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Abstract: Accurate prediction of orchard evapotranspiration (ET) can optimize orchard water man-
agement. Based on the jujube (Zizyphus jujuba), ET was continuously measured from 2016 to 2019
using a large weighing lysimeter; the actual jujube ET was compared with the ET simulated with the
Priestley–Taylor (P–T), Dual Crop Coefficient (Dual Kc), and Shuttleworth–Wallace (S–W) models, to
verify the accuracy of the three models. The results showed that, from 2016 to 2019, the whole growth
period of jujube ET was 532–592 mm and the crop coefficient was 0.85–0.93. The basal crop coefficients
of the calibrated Dual Kc model were 0.4, 1.0, and 0.5 at the initial, middle, and ending growth stages,
respectively. The overall simulation error of the Dual Kc model was low, and simulations were stable
during the four years of the study. However, because of rough estimation the water stress coefficient
(Ks) simulation accuracy will be reduced in the case of serious water shortage. The simulation error
of the S–W model was greater than the simulation error of the Dual Kc model, and the simulations
were unstable and vulnerable to interannual changes. The simulation error of the traditional P–T
model was large. When the parameter “α” solution method was improved, the simulation accuracy
was significantly improved, and the P–T model’s simulation accuracy was only slightly lower than
that of the Dual Kc model. However, the model was easily affected by changes in net radiation and
air temperature. Therefore, the Dual Kc model is recommended for estimating the ET of young jujube
trees in arid areas.

Keywords: jujube; large weighing lysimeter; Priestley–Taylor model; dual crop coefficient model;
Shuttleworth–Wallace model

1. Introduction

Jujube (Zizyphus jujuba) is the most important horticultural crop in Xinjiang, China.
This area is the major jujube producer in the world, covering 476,250 ha and producing a
crop of 3,470,114 tons [1]. The quality of the fruit coming from this area is highly appreciated
in the domestic and international markets. These facts reveal the economic importance
of this crop for the region, and its production is the main source of rural employment
and economic income in the area. However, Xinjiang is located in the hinterland of
Eurasia. The abundant light and heat resources not only improve the quality of jujube
fruit, but also increase surface evapotranspiration intensity that can result in a serious
shortage of water resources. In order to ensure the yield and quality of crops in this
area, local farmers have continuously increased the amount of water applied to crops.
Agricultural water consumption accounts for 89.45% of the total water supply in Xinjiang,
putting severe pressure on the normal water demands of various other industries [1]. This
situation has led to a conflict of interests between agriculture and other industries, and
demands management solutions for sustainable jujube production in this environmentally
sensitive area.

In this sense, jujube production must employ proper irrigation management that is
based on accurate assessment of jujube water requirement in this area. The dual crop coeffi-
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cient (Dual Kc) model is one of the most frequently used models employed to evaluate and
predict crop water demand [2]. This model clearly describes the evapotranspiration (ET)
process and its influencing factors by considering aerodynamic and vegetation characteris-
tics, and determines the crop coefficient [3]. However, crop coefficient is highly dependent
on the cultivar, local climatic conditions, and crop management, among other factors [4].
Therefore, the Food and Agriculture Organization has determined basal crop coefficients
for the main crops cultivated by human beings according to the climatic conditions of
semi-humid areas [5], and these have been used to improve the applicability of the Dual Kc
model around the world. However, Tian et al. [6] reported that arid climates significantly
increase the ET and Kcb of cotton (Gossypium hirsutum L.), especially under extremely high
temperature conditions. Under arid climate conditions, the basal crop coefficients (Kcb) of
cotton for the initial, mid-season, and end-season periods were 0.20, 0.90, and 0.50, respec-
tively, while Peddinti et al. [7] reported that the three-stage basal crop coefficients were 0.43,
0.78, and 0.80, respectively, for citrus orchards. These Kcb values varied significantly from
FAO-established Kcb values. Thus, Kc values may differ substantially due to differences in
ground cover (fc), plant height (h), planting density, and plant age, as has been previously
discussed by Rallo et al. [8] and Lozano et al. [9]. The parameters must be corrected when
using the Dual Kc model to estimate evapotranspiration of drip-irrigated jujube in arid
oasis areas.

