − G)

∆ + γ(1 + 0.34u)
+

γ

∆ + γ(1 + 0.34u)
900

T + 273
uD, (3)

where ∆ (kPa C−1) is the slope of the saturation vapor curve at air temperature; γ (kPa C−1) is
a psychrometric constant; Rn and G are the net radiation and ground heat flux, MJ m−2 day−1,
respectively; u is the wind speed measured at 2 m, m s−1; T is the air temperature, ◦C; and D is the
vapor pressure deficit, kPa. The rate of potential evaporation is also calculated by the Penman equation
for comparison, as follows:

Ep =
∆(Rn − G)

λ(∆ + γ)
+

γ

λ(∆ + γ)
f (u)D, (4)

where Ep is the potential evaporation, mm day−1; and λ is latent heat of vaporization, MJ kg−1.
The first term on the right side of Equation (4) is the radiation term (Erad), which is used to denote the
solar energy input of the irrigation system.

In order to exhibit the different changes before and after the expansion of water-saving irrigation
in Awati, the deviations in evapotranspiration demand from the corresponding values in 1998 is
calculated. The Alaer irrigation district located downstream of Awati is characterized by water-saving
irrigation expansion similar to that in Awati. Therefore, the changes of evapotranspiration demand in
Alaer (81◦27′ E, 40◦55′ N) are also evaluated for comparison.

The changes in evapotranspiration demand in an agricultural area like Awati could be affected
by the background changes related to the large-scale climate system, and/or local changes related
with irrigation development [45]. The irrigation effects on evaporation demand and climate conditions
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has been widely demonstrated by pairwise comparisons of evapotranspiration demand between
irrigated and non-irrigated locations [24,28,46]. In this study, the background changes should be
clearly exhibited to further confirm whether the changes in evapotranspiration demand in Awati are
attributed to the local changes induced by irrigation. In the Tarim Basin, the irrigation districts are
located in the oases. The oases are isolated by deserts. The oasis region is significantly affected by
irrigation development, whereas the desert regions are little affected by human activities. Therefore,
the background changes of the evpotranspiration demand could be detected from plenty of stations
located in the deserts. However, the study area is poorly gauged. The Tazhong station (83◦40′ E,
39◦00′ N) located in the Taklimakan Desert is the only station found nearby. Therefore, the change
in evapotranspiraiton demand of Tazhong station is used for comparison, in spite of uncertainties.
The data from 1998 to 2014 is available in Tazhong. If the changes in evapotranpiration demand in
Awati and Tazhong are significantly different, it can be demonstrated to some extent that the changes
in Awati are not attributed to the background changes.

The crop water requirement is calculated using a single-crop coefficient approach following the
procedure recommended by the Food and Agriculture Organization [44]. The crop water requirement
is calculated according to the crop coefficient and ET0 as follows:

ETcd = Kc0d · ET0d, (5)

where d is the time step (one day in this study) and Kc0d is the crop coefficient (a function of the crop
type and the day of the growing season). The approximate planting and harvesting date (Table 1), the
length of growth stage, and the crop coefficient of each crop were investigated during the Water and
Salt Monitoring Project of Akesu (1999–2002). As the purpose of this study is to evaluate the changes
in water requirement corresponding to irrigation expansion, a single growing cycle for each crop was
assumed during the study period.

3. Results and Discussion

3.1. Changes in Evapotranspiration Demand with Irrigation Development

As shown in Figure 3, Ep and ET0 changed in opposite directions with the time series of
irrigation water withdrawal. Ep and ET0 decreased from 1980 to 1997 (at −14.9 and −15.6 mm
year−1, respectively) when irrigation water withdrawal and gross irrigation quota increased, and
then rapidly increased (at 9.7 and 9.2 mm year−1, respectively) when irrigation water withdrawal
and gross irrigation quota decreased (Table 1). Comparably, Erad remained stable during both periods,
which implies that the changes in evapotranspiration demand are attributed to the aerodynamic
term. The mean annual meteorological variables (i.e., precipitation (P), air temperature (T), relative
humidity (RH), wind speed (u), and sunshine duration (SD)) in Awati during the two periods are also
compared in Table 2. From 1998 to 2014, the mean u increased significantly (0.03 m s−1 year−1) and
RH decreased significantly (0.6% year−1), which is the opposite of the conditions occurring from 1980
to 1997. The changes in u and RH are the main drivers of change in the evapotranspiration demand.

The time series of the water requirement per unit area of cotton and wheat from 1980 to 2014 are
shown in Figure 3d. The crop water requirement per unit area in Awati decreased during the first
period and significantly increased during the second period. The changes in ET0 induced by irrigation
development are the main reason for the changes in the irrigation water requirement.



Sustainability 2017, 9, 1531 7 of 12

Table 2. Comparison of the mean value and trend per year of potential evaporation (Ep) and its radiation
term (Erad), reference evapotranspiration (ET0), mean daily temperature (T), relative humidity (RH),
wind speed (u), sunshine duration (SD) and precipitation (P) during the two periods in Awati (AW),
Alaer (AL) and Tazhong (TZ).

