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seasons in 2015 and 2016 were 622 and 612 mm, respec-
tively. Phenological variations in evapotranspiration pro-
duced single-peak curves, while diurnal variations reflected 
the influence of high temperatures on some afternoons. The 
Priestley–Taylor and the improved dual source models gave 
the most accurate evapotranspiration values at the daily scale 
and appeared to be most suitable for the estimation of evapo-
transpiration for the species in arid regions. In addition, both 
models were the most sensitive to net radiation (Rn).

Keywords Evapotranspiration · Eddy–covariance · 
Populus euphratica · Northwestern China

Introduction

Dryland biomes cover approximately 41.5% of the Earth’s 
land surface (Bastin et al. 2017). In such areas, evapotran-
spiration (ET), including canopy transpiration (Ec) and soil 
evaporation (Es) (Maxwell and Condon 2016), is the key 
component of water cycles and energy balance (Oki and 
Kanae 2006; Hu et al. 2009; Jung et al. 2010; Villagarcía 
et al. 2010; Wei et al. 2013; Li et al. 2018), and plays a 
strategic role in climatology, hydrology, ecology, agricul-
ture, and forestry (Guan and Wilson 2009; Liu et al. 2012). 
Knowledge of ET variations is crucial for understanding 
the interactions between different vegetation covers and the 
atmosphere (Keane et al. 2002), for better managing water 
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resources (Li et al. 2019), and for assessing the phenom-
enon of drought and its associated environmental impacts 
(Yu et al. 2018).

ET and its components have been measured by various 
expensive and labor-intensive methods (Gasca-Tucker et al. 
2007), including sap flow (Williams et al. 2004; Scott et al. 
2006; Juhász and Hrotkó 2014; Rafi et al. 2019), lysime-
ters (Zhang et al. 2005; Peters et al. 2017; Widmoser and 
Wohlfahrt 2018; Xu et al. 2018), stable isotopes (Yepez 
et al. 2003; Lu et al. 2017; Wei et al. 2018; Ma and Song 
2019), the Bowen-ratio energy balance method (Zeggaf et al. 
2007; Uddin et al. 2013; Comunian et al. 2018; Maruyama 
et al. 2019), and the eddy-covariance (EC) system (Griffis 
et al. 2008, 2010; Sturm et al. 2012; Zhu et al. 2012, 2013; 
Gao et al. 2016b; Spinelli et al. 2017; Dzikitia et al. 2018; 
Anapalli et al. 2020). However, these approaches focus on 
the direct measurement of ET flux which sometimes makes 
it difficult for wide application because of their high cost, 
complex equipment placement and validation process. 
Numerical simulation is a good supplement because of its 
applicability over a wide range of time scales and because 
modeling is applied to a spatial scale of an entire ecosystem 
(Wang et al. 2016). Numerous models, from single climatic 
variable-driven equations to energy balance and aerody-
namic combination methods, have been developed and are 
becoming more popular.

The Ejin oasis, located in the lower reach of the Heihe 
River Basin, is in a typically arid region. Natural conditions 
are extremely poor, and water is the driving force of eco-
logical evolution. The Euphrates or desert poplar, Populus 
euphratica Oliv., is the foundation species of the desert 
riparian forest in this region, and the P. euphratica forest 
is an important natural barrier to support the existence of 
the Ejin oasis. The choice of the most appropriate method 
for measuring and estimating the actual evapotranspiration 
helps to understand the water balance of P. euphratica and 
can serve for the rational use of water resources, and for the 
protection and stability of the P. euphratica forest ecosystem 
(Hou et al. 2010). In this study, ET of a P. euphratica for-
est was estimated using five models: the Penman–Monteith 
(PM) model, the Priestley–Taylor (PT) model, the Shut-
tleworth–Wallace (SW) model, an improved dual source 
(SSW) model and a clumped (C) model. The accuracy of 
each was verified by the EC measured data. The five models 
were selected for the following reasons:

(1) The Penman–Monteith (PM) model treats the crop 
canopy as a single uniform cover but neglects evaporation 
from the soil surface and may be inappropriate for sparsely 
vegetated canopies (Mo 1998). In this study, the accuracy of 
the PM model was tested for the sparse P. euphratica forest 
canopy; (2) The Priestly-Taylor (PT) model, with an appro-
priately defined empirical parameter (α) value, performed 
remarkably well despite its relative simplicity; (3) The 

Shuttleworth–Wallace (SW) model has been validated and 
found suitable for estimating evapotranspiration from frag-
mented canopies (Guan and Wilson 2009; Hu et al. 2013). 
Researchers have now mainly focused on improving the SW 
accuracy under specific conditions; however, the complexity 
and number of parameters also have been increased; (4) The 
improved dual source (SSW) model proposed by Li et al. 
(2010), has a simpler structure, fewer parameters and only 
requires conventional meteorological data. The applicabil-
ity, however, requires testing in different natural ecosystems 
with variable vegetation types and conditions; and, (5) the 
clumped (C) model partitions energy among vegetation and 
soil based on fractional vegetative cover (f), and its theory is 
more reasonable compared to those of single- and two-layer 
models. But the model requires a large number of param-
eters and determination of these parameters is rather dif-
ficult, leading to increased model error (Zhang et al. 2008). 
Application of the C model is rare due to its complexity; 
however, it was tested here for further research. As previous 
studies modeling ET of P. euphratica have mainly focused 
on a single model (Wang et al. 2014; Gao et al. 2016a; Yu 
et al. 2017), our research will be of significance as the meas-
uring, modeling and partitioning of ET of a P. euphratica 
forest in the Ejin oasis has not been reported.