The Priestley–Taylor (P–T) model is based on the assumption that the influence of
atmospheric aerodynamics on ET are less than the influence of radiation [10]. It is calcu-
lated based on average temperature and net radiation. Because the model requires fewer
meteorological variables as inputs, it is widely used in forest, grassland, and agronomic
studies, especially in areas with high net radiation intensity [11–13]. Additionally, in order
to correct for the influence of advection on transpiration, the model uses an empirical
coefficient “α” for correction. Previous research has shown that there are many factors
that may affect “α”: it has been shown to be equal to 1.26 where there is a wet underlying
surface [14]; equal to 0.7~1.6 for landscape ecosystems [15]; and equal to 1.5~2.0 for arid
climates [16]. Therefore, the value of “α” is often different for factors such as lower mean
annual temperature and other climate characteristics.

The Shuttleworth–Wallace (S–W) model is a dual source model for estimating ET
components. Its theoretical basis is the Penman–Monteith equation, which has two parts:
the soil surface and the plant surface [17]. For the processes of soil evaporation and canopy
ET, the model primarily regulates energy transfer intensity through canopy resistance and
soil surface resistance (rc

s and rs
s). Additionally, in order to account for the impact of external

environmental factors on crop ET, three aerodynamic resistances (ra
a, rc

a, rs
a) are used to

regulate transport intensity in the atmosphere, canopy, and soil, respectively. Previous
studies indicated that the S–W model performed well in estimating the ET of rice (Oryza
sativa L.) [18], cucumbers (Cucumis sativus L.) [19], grapes (Vitus vinifera L.) [20], apples
(Malus sylvestris (L.) Mill var. domestica (Borkh.) Mansf.) [21], and other plant species.
The simulation accuracy of S–W is higher than other models, especially under conditions
of partial coverage [22]. However, studies are still lacking regarding whether S–W can
produce ideal simulation accuracy for young jujube trees grown in an arid environment.

In order to determine the optimum model for estimating jujube ET grown under
drip irrigation in an arid area, we conducted a four-year irrigation experiment in a jujube
garden equipped with a large weighing lysimeter. Based on meteorological variables
and plant physiological and morphological observations, water consumption during the
entire jujube growing season was simulated. The objective of this research was based on
measuring the jujube ET using a large weighing lysimeter to evaluate the applicability and
parameter sensitivity of three ET models (Dual Kc, P–T, and S–W), in order to provide
evidence to assist farmland managers in choosing the optimum ET model for agricultural
water management.
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2. Materials and Methods
2.1. Study Location

The study was conducted at the Experimental Station of Xinjiang Agricultural Uni-
versity, located in the Aksu region of Xinjiang (41◦16’ N, 80◦14’ E; altitude, 1133 m,
Figure 1) from 2015 to 2019. The climate at this location is a typical temperate arid climate
(Koppen: Bwk). Average annual values (2008–2019) of climate variables were: precipitation
(74 mm), temperature (11.4 ◦C), total sunshine hours (2728–3014 h), and frost-free period
(203–224 day). The soil of the experimental field was predominantly a sandy loam, with
field capacity of 28% (volumetric water content) and wilting point of 8% (volumetric water
content). Jujube at this location buds around Late April and is harvested at the end of
October. Jujube roots are mainly distributed in the 0–100 cm soil layer [23].
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Figure 1. Location of the study area.

2.2. Experimental Design

The crops used in this study were 5-year-old jujube (Zizyphus jujuba), planted in rows
with a spacing of 4 m × 1 m. The drip tape lines were located on either side of the tree row,
40 cm away from the tree row. The dripper discharge rate was 1.38 L/h. The P–M model [5]
was used to guide irrigation in the experimental field, and irrigations were applied every
seven days (Table 1). The irrigation amount was determined as the calculated cumulative
ET = ET0 × Kc since the previous irrigation. Jujube crop coefficients (Kc) were calculated
as described by Hong et al. [24]. Additionally, in order to increase the sugar content in the
fruit, irrigation was stopped in the later stage of fruit enlargement.

Table 1. Irrigation design for jujube in a large weighing lysimeter from 2016 to 2019 in the Aksu
region, Xinjiang, China.