Site Period
Erad Ep ET0 T RH u SD P

(mm) (mm) (mm) (◦C) (%) (m s−1) (Hour) (mm)

AW
1980–1997

Mean 758.7 1167.9 1012.1 10.47 58.8 1.32 2906 62.7
Trend 0.5 −14.9 ** −15.6 ** −0.01 0.34 * −0.08 ** −8.9 1.8

1998–2014
Mean 758.7 1179.7 1017.5 11.35 56.7 1.19 2876 71.0
Trend −0.1 9.7 ** 9.2 ** 0.06 −0.62 ** 0.03 ** 21.7 ** 0.3

AL 1998–2014
Mean 762.5 1183.9 1026.1 10.81 57.26 1.25 2910 51.0
Trend 2.13 7.3 ** 8.0 ** −0.03 −0.19 0.03 ** 21.4 ** −0.6

TZ 1998–2014
Mean 689.8 1568.8 1460.9 11.76 34.30 2.12 2708 25.6
Trend 2.0 −8.9 ** −10.4 ** −0.14 0.07 −0.03 * 11.2 −0.1

Note: * Significant at 95% confidence level; ** Significant at 99% confidence level.
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from the corresponding values in 1998 in Awati station from 1980 to 2014 and in the Tazhong station
from 1980 to 2014.

The components of water balance in three typical years (1982, 1997, and 2012) are compared in
Table 3. Irrigation water withdrawal in 1997 was considerably larger than that in 1982 and 2012. ET0

in 1997 (992.2 mm) was considerably smaller than that in 1982 (1141.5 mm) and 2012 (1057.3 mm).
However, Erad differs little between the three years.
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Table 3. Water balance components and evapotranspiration demand in three typical years.

Year Irrigated Area
(km2)

P
(mm)

I
(mm)

D
(mm)

Erad
(mm)

Ep
(mm)

ET0
(mm)

1982 540.5 57.3 766.0 317.7 766.8 1286.9 1141.5
1997 635.6 56.6 1123.1 444.0 802.2 1161.1 992.2
2012 1088.8 83.4 772.2 283.2 750.2 1221.4 1057.3

3.2. Comparisons with Changes in Evapotranspiration Demand in Other Regions

Similar changes in evaporation demand with water-saving irrigation expansion occurred in
an irrigation district downstream of Awati, in the Alaer irrigation district. Along with the water-saving
irrigation extension since 1998, irrigation water decreased from 1.26 × 109 m3 in 1998 to 1.08 × 109 m3

in 2012, at an annual rate of 14 × 106 m3. Meanwhile, Ep and ET0 significantly increased from 1998 to
2014 (at 7.3 and 8.0 mm year−1, respectively), with stable Erad.

Different changes in evaporation demand from 1998 to 2014 were found in Tazhong, the nearby
desert location, which represents the changes of the background. The Ep and ET0 in Tazhong
significantly decreased from 1998 to 2014 (at −8.9 and −10.4 mm year−1, respectively) (Figure 3),
unlike in Awati, whereas Erad also remained stable in Tazhong station, consistent with that in Awati.
In addition, the trends in RH and u in Tazhong station from 1998 to 2014 were opposite those in Awati
from 1998 to 2014.

Opposite changes in evapotranspiration demand occurred in other regions with increasing
irrigation intensity (Table 4). In Harran Plain in south Turkey, where the mean annual precipitation is
372 mm, the total irrigated land increased from 23 km2 in 1980 to 1015 km2 in 2002, which accounts for
approximately 76% of the total land area, with 1.18 × 109 m3 surface water for irrigation. Meanwhile,
summer potential evaporation decreased from approximately 14 to 7 mm day−1 [30,47]. In the Jingtai
irrigation district with a mean annual precipitation of 185 mm in northwest China, after the project was
completed in 1972, the irrigated land area rapidly expanded from nearly zero to approximately 55% of
the study area, and the irrigation water withdrawal increased from 29.2 × 106 m3 to the maximum
of 158 × 106 m3 in 1991. Meanwhile, the mean annual ET0 decreased from 1203 to 983 mm after the
project [28]. In both cases, the changes in evapotranspiration demand are more significant than those
in natural locations, and the decreasing wind speed was the main driver of decreasing evaporation
demand, followed by increasing humidity.

Table 4. Directions of changes in evapotranspiration demand and its drivers corresponding to increases
(↑) or decreases (↓) in irrigation intensity for various regions.