Materials and methods

Study area

The research was carried out in a 13.3 km2 area of the 
Qidaoqiao P. euphratica forest reserve in Ejin County, 
Inner Mongolia, China (42° 21′ N, 101° 15′ E, altitude 
920.5 m a.s.l.). This region is extremely arid and evapora-
tion exceeds 3600 mm year−1 and the mean annual rain-
fall is 36.5 mm (Fig. 1). Mean annual air temperature is 
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Fig. 1  Mean monthly rainfall and mean air temperatures from 1960 
to 2016 at the study site
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9.5 °C and mean annual relative humidity is 36–44%. In 
the forest reserve, average tree height is 10.4 m, average 
age 35 years, average diameter at breast height 24.8 cm, 
and average crown breadth 452 cm × 480 cm. The satu-
rated soil water content is 22.05 g cm−3 and bulk density 
1.72 g cm−3.

Flux and meteorological measurements

A uniform open–path eddy-covariant (EC) system and mete-
orological instruments were installed in a tower to monitor 
 CO2/H2O fluxes and environmental conditions at 20 m and 
10 m, respectively. The tower was located in the center of 
the P. euphratica forest and the trees were distributed evenly 
around the tower. The fetch of the EC system was approxi-
mately 1000 m in the predominant upwind direction. The EC 
system consisted of a 3D sonic anemometer/thermometer 
(model CSAT3, Campbell Scientific Inc., Logan, UT, USA) 
and an open-path  CO2/H2O gas analyzer (model LI-7500, 
Li-COR Inc., Lincoln, NE, USA). Signals were recorded by 
a datalogger (model CR3000, Campbell Scientific, Logan, 
UT, USA) and block-averaged over 30 min intervals.

Meteorological variables were measured simultaneously 
with the EC data. Rainfall was measured using a rain gauge 
(RG3-M, Onset Co., Bourne, MA, USA). Net radiation (Rn, 
W m−2) and photosynthetic active radiation (PAR; W m−2) 
were measured 10- m above ground by radiometers (model 
CNR-4, Kipp and Zonen, Delft, The Netherlands; LI-190SA, 
LI-COR Inc., Lincoln, NE, USA). Air temperature (Ta;  °C) 
and relative humidity (RH;  %) were measured 10- m above 
ground (model HMP45C, Campbell Scientific, Logan, UT, 
USA). Barometric pressure (Pa; kPa) was measured by 
shielded and aspirated probes. Soil temperature (Ts, °C) 
(109SS, Campbell Scientific, Logan, UT, USA) and volu-
metric water content (θ;  %) (SMC300, Spectrum Technolo-
gies, Plainfield, USA) were measured at depths of 10, 30, 
50, 80 and 150 cm. The groundwater depth (GWD, m) was 
measured automatically by pressure transducers (HOBO-
U20, Onset Computer Corporation, Bourne, MA, USA) at 
0.5 h intervals. Soil heat flux (G, W m−2) was measured at 
a 5 cm depth by two buried flux plates (model HFP01SC, 
Campbell Scientific, Logan, UT, USA) – one in soil under 
vegetation and the other in bare soil between vegetation.

Leaf area index (LAI;  m2  m−2) was measured once a 
month from May through October using a plant canopy ana-
lyzer (LAI2200, LI-COR Inc., Lincoln, NE, USA) under 
diffuse light conditions at dawn or dusk. A 10° view cap 
was used for each LAI recorded, and four readings above 
the canopy and eight other readings at different points within 
1 m of each other at the base of the canopy were taken. 
Fractional vegetative cover (f) was estimated every month 
by measuring the canopy dimensions.

Data processing

CO2/H2O flux and CSAT3 data were processed using Eddy-
Pro software (LI-COR Biosciences, Inc., Lincoln, NE, USA) 
and included block average detrending, time lag compensa-
tion by covariance maximization (with default), double coor-
dinate rotation, and density fluctuation compensation by the 
use/convert feature to the mixing ratio. Statistical analysis of 
the raw time series data was processed according to Vickers 
and Mahrt (1997), and quality check flagging was obtained 
according to the CarboEurope standard.