Growing
Season

Spring
Irrigation Budding Flower and

Fruit Setting
Fruit

Enlargement Fruit Mature Entire Season

2016 40 mm 78 mm 158 mm 205 mm 35 mm 516 mm
2017 40 mm 95 mm 159 mm 201 mm 35 mm 530 mm
2018 40 mm 108 mm 157 mm 199 mm 35 mm 539 mm
2019 40 mm 102 mm 143 mm 199 mm 35 mm 519 mm
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Three large weighing lysimeters were randomly arranged in a 3000 m2 jujube field. A
large weighing lysimeter (BSI-GDZSY2.2*3*2.5, Xi’an BiShui Environmental New Technol-
ogy Co., Ltd., Xi’an, China) was used in the experiment to determine ET (Figure 2). The
electronic weighing system comprised the soil system, weighing system, water supply,
drainage system, and data acquisition system. The surface area of the lysimeter was 6.6 m2,
the soil depth was 2.5 m (0.3 m inverted filter, 2.2 m soil layer). The weighing system adopts
a lever-type structure, the system resolution was 5 g, the measurement accuracy was ±50 g,
and the range was 0~6500 kg. The accuracy of the water leakage measuring system was
±2.5%. The system was equipped with power-off protection measures, which can work
for more than 48 h after power-off. The change of soil weight was recorded every 30 min
(change of soil weight = jujube evapotranspiration).
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2.3. Measurements

(1) Temperature, radiation, and rainfall were measured every 30 min using a Watchdog
small automatic weather station (Model 2700, Spectrum Technologies, Inc, Aurora, IL,
USA).

(2) The soil moisture content in the 0–100 cm layer was measured with a soil moisture
and temperature monitor (ET-100, Insentek Co., Ltd., Hangzhou, China), and the data
were recorded every 30 min. The instrument layout position was at 40 cm (between
jujube plants) and 40 cm from the jujube row.

(3) The leaf area index (LAI) of jujube plants in the Large Weighing Lysimeter was
observed every 10–20 days using a HemiView plant canopy analyzer (HMV1 v9,
Delta-T Devices, Cambridge, UK).

(4) The plant height of jujube plants was measured 1–2 times with a ruler in each grow-
ing season. Plant height (h) ranged from 1.21 to 2.79 m during the 2016 to 2019
study period.

(5) Soil evaporation was determined using micro-lysimeters [25]. Each micro-lysimeter
was 11 cm in diameter and 15 cm in depth. Measurements were made daily at 10:00
A.M. to determine water loss. The jujube micro-lysimeters were placed at 50 cm
(between jujube plants) and 40 cm from the jujube row.

2.4. Shuttleworth–Wallace Model

The S–W model is the P–M model expanded into two parts: canopy and soil. According
to Beer’s Law, solar radiation is distributed between the canopy and the soil surface, and
the ET of the entire underlying surface is calculated using the following formulas [17]:

λET = CcPMc + CsPMs (1)

PMc =
∆A + (ρCPVPD− ∆rc

a As)/(ra
a + rc

a)

∆ + γ(1 + rc
s/(ra

a + rc
a))

(2)
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PMs =
∆A + (ρCPVPD− ∆rs

a(A− As))/(ra
a + rs

a)

∆ + γ(1 + rs
s/(ra

a + rs
a))

(3)

A = Rn − G (4)

As = Rns − G (5)

Cc = (1 + RcRa/Rs(Rc + Ra))
−1 (6)

Cs = (1 + RsRa/Rc(Rs + Ra))
−1 (7)

Ra = (∆ + γ)ra
a (8)

Rs = (∆ + γ)rs
a + γrs

s (9)

Rc = (∆ + γ)rc
a + γrc

s (10)

Rns = Rn × e−C×LAI (11)

∆, VPD, P, ρ are related to meteorological factors, and are calculated as given in
Allen et al. [5]:

∆ =
4098[0.6108 exp( 17.27Ta

Ta+237.3 )]

(Ta + 237.3)2 (12)

VPD = 0.6108 exp(
17.27Ta

Ta + 237.3
)× (1− RH) (13)

γ = 0.665× 10−3 × P (14)

P = 101.3[(293− 0.0065× H)/293]5.26 (15)

ρ = 1.293× (P/101.325)×
(

273.15
273.15 + Ta

)
(16)

Boundary layer resistance rc
a was calculated as given in Zhou et al. [26]:

rc
a = rbσb/LAI (17)

rb =
100
n

(w/uh)

1− exp(−n/2)
(18)

n =


2.5 1 ≤ h

2.036 + 0.194h 1 < h < 10
4.25 h ≥ 10

(19)

Canopy resistance rc
s was calculated as given in Chen and Dudhia [27], Gardiol et al. [28],

and Tourula and Heikinheimo [29]:

rc
s =

rs min
LAIe f f × F1(S)× F2(VPD)× F3(T)× F4(θ)

(20)

LAIe f f =


LAI LAI ≤ 2

2 2 < LAI < 4
LAI/2 LAI ≥ 4

(21)

