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Abstract In arid northwestern China, water shortages
have triggered recent regulations affecting irrigation
water use in desert–oasis agricultural systems. In order
to determine the actual water demand of various crops
and to develop standards for the rational use of water
resources, we analyzed meteorological data from the
Fukang desert ecosystem observation and experiment
station (FKD), the Cele desert–grassland ecosystem ob-
servation and research station (CLD), and the Linze
Inland River Basin Comprehensive Research Station
(LZD), which all belong to the Chinese Ecosystem
Research Network. We researched crop evapotranspira-
tion (ETc) using the water balance method, the FAO-56

Penman–Monteith method, the Priestley–Taylor meth-
od, and the Hargreaves method, during the growing
seasons of 2005 through 2009. Results indicate substan-
tial differences in ETc, depending on the method used.
At the CLD, the ETc from the soil water balance, FAO-
56 Penman–Monteith, Priestley–Taylor, and Hargreaves
methods were 1150.3 ± 380.8, 783.7 ± 33.6,
1018.3 ± 22.1, and 611.2 ± 23.3 mm, respectively; at
the FKD, the corresponding results were 861.0 ± 67.0,
834.2 ± 83.9, 1453.5 ± 47.1, and 1061.0 ± 38.2 mm,
respectively; and at the LZD, 823.4 ± 110.4, 726.0 ± 0.4,
722.3 ± 29.4, and 1208.6 ± 79.1 mm, respectively. The
FAO-56 Penman–Monteith method provided a fairly
good estimation of ETc compared with the Priestley–
Taylor and Hargreaves methods.
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Introduction

In northwest China, annual rainfall averages less than
200 mm (excluding areas in the mountains) and is less
than 50 mm in places (Cheng et al. 1999). Furthermore,
evaporation from water surfaces is often more than
2000 mm per year (Cheng et al. 1999), so that high
temperature, high irradiation, a dry atmospheric envi-
ronment, and deserts are common in this region, which
account for about 28 % of the land area of China (Fu
et al. 2010). Tributaries from the mountains (e.g., Qilian
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Shan, Tian Shan, Kunlun Shan), though, feed large
rivers, supporting the formation of many oases. In these
oases of arid northwestern China, agriculture depends
completely on irrigation, and agricultural irrigation ac-
counts for 70–86 % of total water use. Furthermore,
over 75 % of China’s grain production comes from such
irrigated land (Jia 2000; Cheng et al. 2004; Chang et al.
2006; Xiong et al. 2010; Zhao et al. 2010).

With increasing pressure on water resources from
competing users, water shortages have highlighted the
importance of water resources for agricultural produc-
tion in arid regions (Payero et al. 2008). In northwestern
China, this awareness has triggered recent regulations
affecting irrigation water use: for example, installation
of water meters on pumping stations, moratoriums on
drilling new wells, and severe limitations on groundwa-
ter pumping to fixed multi-year water allocations. Under
these conditions, it is necessary to carefully determine
the water use and requirements of all crops. Research on
crop evapotranspiration is helpful for understanding the
water balance of the desert oases’ agricultural land
ecosystem in this region, and research results can be
used to determine the actual water demand of various
crops and to develop standards for the rational use of
water resources (Dinpashoh 2006; Zhang et al. 2010), to
protect and maintain the oases. Furthermore, to develop
more efficient and sustainable water management tech-
niques for arable regions and to better predict potential
crop production, it is necessary to evaluate crop evapo-
transpiration (ETc).

Recently, many researchers have concentrated on
crop water requirements in arid regions (Abdelhadi
et al. 2000; Ali et al. 2000; de Azevedo et al. 2003; Jia
and Luo 2006; Shen et al. 2013; Jiang et al. 2014).
However, ETc is still ambiguous because the upper limit
of ET depends on vegetation type as well as soil water
and climatic conditions (Burman and Pochop 1994). ETc

has been estimated by many methods, such as the Pen-
man–Monteith, the Bowen ratio-energy balance, the
Eddy covariance, the aerodynamic method, the remote
sensing method, the hydrological model, the soil water
budget, and the crop coefficient approach (Ghamarnia
et al. 2014; Karim et al. 2013; Araya et al. 2011;
Descheemaeker et al. 2011; Amer et al. 2009; Frank
2003; Hunt et al. 2002; Domingo et al. 2001; Allen
2000; Kang et al. 2000; Bjerkholt and Myhr 1996;
Vogt and Jaeger 1990; Idso et al. 1975); these methods
range from complex energy balance equations (Allen
et al. 1989) to simpler equations that require limited

meteorological data (Hargreaves and Samani 1985).
Differences in ET are significant among these methods
(Shuttleworth 1991). The Penman–Monteith method
has been successfully recommended by the FAO to
calculate ETo under a number of different conditions
(Bormann et al. 1999; Abdelhadi et al. 2000; Kang
et al. 2003; Goyal 2004; Descheemaeker et al. 2011)
and has shown higher accuracy and wider suitability
compared with the Priestley–Taylor, Hargreaves, Pen-
man, Blaney–Criddle, and other methods (Beyazgül
et al. 2000; Kashyap and Panda 2001; Droogers and
Allen 2002; Rivas and Caselles 2004). However, the
climate data required in the Penman–Monteith method
are not always available, especially in developing re-
gions. Therefore, it is necessary to select the most ap-
propriate and feasible method of estimating ET in the
arid regions of northwest China. Hence, we selected
long-term dynamic monitoring scientific data at three
desert–oasis agricultural comprehensive monitor fields
in the arid regions of northwest China.