To obtain accurate ET estimates, data from the meas-
urements were filtered to eliminate errors. Night-time data 
was first eliminated with Rn < 10 W m−2 (to include dusk 
and dawn moments) as turbulent transport diminishes dur-
ing night-time stable atmospheric conditions. Total ET val-
ues > 800 W m−2 was also eliminated according to limits 
proposed by CarboEurope (Villagarcía et al. 2010). The 
energy balance was also analyzed for the flux data (80.9% 
in 2015 and 82.6% in 2016, Fig. 2). The latent heat data (LE, 
W m−2) of energy unbalance were removed. Gap-filling was 
conducted when total ET was calculated. Small gaps of less 
than 2 h were filled by linear interpolation, while longer 
gaps were filled using the energy balance (Falge et al. 2001; 
Zhu et al. 2014). The evapotranspiration models were evalu-
ated using daytime (8:00–19:00 h) averages as nighttime 
measurements were unreliable. Sample sizes were both 158 
daytime averages based on 1896 measurements in 2015 and 
2016.

Data analysis

The 2015 and 2016 growing seasons were divided into four 
phenological growth periods according to Zhang et al. (2007): 
leaf expansion period (May 4th–12th), fruit expansion period 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

5-
4

5-
11

5-
18

5-
25 6-

1
6-

8
6-

15
6-

22
6-

29 7-
6

7-
13

7-
20

7-
27 8-

3
8-

10
8-

17
8-

24
8-

31 9-
7

9-
14

9-
21

9-
28

10
-5

En
er

gy
 b

al
an

ce
 ra

tio

Month/Day

2015 2016

Fig. 2  Energy balance ratios during the Populus euphratica growing 
seasons in 2015 and 2016



1966 G. Gao et al.

1 3

(May 13th–Jul 27th), seed dispersal period (Jul 28th–Sep 30th) 
and leaf discoloration period (Oct 1st–8th). Pearson’s correla-
tion was applied to examine correlations between ET and envi-
ronmental variables. All statistical analyses and plotting were 
performed with the SPSS Statistics software (Version 19.0; 
IBM, Armonk, NY, USA) and Origin (Version 8.0; OriginLab, 
Northampton, MA, USA).

Expressions of the models

The Penman–Monteith (PM) model is expressed as (Monteith 
1965):

where ET is evapotranspiration (mm  d−1), rc is surface can-
opy resistance (s m−1), ra is aerodynamic resistance (s m−1), 
Rn is net radiation (W m−2), G is soil heat flux (W m−2), ρ is 
air density (kg m−3), Cp is specific heat at constant pressure 
(J kg−1  K−1), D is vapor pressure deficit in the air (kPa), Δ 
is slope of the saturated vapor pressure versus temperature 
curve (kPa K−1), γ is psychometric constant (kPa K−1), λ is 
the latent heat of vaporization (J kg−1).

Owing to the frequent unavailability of some micrometeor-
ological variables needed for this model, Priestley and Taylor 
(1972) proposed the Priestley–Taylor (PT) model, a simplified 
version to calculate ET:

where ET is evapotranspiration (mm  d−1), Rn is net radiation 
(W m−2), G is soil heat flux (W m−2), Δ is slope of the satu-
rated vapor pressure versus temperature curve (kPa K−1), γ 
is psychometric constant (kPa K−1), λ is the latent heat of 
vaporization (J kg−1), α is Priestley–Taylor coefficient.

The Shuttleworth–Wallace (SW) model estimates latent 
heat flux from the canopy and soil surface as two distinct 
sources and calculates ecosystem ET as the sum of Ec and Es:

(1)�ET =
Δ
(
Rn − G

)
+
(
�CpD∕ra

)

Δ + �
(
1 +

(
rc∕ra

))

(2)�ET = �
Δ

Δ + �

(
Rn − G

)

(3)�ET = �Ec + �Es = CcPMc + CsPMs

(4)PMs =
ΔAc +

[
�CpD − Δrs

a

(
Ac − As

)]
∕
(
ra
a
+ rs

a

)

Δ + �

[
1 +

rs
s

ra
a
+rs

a

]

(5)PMc =
ΔAc +

[
�CpD − Δrc

a
As

]
∕
(
ra
a
+ rc

a

)

Δ + �

[
1 +

rc
s

ra
a
+rc

a

]

where ET is evapotranspiration (mm  d−1), Ec is canopy 
transpiration (mm  d−1), Es is soil evaporation(mm  d−1), Ci 
is resistance coefficient of i source (c and s),  PMi is Pen-
man–Monteith–type equations for each i source (c and s), 
Ai is available energy for each i source (c and s) (W m−2), 
Rn is net radiation (W m−2), Rns is net radiation for soil 
(W m−2), G is soil heat flux (W m−2), ra

a is aerodynamic 
resistance between the canopy source height and reference 
level (s m−1), ra

s is aerodynamic resistance between the soil 
and canopy source height (s m−1), ra

c is bulk boundary layer 
resistance of the vegetative elements in the canopy (s m−1), 
rs

c is canopy resistance (s m−1), rs
s is soil surface resistance 

(s m−1), ρ is air density (kg m−3), Cp is specific heat at con-
stant pressure (J kg−1  K−1), D is vapor pressure deficit in the 
air (kPa), Δ is slope of the saturated vapor pressure versus 
temperature curve (kPa K−1), γ is psychometric constant 
(kPa K−1), λ is the latent heat of vaporization (J kg−1).