F1(S) =

(
rs min
rs max

)
+ S

1 + S
(22)

S = 0.55
Rn

LAI
(23)

F2(VPD) = 1− g×VPD (24)

F3(T) = 1− 0.0016(25− T)2 (25)
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F4(θ) =


1 θ > θt

θ−θw
θt−θw

θw ≤ θ ≤ θt

0 θ < θw

(26)

Soil surface resistance rs
s was calculated as given in Villagarcía et al. [30]:

rs
s = 250

(
θt

θ

)
− 100 (27)

Aerodynamic resistance between vegetation canopy height and reference height ra
a,

and aerodynamic resistance between the soil surface and vegetation canopy rs
a were calcu-

lated as given in Shuttleworth and Wallace [17]:

ra
a = 0.25LAI ra

a(a) + 0.25(4− LAI)ra
a(0) (28)

rs
a = 0.25LAI rs

a(a) + 0.25(4− LAI)rs
a(0) (29)

ra
a(0) =

ln x
z′0

ln x
z′0

k2u
− rs

a(0) (30)

rs
a(0) =

ln x
z′0

ln d+z0
z′0

k2u
(31)

ra
a(a) =

ln x−d
z0

k2u
[ln

x− d
h− d

+
h

n(h− d)

[
exp

(
n
(

1− d + z0

h

))
− 1
]
] (32)

rs
a(a) =

ln x−d
z0

k2u
h

n(h− d)
[exp n− exp

(
n
(

1− d + z0

h

))
] (33)

z0 =

{
z′0 + 0.3hX0.5 0 < X < 0.2
0.3h

(
1− d

h

)
0.2 ≤ X < 1.5

(34)

d = 1.1h ln
(

1 + X0.25
)

(35)

X = cd × LAI (36)

where:

ra
a is the aerodynamic resistance between vegetation canopy height and reference height,

s m−1;
rs

a is the aerodynamic resistance between the soil surface and the vegetation canopy, s m−1;
rc

a is the boundary layer resistance, s m−1;
rc

s is the canopy resistance, s m−1;
rs

s is the soil surface resistance, s m−1.

The meanings of other symbols are shown in Table 2.

Table 2. List of symbols used in S–W, Dual Kc, P–T models.

Symbol Name Unit

ρ Density of dry air kg m−3

γ Psychrometric constant Pa ◦C−1

∆ Slope of saturation to vapor pressure curve Pa ◦C−1

VPD Water vapor pressure deficit kPa
Rn Net radiation flux MJ m−2 day−1

G Surface soil heat flux MJ m−2 day−1

LAI Leaf area index m2 m−2

Ta Air temperature ◦C
RH Air relative humidity %
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Table 2. Cont.

Symbol Name Unit

P Atmospheric pressure kPa
H Altitude m
rb Mean boundary layer resistance s m−1

w Canopy characteristic leaf width m
uh Wind speed at the top of canopy m s−1

h Mean height of the crop m
n Eddy diffusion decay constant -

rs min Minimum canopy resistance -
LAIe f f Effective leaf area index -

θw Wilting coefficient of soil %
θt Soil water-holding capacity %
θ Soil moisture of the soil root system %
x Reference height m
z0 Roughness length m
d Zero-plane displacement m
u Wind speed m s−1

ET0 Reference evapotranspiration mm day−1

ET Crop evapotranspiration mm day−1

λ Latent heat flux 2.45 MJ kg−1 [5]
CP Specific heat capacity of air 0.001013 J kg−1 ◦C−1 [5]
C Extinction coefficient of light 0.7 [16]
σb Shielding factor 0.5 [16]

rs max Maximum stomatal resistance value 5000 m s−1 [31]
g Empirical coefficient 0.25 kPa−1 [32]
z′0 Effective roughness length 0.02 m [33]
k von Kármán constant 0.41 [21]
cd Mean drag coefficient for leaves 0.07 [26]

2.5. Dual Crop Coefficient Model

The dual crop coefficient (Dual Kc) model was given by Allen et al. [4] as:

ET = (Ks·Kcb + Ke)ET0 (37)

where: ET is the evapotranspiration, mm·d−1;

Ks is the water stress coefficient;
Kcb is the basal crop coefficient;
Ke is the soil evaporation coefficient.