Our aim in the research reported here was to evaluate
various equations to calculate evapotranspiration under
arid climatic conditions; evapotranspiration variation is
likely attributable to differences in soil, crop character-
istics, and management practices, in northwest China.
This research was an attempt to develop useful recom-
mendations for rational and strategic water management
for agricultural irrigation. In addition, assessments of
ecosystem services were conducted, to provide
science-based ecological information for sustainable ag-
ricultural ecosystem management.

Methods

Study area

This study was carried out during the period from 2005
to 2009 at a desert–oasis agricultural comprehensive
monitor field in the Fukang desert ecosystem observa-
tion and experiment station (FKD), the Cele desert–
grassland ecosystem observation and research station
(CLD), and the Linze Inland River Basin Comprehen-
sive Research Station (LZD). These stations all belong
to the Chinese Ecosystem Research Network (CERN).

The FKD (44° 17.4′ N, 87° 55.8′ E and alt. 1319 m)
is located in the Fukang City of Xinjiang Uygur Auton-
omous Region (Fig. 1). The annual mean temperature is
6.6 °C, the maximum temperature is 42.6 °C, and the
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minimum temperature is −41.6 °C. The annual mean
precipitation is 164.0 mm and the mean annual open
water evaporation is 2000 mm. The frost-free period is
about 174 days. The soil is sandy loam, and its field
water capacity, total porosity, and soil bulk density are
19.9 %, 43.3 %, and 1503 kg m−3, respectively. The
CLD (37° 0.95′ N, 80° 43.75′ E and alt. 1319 m) is
located in the Cele County in the Xinjiang Uygur Au-
tonomous Region (Fig. 1). The annual mean tempera-
ture is 11.9 °C, the maximum temperature is 41.9 °C,
and the minimum temperature is −23.9 °C. The mean
annual precipitation is 35.1 mm and evaporation from
water surfaces is 2596.3 mm. The frost-free period is
about 196 days. The soil is aeolian sandy, and its field
water capacity, total porosity, and soil bulk density are
19.6 %, 55.6 %, and 1174 kg m−3, respectively. The
LZD (100° 07′ E, 39° 21′ N and alt. 1374 m) is located
in the Linze County, Gansu Province (Fig. 1). The mean
annual precipitation is 116.8 mm, the mean annual open
water evaporation is 2390 mm, the mean annual air
temperature is 7.6 °C, the mean maximum and the mean
minimum temperatures are 39.1 and −27 °C, respective-
ly, and the frost-free period is about 165 days. The soil is

sandy, and its field water capacity, total porosity and soil
bulk density are 11.4 %, 42.1 % and 1536 kg m−3,
respectively (Table 1).

These stations are fully representative of the sur-
rounding irrigated land in arid northwestern China. In
this region, cotton, corn, and wheat are the major irri-
gated crops. According to local reports, cotton is planted
in the desert–oasis agricultural comprehensive monitor
fields in the FKD and CLD, and corn is grown in
rotation with wheat in the desert–oasis agricultural com-
prehensive monitor field in the LZD. The area of the
desert–oasis agricultural comprehensive monitor field is
2332 m2, with flood irrigation.

Meteorology, soil moisture, and irrigation

During the study, climatic data—including short-wave
incoming radiation, air temperature, relative humidity,
wind speed, and precipitation—were obtained from the
automated meteorological station MILOS520 and were
provided by the Chinese Ecosystem Research Network
based on a norm. Short-wave radiation, air temperature,
relative humidity, and wind speed were measured every

Fig. 1 Map of the research station locations in China
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5 min and stored in a datalogger as mean values for 30-
min periods, and the precipitation was recorded as a
cumulative value every day. The global short-wave
radiation and net radiation were measured in the open
with two pyranometers (CM11 and QMN101, Kipp &
Zonen, Delft, Netherlands) and air temperature and hu-
midity with Rotronic sensors (HMP45A & HMP45D,
Helsinki, Finland), all at 2-m height above the ground
surface. Wind speed was measured at a height of 10 m
with a Rotronic sensor (wav151, Vaisala, Helsinki, Fin-
land). CM7B shielding is a glass dome, which was
cleaned frequently, and the dessicator inspected. The
thermometer screen was plastic and the ventilation gap
20 mm. There was no vegetation at the weather station
and the station itself was not irrigated. The precipitation
was manually recorded at 0800 hours and 2000 hours
local time from meteorological stations at FKD, CLD,
and LZD (sometimes it was read immediately after the
cessation of rain).

The volumetric soil moisture content (S, m3 m−3) was
monitored using L520 neutron probes (Jiangsuruidi,
Nanjing, China). To obtain these measurements, we
installed monitoring sites at three locations in the de-
sert–oasis agricultural comprehensive monitor field; at

each location, an aluminum access tube (internal diam-
eter 40 mm) was installed to facilitate insertion of the
probe. Soil water content between depths of 0.1 and
1.5mwasmeasured at intervals of 0.1 m using a neutron
moisture probe. Soil water moisture was measured once
every 5 days and additional measurements were made
before and after irrigation and after every rainfall.

The irrigation quantity was measured with a water
meter (Shandongweifang Tec. Co., Shandong, China).

Crop evapotranspiration

Crop evapotranspiration (ETc) was evaluated with two
computing methods; these equations are as follows.