The simpler structure of the improved dual source (SSW) 
model with its fewer parameters can also estimate Ec and 
Es separately and only requires conventional meteorological 
data (Li et al. 2010). The equations are:

where Ec is canopy transpiration (mm  d−1), Es is soil 
evaporation(mm  d−1), Rn is net radiation (W m−2), Rnc is net 
radiation for canopy (W m−2), G is soil heat flux (W m−2), 

(6)Ac = Rn − G

(7)As = Rns − G

(8)Cs =
Rc

(
Rs + Ra

)
RsRc + RcRa + RsRa

=
1

1 +
RsRa

Rc(Rs+Ra)

(9)Cc =
Rs

(
Rc + Ra

)
RsRc + RcRa + RsRa

=
1

1 +
RcRa

Rs(Rc+Ra)

(10)Ra = (Δ + �)ra
a

(11)Rc = (Δ + �)rc
a
+ �rc

s

(12)Rs = (Δ + �)rs
a
+ �rs

s

(13)Es = 𝛼E𝜏
Δ

𝜆(Δ + 𝛾)

(
Rn − G

){ 𝜏 ≪ 𝜏c, 𝛼E = 1

𝜏 > 𝜏c, 𝛼E = 𝛼 − (𝛼 − 1)(1 − 𝜏)
(
1 − 𝜏c

)

(14)
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�
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(
�CpD∕r

c
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a

)
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ra
a is aerodynamic resistance between the canopy source 

height and reference level (s m−1), ra
c is bulk boundary layer 

resistance of the vegetative elements in the canopy (s m−1), 
rs

c is canopy resistance (s m−1), ρ is air density (kg m−3), 
Cp is specific heat at constant pressure (J kg−1  K−1), D is 
vapor pressure deficit in the air (kPa), Δ is slope of the satu-
rated vapor pressure versus temperature curve (kPa K−1), γ 
is psychometric constant (kPa K−1), λ is the latent heat of 
vaporization (J kg−1), αE is coefficient of PT formula with 
relevance to light interception, α is Priestley–Taylor coef-
ficient, τc is constant value at which the leaf area index is 
sufficient for αE to reach unity.

The clumped (C) model considers three evaporating 
sources, vegetation (p), soil under vegetation (s) and bare 
soil between vegetation (bs); the energy available for ET is 
distributed among the three sources (Villagarcía et al. 2010). 
Thus, total ET can be calculated as:

where ET is evapotranspiration (mm  d−1), Ec is canopy tran-
spiration (mm  d−1), Es is soil evaporation(mm  d−1), Ci is 

(15)
�ET = �T + �Es + �Ebs = f

(
Cs
c
PMs

c
+ Cp

c
PMp

c

)
+ (1 − f )Cbs

c
PMbs

c

(16)PMp
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=

ΔAc +
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�CpD − Δrc

a
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)
∕
(
ra
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a

)]
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[
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(
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a

)]
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=
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+
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A
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)
∕
(
ra
a
+ rbs

a
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a
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c
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c
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(
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a
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[
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∕
(
ra
a
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)
∕
[
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c
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c
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c
Rp
c
Ra
c
+ fRbs

c
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c
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c
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c
Rp
c
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c

]

(20)Cp
c
= Rbs

c
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c
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)
∕
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c
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(22)Rs
c
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(23)Rp
c
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s

(24)Rbs
c
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a
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s

(25)Ra
c
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a

resistance coefficient of i source (c, s and bs),  PMi is Pen-
man–Monteith–type equations for each i source (c, s and bs), 
Ai is available energy for each i source (c and bs) (W m−2), 
ra

a is aerodynamic resistance between the canopy source 
height and reference level (s m−1), ra

s is aerodynamic resist-
ance between the soil and canopy source height (s m−1), ra

c 
is bulk boundary layer resistance of the vegetative elements 
in the canopy (s m−1), rs

c is canopy resistance (s m−1−1), rs
s is 

soil surface resistance (s m−1−1), ρ is air density (kg m−3), 
Cp is specific heat at constant pressure (J kg−1−1  K−1−1), D is 
vapor pressure deficit in the air (kPa), Δ is slope of the satu-
rated vapor pressure versus temperature curve (kPa K−1−1), 
γ is psychometric constant (kPa K−1), λ is the latent heat of 
vaporization (J kg−1), f is fractional vegetative cover (%).