Region Period Irrigation
Intensity

Evaporation
Demand

Main
Factors

Crop Water
Requirement References

Harran Plain, Turkey 1980–2002 ↑ ↓ u↓, RH↑ ↓ [30,47]

Jingtai, China 1972–1991 ↑ ↓ u↓, RH↑ ↓ [28]

Awati, China
1980–1997 ↑ ↓ u↓, RH↑ ↓
1998–2014 ↓ ↑ u↑, RH↓ ↑

Alaer, China 1998–2014 ↓ ↑ u↑, RH↓ ↑

If the changes in Tazhong are considered to be natural climate variability, the obvious different
changes in Awati can be referred to as the influences of local environmental alteration. This has been
confirmed by the cases of Harran Plain and Jingtai. Therefore, the changes in evapotranspiration
demand in Awati are local and related to irrigation development. The changes in RH and u in
Awati are local and induced to irrigation, and they represent the main reasons for the decrease in the
evapotranspiration demand during the first period and the increase during the second period.
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3.3. Analysis Based on Complementary Relationship

Inspired by studies that analyze the effects of irrigation expansion on evapotranspiration demand
under the framework of complementary relationship [28,29], this study investigates the impacts of
water-saving irrigation extension on evapotranspiration demand. For an irrigation system with
water withdrawalI, the actual evapotranspiration comprises crop evapotranspiration ETcrop and
non-crop evapotranspiration ETn (Point A in Figure 4a). The corresponding evapotranspiration
demand is ET0. The irrigation efficiency would increase through water-saving irrigation expansion.
Supposing an extreme case, irrigation water withdrawal decreases by ∆I because of water saving
and ETn is reduced to zero with constant ETcrop. The irrigation efficiency increased from ETcrop−Pe

I to
ETcrop−Pe

I−∆I . According to the complementary relationship, evapotranspiration demand would change
with the water availability in the opposite direction of actual regional evapotranspiration. As actual
evapotranspiration moves toward Point B, the reference crop evapotranspiration would move from
Point A’ to Point B’. The evapotranspiration ratio would then increase from ETcrop

ET0
to ETcrop

ET0+∆ET0
.

Therefore, although water-saving technologies increase irrigation efficiency by reducing ETn, they
induce an increase in evapotranspiration demand. Considering that the increasing ET0 negatively
influences the water abundance, the effects of water saving are partly weakened.

In Awati, P + I − D decreased with the decreasing water withdrawal due to the expansion
of water-saving irrigation. Given that the average groundwater table declined slowly from 2.24 m
below the surface in 2000 to 3.0 m in 2012, the amount of negative water storage ∆Sw is insignificant.
Furthermore, the surface runoff in Awati is negligible because of scarce precipitation. Therefore,
actual evapotranspiration in Awati decreased with the decreasing water withdrawal. Then, a typical
complementary relationship exists, which can be detected from the changes of P + I−D and ET0 against
the water availability P + I (Figure 4b). The preceding analysis based on the complementary relationship
is suitable for the Awati irrigation district. The irrigation efficiency in the Awati irrigation district is
significantly increased by water-saving technologies. The proportion of ETcrop among the total ET
increased significantly with the expansion of water-saving irrigation. ETcrop was approximately 83.7%
of ETn during 1999–2000 [48], whereas it was approximately 1.85 times of ETn during 2009–2011 [40].
However, ET0 increased from 959.3 mm in 1999 to 1057.3 mm in 2012. The crop water requirement
increased correspondingly. Accordingly, the effects of water-saving were partly weakened.
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relationship, and (b) assessment of the Awati irrigation district.

It should be noted that the expansion of water-saving irrigation does not inevitably result in
increasing ET0, which happens only when the water withdrawal and total actual evapotranspiration
decreases with water-saving irrigation. Besides, the above analysis focuses on the evapotranspiration
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demand and water requirement per unit area. The total evapotranspiration demand and water
requirement is also affected by other factors, i.e., irrigated area.

4. Conclusions

The irrigation development in the Awati irrigation district since 1980 can be divided into two
distinct periods. During the first period of irrigation expansion from 1980 to 1997, the irrigated area
and water withdrawal increased rapidly, and the gross irrigation quota increased from 2235 mm in
1980 to its maximum, 3190 mm in 1997. Accordingly, evapotranspiration demand decreased during
this period (ET0 decreased at a rate of −15.6 mm year−1), which was mainly driven by the decreasing
wind speed and increasing humidity. By contrast, during the second period of water-saving irrigation
expansion, which began in 1998, irrigation water withdrawal and irrigation intensity decreased rapidly
while the irrigated area was enlarged. Accordingly, ET0 increased at a rate of 9.2 mm year−1, which
raised the irrigation water requirement.

The changes in evapotranspiration demand in the Awati irrigation district exhibit
a complementary relationship with actual evapotranspiration. Irrigation efficiency increases during the
expansion of water-saving irrigation, which significantly reduces ETn. The accompanied decreases in
water withdrawal and total actual evapotranspiration resulted in an increase in the evapotranspiration
demand, which partly weakened the effects of water-saving irrigation. ETn, which is usually
regarded as non-beneficial, could help stabilize the evapotranspiration demand. The changes
in evapotranspiration demand induced by irrigation should be considered when evaluating the
performance of water-saving irrigation, as well as in agricultural water planning and the management
of irrigation districts such as Awati.
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