Water balance method

ETcp was determined by the water balance method as
proposed by Jensen (1973):

ETcp ¼ I þ P �ΔS−Dp−SR ð1Þ
Where I is the applied irrigation water (cm), P is the

precipitation (cm), ΔS is the difference change in soil

Table 1 Physical characteristics of the soil at the desert–oasis agricultural comprehensive monitor fields

Location Depth
(cm)

Bulk density
(kg m−3)

Saturated water
content (%)

Field water
capacity (%)

Wilting moisture
(%)

Total porosity
(%)

LZD 0–10 1383 27.1 11.9 4.2 42.5

10–20 1593 28.9 8.8 2.3 37.4

20–40 1607 28.5 8.7 2.2 47.4

40–60 1578 26.7 5.1 5.1 40.4

80–100 1517 30.8 22.6 14.2 42.7

Average 1536 28.4 11.4 5.6 42.1

CLD 0–10 1190 37.6 20.0 3.7 54.8

10–20 1040 47.0 21.0 4.5 60.8

20–40 1250 36.6 18.7 2.6 52.8

40–60 1310 35.6 16.7 2.5 50.7

80–100 1080 42.9 21.4 4.3 58.8

Average 1174 39.9 19.6 3.5 55.6

FKD 0–10 1449 33.8 20.3 11.3 45.3

10–20 1604 30.0 19.7 11.6 39.5

20–40 1550 26.0 18.6 11.2 41.5

40–60 1433 25.5 19.7 11.8 45.9

80–100 1480 31.8 21.5 12.3 44.2

Average 1503 29.4 19.9 11.6 43.3
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water content for the given period (cm), Dp is the deep
percolation below the root zone for the given period, and
SR (cm) is the surface runoff, which was assumed to be
zero in all cases. This assumption is justified since
runoff was prevented by the levees around the basin
irrigation.

The change in soil water storage (ΔS) is positive
when water is added to the root zone; otherwise, it is
negative:

ΔS ¼ W t þ 1ð Þ−W tð Þ ð2Þ
The water storage W in the root zone was derived

from the soil moisture values (θi), per layer. At moment
t, the storage across the depth (ðzi) of the 15 layers (i = 1,
2, 3,... 15) can be computed as

W tð Þ ¼ δZ1θ1 þ δZ2θ2 þ⋯þ δZ15θ15 ð3Þ
We defined deep drainage as the downward move-

ment of soil water below the rooting depth of the plants.
In theory, the maximum soil water storage capacity of a
given volume of soil equals its saturated water storage
capacity. Thus, deep drainage was estimated as follows:

Dd ¼ I þ Pð Þ−W SWS ð4Þ

wsws ¼
Xk

i¼1

Ssiρs=ρw

�
Hi

�
ð5Þ

where Wsws is the saturated water storage, Ssi is the
saturated water capacity of the ith soil layer, and k is
the number of soil layers. If Dd > 0, Dd, this indicates a
downward movement of soil water after irrigation or
rain.

Reference evapotranspiration

ETc is calculated by multiplying the reference crop
evapotranspiration by a crop coefficient (Allen et al.
1998):

ETc ¼ KcETo ð6Þ
where Kc is the crop coefficient and ETo is the reference
evapotranspiration (mm day−1).

This research work evaluated three ETo computing
methods, using grass as a reference crop. These equa-
tions are as follows.

Hargreaves The Hargreaves equation is expressed as
follows (Hargreaves and Samani 1985; Allen et al.
1998):

ETo ¼ 0:0023 T þ 17:8ð Þ Tmax−Tminð Þ0:5Ra ð7Þ
where ETo is the reference evapotranspiration

(mm day−1), T is the daily mean air temperature (°C),
Tmax is the daily maximum air temperature (°C), Tmin is
the daily minimum air temperature (°C), and Ra is the
extraterrestrial radiation (mm day−1).

The following empirical simplifications were used to
estimate Ra using the latitude and the day of the year, as
mentioned by Allen et al. (1998):

Ra ¼ 37:6� dr ωssin φlð Þsin δð Þ þ cos φlð Þsin ωsð Þð Þ
λ

ð8Þ

δ ¼ 0:4093� sin
2π 284þ Jð Þ

365

� �
ð9Þ

dr ¼ 1þ 0:033� cos
2πJ
365

� �
ð10Þ

ωs ¼ cos tan φlð Þtan δð Þð Þ ð11Þ
where dr is the relative distance from the earth to the sun,
J is the Julian day, ωs is the sunset hour angle (rad), ϕl is
the latitude (rad), δ is the declination of the sun (rad),
and λ is the latent heat of vaporization (λ ≈ 2.54).

FAO-56 Penman–Monteith The FAO-56 Penman–
Monteith equation is expressed as follows (Allen et al.
1998):

ETo ¼
0:408Δ Rn−Gð Þ þ γ

900

T þ 273
u2 es−eað Þ

Δþ γ 1þ 0:34u2ð Þ ð12Þ

where ETo is the reference evapotranspiration
(mm day−1), Δ the slope vapor pressure curve
(kPa °C−1), Rn the net radiation at the crop surface
(MJ m−2 day−1), G the soil heat flux density
(MJ m−2 day−1), T the daily mean air temperature at 2-
m height (°C), U2 the wind speed at 2-m height (m s−1),
es the pressure deficit (kPa), and g the psychrometric
constant (kPa °C−1).
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Δ ¼
4098 0:6108exp

17:27T

T þ 237:3

� �� �

T þ 237:3ð Þ2 ð13Þ

G was calculated based on the premise that soil
temperature follows air temperature (Allen et al. 1998):

G ¼ cs
Ti þ Ti−1

Δt
ð14Þ

where cs is the soil heat capacity (MJ m−3 °C−1), Ti is the
air temperature at time i (°C), Ti−1 is the air temperature
at time i − 1(°C), Δt is the length of the time interval
(day), and Δz is the effective soil depth (m).