Determination of parameters

Parameters of the five ET models are calculated according 
to:

(26)ra =
ln ((z − d)∕(h − d)) ln

(
(z − d)∕z0

)
uk2

(27)rc = ra

(
a
r∗

ra
+ b

)

(28)r∗ =
Δ + �

Δ

�CpD

�
(
Rn − G

)

(29)Rns = Rnexp(−kLAI)

(30)Rnc = Rn(1 − exp(−kLAI))

(31)Ac = Rn −
[
fGs + (1 − f )Gbs

]

(32)Ap
c
= Rn − Rns

(33)As
c
= Rns − Gs
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(34)Abs
c
= Rn − Gbs
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where Rn is net radiation (W m−2), Rni is net radiation for 
each i source (c and s), Ai

c is available energy for each i 
source (c, s and bs) (W m−2), G is soil heat flux (W m−2), 
Gi is soil heat flux for each i source (c and s) (W m−2), ra

a is 
aerodynamic resistance between the canopy source height 
and reference level (s m−1), ra

s is aerodynamic resistance 
between the soil and canopy source height (s m−1), ra

c is 
bulk boundary layer resistance of the vegetative elements 
in the canopy (s m−1), rs

c is canopy resistance (s m−1), rs
s is 

soil surface resistance (s m−1), ρ is air density (kg m−3), Cp 
is specific heat at constant pressure (J kg−1  K−1), D is vapor 
pressure deficit in the air (kPa), Δ is slope of the saturated 
vapor pressure versus temperature curve (kPa K−1), γ is psy-
chometric constant (kPa K−1), Ta is air temperature (°C), 
ra is aerodynamic resistance (s m−1), rc is surface canopy 
resistance (s m−1), r* is critical resistance (s m−1), rb is leaf 
boundary layer resistance (s m−1), z is reference height above 
the forest at which meteorological measurements are avail-
able (m), z0 is roughness length of a forest with complete 
canopy cover (m), z0

′ is roughness length of bare soil (m), zm 
is mean surface flow height (m), h is canopy height (m), d 

is zero plane displacement height (m), Cd is drag coefficient 
of the leaves, k is extinction coefficient of light attenuation, 
u is mean wind speed at the reference height (m s−1), w 
is representative leaf width (m), uh is mean wind speed at 
the canopy (m s−1), uz is wind speed at z m above ground 
(m s−1), um is wind speed at zm (m s−1), σb is shielding fac-
tor, θ is actual soil moisture content in the surface layer (%), 
LAI is leaf area index  (m2  m−2), Rs is short-wave radiation 
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(W m−2),  LAIs is leaf area index for which these parameters 
were determined  (m2  m−2), a and b are empirical calibration 
coefficients, e, g, i and m are empirical constants, n is eddy 
diffusivity decay constant.

Assessments

The modified coefficient of efficiency (E1), the modified index 
of agreement (d1), and the mean absolute error (MAE) were 
calculated according to Legates and McCabe (1999) to char-
acterize deviation of the calculated values from the observed:

where Oi and Mi are the observed and modeled values, 
respectively, Oi is the mean observed values, N is the total 
number of observations.

Fitness of a model is considered good when the coefficient 
of determination (R2), E1 and d1 are high while the MAE is low, 
and the slope between Oi and Mi is close to 1.

A simple method proposed by Zhan et al. (1996) was used 
to investigate the relative influence of the different parameters 
on model outputs:

(54)E1 = 1 −

∑N

i=1
��Oi −Mi

��∑N

i=1

���Oi − Oi
���
,

(55)d1 = 1 −
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i=1
��Oi −Mi

��
∑N

i=1

����Oi − Oi
��� +

���Mi − Oi
���
� ,

(56)MAE =

∑���Oi −Mi
��
�

N
.

(57)Sp =
||||
ET− − ET+

ET0

||||

where ET0, ET− and ET+ are ET variables derived by the 
model when the corresponding parameter equals its refer-
ence value, i.e., P0, 1.1 P0 and 0.9 P0.

Results

Environmental variables associated with ET

Detailed information on the seasonality of key environmen-
tal variables is essential to assess seasonal variations in ET 
(Zhu et al. 2012). For the P. euphratica growing seasons, 
changes in the daily average θ (volumetric water content) 
in 2015 and Ts (soil temperature) in 2016 (due to instru-
ment malfunctions, data of θ in 2016 and Ts in 2015 are 
missing), Rn (net radiation), Ta (air temperature), D (vapor 
pressure deficit) and u (wind speed) in 2015 and 2016 are 
illustrated in Fig. 3. The trend of θ continuously declined, 
and its average measure was 19.2%, varying from 35.5 to 
9.5%. Trends of Ts and Ta were similar; however, compared 
with the average measure of Ts (17.8 °C), corresponding val-
ues of Ta were greater (24.7 °C in 2015 and 24.8 °C in 2016). 
These were similar to those of the previous year (data not 
shown). Average measures of Rn (net radiation) were 407.8 
and 384.8 W m−2, varying from 137.0 to 544.2 W m−2 and 
107.3 to 547.5 W m−2 for 2015 and 2016, respectively. Aver-
age measures of u were ~ 3.8 and 3.5 m s−1, varying from 1.5 
to 8.4 m s−1 and 0.4 to 12.0 m s−1, respectively. Wind speeds 
in May and in September to October were higher than in 
other months, mainly due to the prevailing winds in spring 
and autumn. Average measures of D were ~ 0.6 and 0.7 kPa, 
ranging from 0.2 to 1.6 kPa and 0.2 to 1.7 kPa for 2015 and 
2016, respectively.