For determination of the related parameters in the Dual Kc model, refer to Allen
et al. [5]. There is no reference value for the basal crop coefficient for jujube in FAO-56. In
this study, the initial value of the basal crop coefficient was determined by reference to
other fruit trees (stone fruit). In addition, jujube is a drought-tolerant crop. It has waxy
layers on its leaves, which can reduce transpiration. The ability of its leaves to prevent
water loss is significantly greater than that of other crops. The basal crop coefficient and
the soil water consumption coefficient will therefore be reduced.

The soil parameters and crop parameters of the model were calibrated by trial-and-
error using crop ET data measured with a large weighing lysimeter in 2016 [34]. First, soil
parameters were held constant, and the crop parameters adjusted to reduce simulation
errors. The crop parameters were then kept unchanged while the soil parameters were
adjusted based on measured soil evaporation, until the simulation error was minimal and
stable. The calibrated parameters are shown in Figure 3 and Table 3.
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Table 3. Initial and calibrated values of soil parameters and crop-related parameters in the dual crop
coefficient model.

Relevant Parameters Initial Values Calibrated Values

Soil parameters
Ze (m) 0.10 0.15

TEW (mm) 26.00 39.00
REW (mm) 11.00 9.00

Crop parameters

Kcb-int 0.45 0.40
Kcb-mid 1.10 1.00
Kcb-end 0.85 0.50

ρ 0.65 0.40
Note: Ze, depth of surface soil layer subjected to drying by evaporation; TEW, total evaporable water; REW,
readily evaporable water; Kcb-int, crop coefficient during the initial growth stage; Kcb-mid, crop coefficient during
the mid-season growth stage; Kcb-end, crop coefficient at end of the late season growth stage; ρ, evapotranspiration
depletion factor.

2.6. Priestley–Taylor Model

The Priestley–Taylor (P–T) model was formulated as given in Priestley and Taylor [10]:

ET = α
∆

∆ + γ

Rn − G
λ

(38)

where: α is an empirical coefficient.
In this study, the value of “α” was calculated based on the crop ET value measured

using a large weighing lysimeter in 2016. The determination of “α” was resolved in three
ways: (1) P–Ta: linear fitting in each of four different growth periods; (2) P–Tb: the mean
value of “α” throughout the whole growth period; (3) P–Tc: a quadratic function fitting
over the entire growth period. The results are shown in Figure 4 and Table 4.

2.7. Parameters for Sensitivity Analysis

Ta, RH, Rn, LAI, hc, and θ were selected for relative sensitivity analysis because they
have important influences on crop evapotranspiration [35]. Only one parameter was varied
while the remaining parameters remained unchanged for the simulations conducted at
each of nine disturbance steps (the disturbance amounts were −20%, −15%, −10%, −5%,
0, 5%, 10%, 15%, and 20%). The relevant calculation formula for sensitivity was [36]:

S =
∑n−1

i=1
(Mi+1−Mi)/Ma
(Pi+1−Pi)/Pa

n− 1
(39)

where:

S is the sensitivity coefficient;
Mi+1 and Mi are the ET simulation values of the i + 1 and i parameters, respectively;
Ma is the mean value of the two simulated ET values;
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Pi+1 and Pi are the input values of the i + 1 and i parameters, respectively;
Pa is the mean value of the two input parameters.
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Table 4. Calculation formulas for parameter “α” in 2016.

Different
Fitting Methods Budding Flower and

Fruit Setting
Fruit

Enlargement
Fruit

Mature

P−Ta(improved) α= 1.3108 x−0.9661 α = 0.78 α = 0.63 α = 0.33
P–Tb(improved) α = −0.3204 x2 + 1.0457 x – 0.0657
P–Tc(original) α = 0.64

Note: x = day of year ×0.01; P–Ta, divide the reproductive period; P–Tb, quadratic function regression; P–Tc,
whole growth period.

According to the S value, the relative sensitivity of ET to input parameters was divided
into five levels [36] (Table 5).

Table 5. Sensitivity level classifications.

Levels “S” Value Range Relative Sensitivity

I |S| < 0.10 Insensitive
II 0.10 ≤ |S| < 0.25 Minor sensitivity
III 0.25 ≤ |S| < 0.50 Sensitive
IV 0.50 ≤ |S| < 1.00 More sensitive
V |S| ≥ 1.00 Very sensitive

2.8. Evaluation of Model Performance

The following statistical indices were calculated for validating the accuracy of the S–W,
Dual Kc, and P–T models [37]:

RMSE =

√
∑n

i=1(Oi − Pi)
2

n
(40)

MAE =
1
n ∑n

i=1|Oi − Pi| (41)

RSR =
[∑n

i=1(Oi − Pi)
2]