For the calculation of ETo, wind speed measured at
2 m above the surface is required. To adjust the wind
speed data obtained at 10-m height to the standard
height of 2 m, a logarithmic wind speed profile may
be used (Allen et al. 1998):

u2 ¼ uz
4:87

ln 67:8z−5:42ð Þ ð15Þ

Where u2 is the wind speed at 2 m above ground
surface (m s−1), uz is the measured wind speed at z m
above the ground surface (m s−1), and z is the height of
measurement above the ground surface (m).

Priestley–Taylor The Priestley–Taylor method for esti-
mating evaporation under no- or low-advective condi-
tions is described as follows (Priestley and Taylor 1972;
Sumner and Jacobs 2005):

ETo ¼ α
Δ

Δþ γ
Rn−Gnð Þ ð16Þ

Where α is an empirically determined dimensionless
correction. A value of α = 1.26 was used for the Priest-
ley–Taylor coefficient.

Error analysis

The ETc values computed through the various methods
were compared using a simple regression analysis (Box
et al. 1989) and a series of statistics proposed by
Willmott (1982). Error was calculated as

RMSE ¼ N−1
XN
i¼1

Pi−Oið Þ
22

4
3
5
0:5

ð17Þ

RE ¼ RMSE

O
� 100% ð18Þ

where RMSE is the root mean square error (mm day−1),
N the number of observations, Pi the estimated ETc

values (mm day−1), Oi the ETc values measured
(mm day−1), and Ō the mean value of the ETc values
measured (mm day−1).

Results

Inter-annual and seasonal variation in environmental
conditions

The inter-annual and seasonal variations in weather
parameters from 2005 to 2009 are summarized in
Table 2. During the growing seasons of 2005–2009,
the monthly mean air temperature was lowest in April;
it was between 11.3 ± 4.8 and 14.0 ± 3.8 °C at the LZD,
between 15.8 ± 3.3 and 19.5 ± 4.5 °C at the CLD, and
between 11.5 ± 5.1 and 15.2 ± 2.8 °C at the FKD. The
monthly mean air temperature reached its maximum in
July; it was between 23.1 ± 2.4 and 25.7 ± 3.6 °C at the
LZD, between 25.0 ± 2.6 and 26.5 ± 2.3 °C at the CLD,
and between 25.7 ± 2.3 and 27.3 ± 3.0 °C at the FKD.
The minimum values of monthly mean relative humid-
ity at the LZD, CLD, and FKD were 24.5 ± 12.8 % in
April 2006, 20.1 ± 7.2 % in April 2005, and
34.6 ± 10.1 % in June 2006, respectively, and the
corresponding maximum values of monthly mean rela-
tive humidity were 69.5 ± 6.2 % in October 2007,
43.8 ± 14.1 % in September 2007, and 56.7 ± 9.4 % in
October 2007, respectively. Most of the wind occurred
in April, May, and June; the monthly average wind
speed had a maximum value of 2.5 ± 0.8 m s−1 at the
LZD, 2.5 ± 1.0 m s−1 at the CLD, and 2.3 ± 0.7 m s−1 at
the FKD. During the growing season, the precipitation
was between 86.8 and 107.2 mm at the LZD—73.6 to
90.8 % of normal for the period; at the CLD, it was
between 15.0 and 56.4 mm—42.7 to 160.7 % of normal
for the period; at the FKD, between 87.0 and
206.2 mm—53.1 to 121.1 % of normal for the period.

Crop evapotranspiration

The daily values of ETc were estimated by the water
balance method (ETw) and meteorological methods, in-
cluding FAO-56 Penman–Monteith (ETPM), Priestley–
Taylor (ETPT), and Hargreaves (ETH).

At the CLD, the maximum ETw was 265 ± 80 mm, in
July, and the minimum was 37 ± 12 mm, in October; at
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the FKD, it was between 37 ± 12 and 265 ± 80 mm; the
range of ETw was 14 ± 12 to 229 ± 40 mm (Fig. 2).

Table 3 summarizes the inter-annual ETc variations
measured by the water balance method and estimated by
meteorological methods, from 2005 to 2009. In the 5-
year period from 2005 to 2009, cotton was planted at the
desert–oasis agricultural comprehensive monitor fields
in the CLD and FKD; at the monitor field in the LZD,
corn was grown in 2005, 2007, and 2009, while wheat
was grown in 2006 and 2008. In the CLD, ETw was
between 890 and 1337 mm, and the 5-year mean ETw
was 1150 ± 381 mm. In the FKD, ETw was between 816
and 954 mm, and the 5-year mean ETw was
861 ± 67 mm. In the LZD, ETw was between 754 and
1019 mm, and the 5-year mean ETw was 823 ± 110 mm.
ETPM was between 718.6 and 802.8 mm, between 730.1
and 931.6 mm, and between 682.5 and 760.2 mm at the
CLD, FKD and LZD, respectively; their 5-year mean
ETPM values were 783.7 ± 33.6, 834.2 ± 83.9, and
722.3 ± 29.4 mm, respectively. ETPT was between
983.5 and 1026.0 mm, between 1429.5 and
1478.5 mm, and between 1075.7 and 1281.1 mm at

the CLD, FKD, and LZD, respectively; their 5-year
mean ETPT values were 1018.3 ± 22.1, 1453.5 ± 47.1,
and 1208.6 ± 79.1 mm, respectively. ETH was between
563.4 and 611.2 mm, between 993.0 and 1079.5 mm,
and between 689.1 and 740.6 mm at the CLD, FKD, and
LZD, respectively; their 5-year mean ETH values were
611.2 ± 23.3, 1061.0 ± 38.2, and 726.0 ± 0.4 mm, re-
spectively. Estimating these values using the three me-
teorological methods changed the daily mean of ETc

greatly, but overall, ETPT was the highest and ETH the
lowest.