The change of daily GWD (ground water depth) during 
the growing season of P. euphratica in 2016 are shown in 
Fig. 4. Data for GWD in 2015, similar to Ts, is missing due 

Fig. 3  Changes in daily average 
soil water content (θ) in 2015, 
soil temperature (Ts) in 2016, 
net radiation (Rn), air tempera-
ture (Ta), vapor pressure deficit 
(D) and wind speed (u) during 
the growing seasons of Populus 
euphratica in 2015 and 2016 0
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to the instrument malfunction. However, GWD decreased 
gradually to a minimum of 2.2 m on the 18th of September, 
after which it suddenly increased to 158 mm above ground 
following a flood irrigation. The course of GWD indicated 
that its seasonal variation was controlled by both the water 
uptake by the trees and by irrigation. The ground water fell 
after the onset of the growing season in 2016, indicating 
groundwater uptake by the trees, and then it increased, indi-
cating that the water consumption by the trees was less than 
by irrigation.

Leaf area index (LAI) is also an important factor affect-
ing evapotranspiration. According to the most accurate 
dual source SSW model, monthly Ec, ET, Ec/ET and LAI 
were analyzed (Fig. 5). Total Ec and ET values from May 

to September were 33, 51, 68, 90 and 55 mm and 93, 
112, 131, 126 and 86 mm in 2015, and 34, 19, 66, 81 and 
53 mm and 85, 108, 132, 119 and 89 mm in 2016. The 
variation between Ec/ET and LAI was similar. From May 
to August in 2015 and 2016, Ec/ET increased from 36.0 to 
72.1% and 39.9 to 68.5%, respectively, which corresponds 
to LAI changing from 1.7 to 3.2 m2  m−2 and 1.8 to 2.9 m2 
 m−2 for both years. From August to September in 2015 
and 2016, Ec/ET decreased from 72.1 to 64.1% and 68.5 to 
59.7%, respectively, which corresponds to the LAI chang-
ing from 3.2 to 2.7 m2  m−2 and 2.9 to 2.5 m2  m−2 for both 
years, respectively.

Characteristics of evapotranspiration

Diurnal variation in ET

Diurnal variations of ET for the first 10 days during the 
growing season of the P. euphratica forest in 2015 and 
2016 are shown in Fig. 6. Ten days for both years were 
selected as the study periods because the measured ET by 
the EC method for these days was the sum of Ec and Es, 
without considering the influence of transpiration from 
surface vegetation (mostly Sophora alopecuroides L.), as 
it was not as yet growing in the P. euphratica forest. Evap-
otranspiration increased rapidly from sunrise and maxi-
mized at approximately mid-day, and then decreased. In 
the afternoons on some days, ET decreased slightly after 
noon and then fluctuated until it reached another peak 
around 17:00 h, due to high temperatures causing leaf 
stomata to close. After that, ET decreased rapidly until 
sunset.

Months, 2014
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Fig. 4  Changes of daily groundwater depth (GWD) during the grow-
ing season of Populus euphratica in 2016
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The phenological variation in evapotranspiration

The phenological variation patterns of ET during the grow-
ing seasons of the P. euphratica forest in 2015 and 2016 
are shown in Fig. 7 and generally were single-peak curves. 
ET levels in 2015 and 2016 were 622 and 612 mm, respec-
tively, with the fruit expansion period and the period of 
seed dispersal the major contributors; the average ET in the 
fruit expansion period was maximum. Total ET values in 
the fruit expansion period were 348 and 316 mm, account-
ing for 52.9% and 51.6% in 2015 and 2016, respectively. 
Evapotranspiration in the seed dispersal periods in 2015 
and 2016 were 270 and 261 mm, respectively, slightly less 
than in the fruit expansion period. Average values in the 
leaf expansion and discolouration periods were much less, 
as leaves had not fully formed in the previous period and 
leaf activity decreased in the latter period. Total ET values 
in the leaf expansion periods in 2015 and 2016 were 23 mm 

and 15 mm, accounting for 3.5% and 2.5%, respectively. 
Similarly, evapotranspiration levels in the leaf discolouration 
period in 2015 and 2016 were small at 16 mm and 19 mm, 
accounting for 2.5% and 3.1% respectively.

Correlations between ET and environmental variables

ET in 2015 and 2016 was positively correlated to all the 
environmental variables except for volumetric water con-
tent (θ), and significantly correlated to net radiation (Rn) 
in both years (0.803 in 2015 and 0.819 in 2016) but not 
significantly correlated to wind speed (u) (Table 1). Except 
for net radiation, ET was also positively correlated to air 
temperature (Ta) and vapour pressure (D), with Pearson’s 
correlation coefficients of 0.752 and 0.776 for air tempera-
ture and 0.732 and 0.721 for vapour pressure for 2015 and 
2016, respectively.