Figure 3 shows the variations in the course of daily
mean values of ETc estimated by the FAO-56 Penman–
Monteith, Priestley–Taylor, and Hargreaves methods, at
the LZD, CLD, and FKD during the growing seasons of
the period 2005 to 2009 inclusive. Results were sub-
stantially different from those measured with the water
balance method. As a whole, ETc was lower at the
beginning of the growing season, increased sharply
between April and May, reached its maximum value in
June and July, and decreased at the end of the growing
season. But ETH exceeded both ETPM and ETPT at the

Fig. 2 Monthly evapotranspiration measured with the water balance method. Measurements were taken during the growing seasons for the
period 2005 to 2009. The bars represent the standard deviation about the mean
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end of the growing season, while at CLD, ETH was
lower than ETPM by 8.9 to 60.1 % and lower than ETPT
by 34.9 and 71.2 %, in June, July, and August. At the
CLD, FKD, and LZD, the maximum values of ETPH

were 4.7, 7.6, and 4.8 mm day−1, respectively; the
minimum values 2.1, 3.3, and 2.5 mm day−1, respec-
tively; and the daily mean ETPH 3.2 ± 0.6, 5.5 ± 0.9, and
3.8 ± 0.4 mm day−1, respectively. ETPMwas between 2.2
and 6.4 mm day−1, between 1.7 and 6.8 mm day−1, and
between 1.4 and 5.9 mm day−1, at the CLD, FKD, and
LZD, respectively; the daily mean ETPM was 4.1 ± 0.9,
4.3 ± 1.1, and 3.7 ± 1.0 mm day−1, respectively; ETPT

was 2.0–8.0, 2.5–12.4, and 2.0–10.2 mm day−1, respec-
tively; and the daily mean ETPTwas 5.3 ± 1.5, 7.5 ± 1.4,
and 6.3 ± 1.9 mm day−1, respectively.

Statistical analysis

Because soil water content was measured every
5 days, the ETc for the soil water balance method
was not obtained every day during the growing sea-
son. In a former study, the most accurate method for
evaluating ETo in a semiarid climate was the FAO-56
Penman–Monteith (Gavilán and Berengena 2000;

Fig. 3 Mean daily
evapotranspiration estimated by
the FAO-56 Penman–Monteith
(line with filled circles), Priestley–
Taylor (line with filled triangles),
and Hargreaves (line with filled
squares) during growing seasons
for the period 2005 to 2009 (a at
the CLD, b at the FKD, c at the
LZD). The bars represent the
standard deviation about the mean
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López-Urrea et al. 2006). Therefore, the Penman–
Monteith method was considered to be the standard
in comparison with the other meteorological
methods, for this type of environment. This compar-
ison was conducted based on more than 900 obser-
vations carried out during the 5-year duration of the
experimental work. At the CLD, the Hargreaves
method gave an overestimation (approximately
39.1 %) compared to the FAO-56 Penman–Monteith
method, with an RMSE of 1.6 mm day−1; the Priest-
ley–Taylor also gave a relatively high overestimation
(approximately 68.2 %), with an RMSE of
2.8 mm day−1. At the FKD, the Hargreaves method
gave an overestimation (approximately 31.0 %) com-
pared to the FAO-56 Penman–Monteith method, with
an RMSE of 1.3 mm day−1, and the Priestley–Taylor
also gave a relatively high overestimation (approxi-
mately 68.2 %), with an RMSE of 3.5 mm day−1. At
the LZD, the Hargreaves method gave a slight over-
estimation (approximately 25.8 %) compared to the
FAO-56 Penman–Monteith method, with an RMSE
of 1.0 mm day−1, and the Priestley–Taylor also gave a
relatively high overestimation (approximately
74.7 %), with an RMSE of 2.8 mm day−1.

Figure 4 shows the relationships of the ETPM

and the ETc obtained using other meteorological
methods at the CLD, FKD, and LZD. At these
three stations, the relationships of ETPM and ETc

from the other meteorological methods were fitted
with a simple linear regression (Fig. 4); these
relations of ETPM to ETPT explained 20, 68, and
54 % of the variation of ETPT at the CLD, FKD,
and LZD, respectively, and the linear relations of
ETPM to ETH explained 29, 44, and 20 % of the
variation of ETH at the CLD, FKD, and LZD,
respectively.

Discussion

In the various approaches to estimating ETc, results
were substantially different. In this study, ETc was
estimated by the water balance method, FAO-56 Pen-
man–Monteith, Priestley–Taylor, and Hargreaves,
during the growing seasons of 2005–2009, in the
desert–oasis agricultural comprehensive monitor
fields at three stations in the Chinese Ecosystem
Research Network. At the CLD, the daily mean
values of ETw, ETH, ETPM, and ETPT were 4.5 ± 0.8 ,

3.2 ± 0.6, 4.1 ± 0.9, and 5.3 ± 1.5 mm day−1, respec-
tively; at the FKD, the values were 3.4 ± 0.3,
5.5 ± 0.9, 4.3 ± 1.1, and 7.5 ± 1.4 mm day−1, respec-
tively; and at the LZD, 3.2 ± 0.4, 3.8 ± 0.4, 3.7 ± 1.0,
and 6.3 ± 1.9 mm day−1, respectively. Our results
showed that the FAO-56 Penman–Monteith method
provided fairly good estimations of ETc when com-
pared with the soil water balance method. With the
FAO-56 Penman–Monteith, the daily ETPM and ETw

at the CLD were respectively 4.1 ± 0.9 and
4.5 ± 0.8 mm day−1; at the FKD, 4.3 ± 1.1 and
3.4 ± 0.3 mm day−1; and at the LZD, 3.7 ± 1.0 and
3.2 ± 0.4 mm day−1 (Table 3). When using the FAO-
56 Penman–Monteith method as the standard, the
Hargreaves method gave about a 39.1 % overestima-
tion and the Priestley–Taylor method about a 68.2 %
overestimation at the CLD; the Hargreaves method
gave about a 31.0 % overestimation and the Priest-
ley–Taylor about a 68.2 % overestimation at the
FKD; while the Hargreaves method gave about a
25.8 % overestimation and the Priestley–Taylor
about a 74.7 % overestimation at the LZD. The
results did not coincide with the results obtained by
Jensen et al. (1990) or Li et al. (2003). Jensen et al.
(1990) found tha t the Hargreaves method
underestimated evapotranspiration by about 8 %,
compared with the Penman–Monteith method, in an
arid environment. Li et al. (2003) found that the
Hargreaves method underestimated evapotranspira-
tion by 7.5 % compared to the 56-PM method for
wheat and by 3.4 % for maize, in Naiman, Inner
Mongolia, China—a zone with a continental semiarid
monsoon climate. In the semiarid region of Karnal,
India, the Hargreaves method overestimated evapo-
transpiration by 3.4 % compared to the FAO-56 Pen-
man–Monteith method. A similar conclusion was
reported by Tyagi et al. (2000): the Hargreaves meth-
od, even using adjusted equations, overestimated
evapotranspiration by 23.1 % compared to the Pen-
man–Monteith method. These discrepancies imply
that these methods’ estimated ETc values were im-
pacted by the specific climatic conditions in the

Fig. 4 Relationships of ETPM and ETc using other meteorological
methods (a at the CLD, b at the FKD, c at the LZD). The
corresponding regression line and function relationship are shown
in a, b, and c. The bold line is the regression line between ETH and
ETPM, and the dashed line is regression line between ETPT and
ETPM

b
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different study areas. The attractiveness of the Har-
greaves method, as compared with the Priestley–Tay-
lor method, is its simplicity, reliability, minimal data
requirements, and ease of computation. If we want to
acquire greater accuracy for the value of ETc, howev-
er, the model must be adjusted based on the specific
climatic conditions and seasons.

Conclusion

This study took four approaches to estimating ETc in
a desert–oasis agricultural system in northwest Chi-
na. Results were substantially different using differ-
ent methods. ETc was between 611.2 ± 23.3 and
1150.3 ± 380.8 mm at the CLD site, between
834.2 ± 83.9 and 1453.5 ± 47.1 mm at the FKD,
and between 722.3 ± 29.4 and 1208.6 ± 79.1 mm at
the LZD. The FAO-56 Penman–Monteith method
provided a fairly good estimation of ETc compared
with the soil water balance method, and the Har-
greaves and Priestley–Taylor methods were the alter-
native estimation methods for ETc when only air
temperature and solar radiation data were available
at the weather stations. If we want to acquire greater
accuracy in the value of ETc, however, the model we
use must be adjusted based on the conditions present
at the selected location and time. For future studies,
an adjusted model should be considered for estimat-
ing ETc.

Acknowledgments This study was funded by the National
Natural Science Foundation of China (project 40771079,
91425302, and 4112500). We thank our colleagues at CLD,
FKD, and LZD for the support they gave us in our work. We also
thank the journal’s anonymous reviewers for their critical reviews
and comments on this manuscript.

References

Abdelhadi, A. W., Takeshi, H., Haruya, T., Akio, T., & Tariq, M.
A. (2000). Estimation of crop water requirements in arid
region using Penman–Monteith equation with derived crop
coefficients: a case study on Acala cotton in Sudan Gezira
irrigated scheme. Agricultural Water Management, 45, 203–
214.

Ali, M. H., Shui, L. T., Yan, K. C., Eloubaidy, A. F., & Foong, K. C.
(2000). Modeling water balance components and irrigation effi-
ciencies in relation to water requirements for double–cropping
systems. Agricultural Water Management, 46, 167–182.

Allen, R. G. (2000). Using the FAO-56 dual crop coefficient
method over an irrigated region as part of an evapotranspira-
tion intercomparison study. Journal of Hydrology, 229(1–2),
27–41.

Allen, R. G., Jensen,M. E.,Wright, J. L., & Burman, R. D. (1989).
Operational estimates of reference evapotranspiration.
Agronomy Journal, 81, 650–662.