Fig. 6  Diurnal patterns of 
hourly evapotranspiration meas-
ured by the eddy-covariance 
method on the first ten days 
during the growing seasons in 
2015 and 2016
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Comparison of the five models

Comparisons and correlations between daily estimated 
evapotranspiration by the five models and the measured ET 
by the eddy-covariant (EC) method during the 2015 and 
2016 growing seasons are presented in Appendix Fig. S1 
and Table 2. The R2 values of the PM model were 0.586 and 
0.543, with the values of E1, d1 and MAE at − 1.166, 0.321 
and 2.382 mm in 2015, and − 1.375, 0.357 and 2.340 mm in 
2016, indicating a significant overestimation. The estimates 
of the SW and C models were closer in agreement with the 
measurements, with greater values of R2, E1 and d1 (0.586, 
0.167 and 0.542 in 2015, and 0.575, 0.162 and 0.548 in 2016 

for the SW model, and 0.618, 0.288 and 0.638 in 2015, and 
0.622, 0.148 and 0.624 in 2016 for the C model) and lower 
values of MAE (0.916 in 2015 and 0.969 in 2016 for the SW 
model, and 0.782 in 2015 and 0.985 in 2016 for the C model) 
than those of the PM model. This was mainly because both 
models recognized the differences between Es and Ec. Both 
the PT and SSW models gave the most accurate evapotran-
spiration values, with E1, d1 and MAE of 0.354, 0.654 and 
0.710 mm in 2015, and 0.426, 0.676 and 0.664 mm in 2016 
for the PT model, and 0.321, 0.629 and 0.746 mm in 2015, 
and 0.433, 0.696 and 0.655 mm in 2016 for the SSW model.

Sensitivity analysis for the SSW and PT models

Sensitivity analysis for the improved dual source (SSW) 
and Priestly-Taylor PT models had high accuracies for the 
estimation of evapotranspiration and show that both models 
had the greatest sensitivities to Rn (0.171 in 2015 and 0.192 
in 2016 for the SSW model, and 0.214 in 2015 and 0.209 
in 2016 for the PT model) (Table 3). The SSW model was 
also more sensitive to LAI (leaf area index) (0.090 in 2015 
and 0.048 in 2016).

Discussion

Biotic and abiotic controls on evapotranspiration

Previous studies have shown that climate-, vegetation-, soil-
related parameters, and groundwater depth are the main 
factors controlling evapotranspiration (Devitt et al. 2011). 
In this study, evapotranspiration was not only correlated to 
windspeed, consistent with Hao et al. (2007) and Yu et al. 
(2017), it was negatively correlated to volumetric water 
content (θ). The small absolute value of Pearson’s corre-
lation coefficient (0.306) revealed that soil water was not 
the primary water source for evapotranspiration. Ground-
water, in contrast, is known to be the main source of water 
for P. euphratica forests (Si et al. 2014), and means that 
groundwater is a crucial factor controlling temporal patterns 
of evapotranspiration in riparian forests (Yu et al. 2017). 
Groundwater depth within 4 m was not the limiting growth 
factor for P. euphratica (Li et al. 2013). Our results show the 

Fig. 7  Phenological variation of evapotranspiration during the grow-
ing seasons of Populus euphratica in 2015 and 2016

Table 1  Correlations between evapotranspiration and environmental variables: net radiation (Rn), air temperature (Ta), vapor pressure deficit 
(D), wind speed (u), soil temperature (Ts), groundwater depth (GWD) and soil water content (θ) in 2015 and 2016

Rn is net radiation (W  m−2), Ta air temperature (°C), D vapor pressure deficit (kPa), u wind speed (m  s−1), Ts soil temperature (°C), GWD 
groundwater depth (m), θ soil water content (%), *P = 0.01; **P = 0.001

Environmental variables Year Rn Ta D u Ts GWD θ

Pearson’s correlation coefficients 2015 0.803** 0.752** 0.732** 0.332* − 0.306*
2016 0.819** 0.776** 0.721** 0.306* 0.678** 0.349*
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potential water use by natural P. euphratica forests under a 
non-water stress condition, as the groundwater was always 
less than 3 m (Fig. 4). In addition, plant eco-physiological 
characteristics, especially leaf area index, are important fac-
tors affecting evapotranspiration (Fig. 5).

Performance of the ET models

The PM (Penman–Monteith) model always significantly 
overestimated evapotranspiration, similar conclusions 
were noted by Ortega-Farias et  al. (2006) and Zhang 
et al. (2008). Possible reasons for this overestimation 
are first, extremely dry soil surfaces sharply increases 
surface resistance and prevents soil water from evaporat-
ing. Although total evapotranspiration slightly increased 
with intense solar radiation and greater vapor pressure 
deficit, it was lower than that determined by the mete-
orological variables. Surface canopy resistance in the 
model cannot accurately include integrated canopy and 
soil surface resistances. Secondly, vegetation cover of the 
P. euphratica forest is sparse and therefore did not sat-
isfy the assumptions of the PM model. However, Li et al. 
(2010) concluded differently, finding that the PM model 
underestimated evapotranspiration. This difference may 

be due to the canopy resistance and soil water state in 
their study; full irrigation management was performed, 
resulting in higher soil water levels and lower surface 
resistance. The Priestley–Taylor (PT) model, with an 
appropriately defined α value, performed well despite its 
simplicity (Wu 2016). Several researchers have made sim-
ilar conclusions (Bosveld and Bouten 2001; Summer and 
Jacobs 2005; Sun and Song 2008; Sentelhas et al. 2010; 
Ding et al. 2013). As noted previously, calibration of α 
is important and a wide variation in this parameter has 
been reported. Table 4 summarizes α values measured by 
researchers and includes our measurements. The Shuttle-
worth–Wallace (SW) model has been successfully applied 
to various crop species (Lund and Soegaard 2003; Ortega-
Farias et al. 2007, 2010; Huang et al. 2020). Researchers 
have recently focused on improving model accuracy under 
specific conditions (Guan and Wilson 2009; Hu et al. 
2013). In this study, the model estimated evapotranspira-
tion highly accurately; however, it did not consider direct 
evaporation from the canopy, and deviations persisted. 
Tourula and Heikinheimo (1998) found that canopy inter-
ception accounted for 9%–14% of the total ET in a bar-
ley crop (LAI = 3.5–4.5 m2  m−2). Although the leaf area 
index (1.9–2.4 m2  m−2 and 1.8–2.9 m2  m−2 during the 

Table 2  Correlation between 
estimated evapotranspiration 
by five models and measured 
evapotranspiration by the eddy–
covariance method during the 
Populus euphratica growing 
seasons in 2015 and 2016

E1 is modified coefficient of efficiency, d1 modified index of agreement, MAE mean absolute error, R2 deter-
mination coefficient, PM Penman–Monteith, PT Priestley–Taylor, SSW improved dual source, SW Shuttle-
worth–Wallace, C clumped

Year Models E1 d1 MAE/mm R2 Slopes

2015 PM model − 1.166 0.321 2.382 0.586 0.876
PT model 0.354 0.654 0.710 0.550 0.620
SSW model 0.321 0.629 0.746 0.655 0.616
SW model 0.167 0.542 0.916 0.586 0.492
C model 0.288 0.638 0.782 0.618 0.747

2016 PM model − 1.375 0.357 2.340 0.543 0.887
PT model 0.426 0.676 0.664 0.642 0.629
SSW model 0.433 0.696 0.655 0.752 0.716
SW model 0.162 0.548 0.969 0.575 0.578
C model 0.148 0.624 0.985 0.622 0.905

Table 3  Sensitivity analysis of the improved dual source (SSW) and Priestley–Taylor (PT) models to leaf area index (LAI), net radiation (Rn), 
soil heat flux (G), vapor pressure deficit (D) and wind speed (u) in 2015 and 2016

Sp is sensitivity coefficient, LAI leaf area index, Rn net radiation G soil heat flux, D vapor pressure deficit, u wind speed, “–” indicates that the PT 
model was insensitive to this parameter as the formula does not incorporate it

Year Sp LAI Rn G D u

2015 Sp (SSW) 0.090 0.171 0.007 0.016 0.028
Sp (PT) – 0.214 0.015 – –

2016 Sp (SSW) 0.048 0.192 0.013 0.010 0.005
Sp (PT) – 0.209 0.009 – –
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2015 and 2016 growing seasons, respectively) in the P. 
euphratica forest were smaller and canopies not as dense 
as the barley crop, canopy interception may account for a 
small amount of evapotranspiration. The improved dual 
source (SSW) model, which was more accurate than the 
SW model in this study and has the advantage of a sim-
ple structure requiring fewer parameters, appears more 
suitable to estimate evapotranspiration of these forests. 
However, application of the model has been rare and it 
needs to be tested for various vegetation types and envi-
ronmental conditions. The clumped (C) model was highly 
complex and did not result in the best ET values because 
the model is difficult to parameterize and the results were 
vulnerable to large errors from propagating uncertainty in 
parameter values. Furthermore, the parameters required 
for the C model were available for this analysis because 
the study area is an intensively measured research site; 
other sites or large- scale modeling efforts may not be so 
fortunate.

The purpose for comparing the five models was to select 
the one most applicable to large and sparse vegetation in 
arid regions. By analyzing these models, the Priestly-
Taylor (PT) and the improved duel source (SSW) models 
had the best fit, with the PT model using an appropriately 
defined α value verified by a number of researchers, and 
the SSW model with its two-source structure form being 
suitable for sparse vegetation.

Conclusion

Evapotranspiration of a P. euphratica forest was estimated 
using the eddy-covariance system and the Penman–Mon-
teith, Priestly–Taylor, Shuttleworth–Wallace models, an 
improved dual source model, and a clumped model. Phe-
nological variations of evapotranspiration showed single-
peaked curves, while diurnal variations were not consistent 
due to the influence of high temperatures in the afternoons 
on some days. The Priestly-Taylor and the improved duel 
source models were more applicable than other models to 
extensive, sparse vegetation in extremely arid regions. The 
two models are highly sensitive to net radiation. Future 
research needs to focus on measuring evapotranspiration 
accurately, as well as testing and improving the models for 
different natural ecosystems.
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