Allen, R. G., Pereira, L. A., Raes, D., & Smith, M. (1998). Crop
evapotranspiration: guidelines for computing crop water re-
quirements. In FAO Irrigation and Drainage Paper 56 (293
p). FAO, Rome: Italy.

Amer, K. H., Medan, S. A., & Hatfield, J. L. (2009). Effect of
deficit irrigation and fertilization on cucumber. Agronomy
Journal, 101(6), 1556–1564.

Araya, A., Stroosnijder, L., Girmay, G., & Keesstra, S. D. (2011).
Crop coefficient, yield response to water stress and water
productivity of teff (Eragrostis tef (Zucc.). Agricultural
Water Management, 98(5), 775–783.

Beyazgül, M., Kayam, Y., & Engelsman, F. (2000). Estimation
methods for crop water requirements in the Gediz Basin of
western Turkey. Journal of Hydrology, 229, 19–26.

Bjerkholt, J. T., & Myhr, E. (1996). Potential evapotranspiration
from some agriculture crops (pp. 317–322). Texas:
Proceedings of ASAE Conf. Nov. 3–6 in San Antonio.

Bormann, H., Diekkruger, B., & Renschler, C. (1999).
Regionalisation concept for hydrological modelling on dif-
ferent scales using a physically based model: results and
evaluation. Physics and Chemistry of the Earth, 24(7), 799–
804.

Box, G. E. P., Hunter, W. G., & Hunter, J. S. (1989). Estadística
para investigadores (pp.675). Barcelona: Reverte.

Burman, R., & Pochop, L. O. (1994). Evaporation, evapotranspi-
ration and climatic data (pp.600). Amsterdam: Elsevier
Science.

Chang, X., Zhao, W., Zhang, Z., & Su, Y. (2006). Sap flow of the
Gansu poplar shelter-belt in arid region of Northwest China.
Agricultural and Forest Meteorology, 138, 132–141.

Cheng, G., Xiao, D., & Wang, G. (1999). On the characteristics
and building of landscape ecology in arid area. Advance in
Earth Sciences, 14(1), 11–15.

Cheng, R., Kang, E., Zhao, W., Zhang, Z., & Song, K. (2004).
Estimation of tree transpiration and response of tree conduc-
tance to meteorological variables in desert-oasis system of
Northwest China. Science in China Ser. D Earth Sciences,
47, 9–20.

de Azevedo, P. V., da Silva, B. B., & da Silva, V. P. R. (2003).
Water requirements of irrigated mango orchards in northeast
Brazil. Agricultural Water Management, 58, 241–254.

Descheemaeker, K., Raes, D., Allen, R., Nyssen, J., Poesen, J.,
Muys, B., Haile, M., & Deckers, J. (2011). Two rapid ap-
praisals of FAO-56 crop coefficients for semiarid natural
vegetation of the northern Ethiopian highlands. Journal of
Arid Environments, 75(4), 353–359.

Dinpashoh, Y. (2006). Study of reference crop evapotranspiration
in I.R. of Iran. Agricultural Water Management, 84, 123–
129.

Domingo, F., Villagarcia, L., Boer, M. M., Alados-Arboledas, L.,
& Puigdefabregas, J. (2001). Evaluating the long-term water
balance of arid zone stream bed vegetation using evapotrans-
piration modelling and hillslope runoff measurements.
Journal of Hydrology, 243(1–2), 17–30.

699 Page 14 of 15 Environ Monit Assess (2015) 187: 699



Droogers, P., & Allen, R. G. (2002). Estimating reference evapo-
transpiration under inaccurate data conditions. Irrigation and
Drainage Systems, 16(1), 33–45.

Frank, A. B. (2003). Evapotranspiration from northern semiarid
grasslands. Agronomy Journal, 95(6), 1504–1509.

Fu, B., Li, S., Yu, X., Yang, P., Yu, G., Feng, R., & Zhuang, X.
(2010). Chinese ecosystem research network: progress and
perspectives. Ecological Complexity, 7, 225–233.

Gavilán, P. D., & Berengena, J. (2000). Comportamiento de los
métodos de Penman–FAO y Penman–Monteith-FAO en el
valle medio del Guadalquivir. In In: Proceedings of the 18th
Congreso Nacional de Riegos. Huelva: Spain.

Ghamarnia, H., Miri, E., & Ghobadei, M. (2014). Determination
of water requirement, single and dual crop coefficients of
black cumin (Nigella sativa L.) in a semi-arid climate.
Irrigation Science, 32(1), 67–76.

Goyal, R. K. (2004). Sensitivity of evapotranspiration to global
warming: a case study of arid zone of Rajasthan (India).
Agricultural Water Management, 69, 1–11.

Hargreaves, G. H., & Samani, Z. A. (1985). Reference crop
evapotranspiration from temperature. Applied Engineering
in Agriculture, 1(2), 96–99.

Hunt, J. E., Kelliher, F. M., McSeveny, T. M., & Byers, J. N.
(2002). Evaporation and carbon dioxide exchange between
the atmosphere and a tussock grassland during a summer
drought. Agricultural and Forest Meteorology, 111(1), 65–
82.

Idso, S. B., Jackson, R. D., & Reginato, R. J. (1975). Estimating
evaporation—a technique adaptable to remote sensing.
Science, 189(4207), 991–992.

Jensen, M. E. (1973). Consumptive use of water and irrigation
water requirements, Monograph, no. 71. New York:
American Society of Civil Engineers.

Jensen, M. E., Burman, R. D., & Allen, R. G. (1990).
Evapotranspiration and irrigation water requirements.
Manuals and reports on engineering practice no. 70 (pp.
332). New York: American Society of Civil Engineers.

Jia, B. (2000). Review and problems of oasis research. Advance in
Earth Sciences, 15(4), 381–388.

Jia, Z. H., & Luo, W. (2006). Modeling net water requirements for
wetlands in semi-arid regions. Agricultural Water
Management, 81, 282–294.

Jiang, X., Kang, S., Tong, L., Li, F., Li, D., Ding, R., & Qiu, R.
(2014). Crop coefficient and evapotranspiration of grain
maize modified by planting density in an arid region of
northwest China. Agricultural Water Management, 142,
135–143.

Kang, S., Cai, H., & Zhang, J. (2000). Estimation of maize
evapotranspiration under water deficits in a semiarid region.
Agricultural Water Management, 43, 1–14.

Kang, S., Gu, B., Du, T., & Zhang, J. (2003). Crop coefficient and
ratio of transpiration to evapotranspiration of winter wheat
and maize in a semi-humid region. Agricultural Water
Management, 59, 239–254.

Karim, S. N. A. A., Ahmed, S. A., Nischitha, V., Bhatt, S., Raj, S.
K., & Chandrashekarappa, K. N. (2013). FAO 56Model and
Remote Sensing for the Estimation of Crop-Water
Requirement in Main Branch Canal of the Bhadra
Command area, Karnataka State. Journal of the Indian
Society of Remote Sensing, 41(4), 883–894.

Kashyap, P. S., & Panda, R. K. (2001). Evaluation of evapotrans-
piration estimation methods and development of crop-
coefficients for potato crop in a sub-humid region.
Agricultural Water Management, 50, 9–25.

Li, Y. L., Cui, J. Y., Zhang, T. H., & Zhao, H. L. (2003).
Measurement of evapotranspiration of irrigated spring wheat
and maize in a semi-arid region of north China. Agricultural
Water Management, 61, 1–12.

López-Urrea, R., Olalla, F. M., de, S., Fabeiro, C., &Moratalla, A.
(2006). Testing evapotranspiration equations using lysimeter
observations in a semiarid climate. Agricultural Water
Management, 85, 15–26.

Payero, J. O., Tarkalson, D. D., Irmak, S., Davison, D., & Petersen,
L. L. (2008). Effect of irrigation amounts applied with sub-
surface drip irrigation on corn evapotranspiration, yield, wa-
ter use efficiency, and dry matter production in a semiarid
climate. Agricultural Water Management, 88, 895–908.

Priestley, C. H. B., & Taylor, R. J. (1972). On the assessment of
surface heat flux and evaporation using large scale parame-
ters. Monthly Weather Review, 100, 81–92.

Rivas, R., & Caselles, V. (2004). A simplified equation to estimate
spatial reference evaporation from remote sensing-based sur-
face temperature and local meteorological data. Remote
Sensing of Environment, 93, 68–76.

Shen, Y., Li, S., Chen, Y., Qi, Y., & Zhang, S. (2013). Estimation
of regional irrigation water requirement and water supply risk
in the arid region of Northwestern China 1989–2010.
Agricultural Water Management, 128, 55–64.

Shuttleworth,W. J. (1991). Evaporationmodels in hydrology. In T.
J. Schmugge, & J. C. André (Eds.), Land surface evapora-
tion: measurement and parameterization(pp (pp. 93–120).
New York: Springer.

Sumner, D. M., & Jacobs, J. M. (2005). Utility of Penman–
Monteith, Priestley-Taylor, reference evapotranspiration,
and pan evaporation methods to estimate pasture evapotrans-
piration. Journal of Hydrology, 308, 81–104.

Tyagi, N. K., Sharma, D. K., & Luthra, S. K. (2000).
Determination of evapotranspiration and crop coefficients
of rice and sunflower with lysimeter. Agricultural Water
Management, 45, 41–54.

Vogt, R., & Jaeger, L. (1990). Evaporation from a pine forest-using
the aerodynamic method and Bowen ratio method.
Agricultural and Forest Meteorology, 50(1–2), 39–54.

Willmott, C. J. (1982). Some comments on the evaluation of
model per formance. Bul le t in o f the Amer ican
Meteorological Society, 63(11), 1309–1313.

Xiong,W., Holman, I., Lin, E., Conway, D., Jiang, J., Xu, Y., & Li,
Y. (2010). Climate change, water availability and future
cereal production in China. Agriculture, Ecosystems and
Environment, 135, 58–69.

Zhang, X., Kang, S., Zhang, L., & Liu, J. (2010). Spatial variation
of climatology monthly crop reference evapotranspiration
and sensitivity coefficients in Shiyang river basin of north-
west China. Agricultural Water Management, 97, 1506–
1516.

Zhao, W., Liu, B., & Zhang, Z. (2010). Water requirements of
maize in the middle Heihe River basin, China. Agricultural
Water Management, 97, 215–223.

Environ Monit Assess (2015) 187: 699 Page 15 of 15 699


	Crop evapotranspiration-based irrigation management during the growing season in the arid region of northwestern China
	Abstract
	Introduction
	Methods
	Study area
	Meteorology, soil moisture, and irrigation
	Crop evapotranspiration
	Water balance method
	Reference evapotranspiration

	Error analysis

	Results
	Inter-annual and seasonal variation in environmental conditions
	Crop evapotranspiration
	Statistical analysis

	Discussion
	Conclusion
	References