0.5

[∑n
i=1
(
Oi − P

)2
]
0.5 (42)
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NSE = 1− ∑n
i=1(Oi − Pi)

2

∑n
i=1
(
Oi −O

)2 (43)

dIA = 1− ∑n
i=1(Oi − Pi)

2

∑n
i=1
(∣∣Oi −O

∣∣+ ∣∣Pi −O
∣∣)2 (44)

PBIAS = 100
∑n

i=1(Oi − Pi)

∑n
i=1 Oi

(45)

where:

RMSE is the root mean square error;
MAE is the mean absolute error;
RSR is the ratio of RMSE to the standard deviation of observed data;
NSE is the Nash–Sutcliffe efficiency coefficient;
dIA is the index of agreement;
PBIAS is the percent bias, the average tendency of predicted values to be larger or smaller
than observed values;
n is the number of observations;
Oi and Pi are the observed and estimated values, respectively;
O and P are the average observed and average estimated values, respectively.

In this study, NSE and RSR were both used to evaluate the models (Table 6) [38]. For
special cases, we graded the model performance based on the lower of the two evaluation
parameters. For example, if the NSE of a model was graded as “excellent”, and the RSR
was graded as “Good”, then the overall evaluation of the model was graded as “Good”.

Table 6. Model grade evaluation.

Grade NSE RSR

Excellent (0.75–1.00) (0.0–0.5)
Good (0.65–0.75) (0.5–0.6)

Adequate (0.50–0.65) (0.6–0.7)
Unacceptable (0.00–0.50) (0.7–1.0)

3. Results
3.1. Environmental Parameters, Plant Height, LAI, and ET

During the 2016–2019 growing seasons, LAI and plant height (hc) varied in a sim-
ilar pattern. LAI sharply increased until late July, when maximum values occurred
(1.40–1.80 m2 m−2) and then slowly decreased until the end of the growing season (Figure 5).
The general trend of hc was similar to that of LAI, and the peak also appeared in late July
(Figure 5). Ranges of daily mean values of ET, ET0, Kc, and rainfall in 2016–2019 were
532–592 mm, 625–673 mm, 0.85–0.93, and 57.3–98.8 mm, respectively (Figure 6 and Table 7).
There were a few leaves in the canopy at budding, and the crop coefficient was 0.82–0.89.
Then, with the development of the canopy, the crop coefficient reached maximum values of
0.86–1.03 in the flower, fruit setting, and fruit enlargement stages. When the jujube fruit
matured, the irrigation amount decreased significantly, and the crop coefficient was only
0.56–0.77. By the end of the growing season, the crop coefficient was 0.85–0.93. Therefore,
the ET of jujube was mainly affected by ET0 (meteorological factors) during the 2016 to
2019 study period, and Kc over the entire season increased with increasing tree age.

(1) Linear relationship between “y = LAI of jujube” and “x = Day of year”:

2016: y = −0.81×10−6 x2 + 3.95×10−2 x – 3.42 R2 = 0.9796
2017: y = −0.83×10−6 x2 + 4.10×10−2 x – 3.50 R2 = 0.9727
2018: y = −0.91×10−6 x2 + 4.47×10−2 x – 3.81 R2 = 0.9743
2019: y = −0.97×10−6 x2 + 4.81×10−2 x – 4.15 R2 = 0.9817
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(2) Linear relationship between “y = Plant height of jujube” and “x = Day of year”:

2016: y = −0.0027 x2 + 1.1196 x + 29.417 R2 = 0.9154
2017: y = −0.0036 x2 + 1.6155 x – 3.1431 R2 = 0.8925
2018: y = −0.0040 x2 + 1.8749 x – 0.8212 R2 = 0.9466
2019: y = −0.0031 x2 + 1.3996 x + 87.520 R2 = 0.9676
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region, Xinjiang, China.
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Table 7. Jujube evapotranspiration (ET) measured using a large weighing lysimeter during several
growth stages during the 2016–2019 study period in the Aksu region, Xinjiang, China, and the
corresponding calculated reference evapotranspiration (ET0) and crop coefficients (Kc).

Year
2016 2017

ET
(mm)

ET0
(mm) Kc

ET
(mm)

ET0
(mm) Kc

Budding 100.62 122.85 0.82 155.44 184.62 0.84
Flower and fruit setting 202.85 208.48 0.97 195.77 206.61 0.95

Fruit enlargement 183.86 213.29 0.86 207.61 203.78 1.02
Fruit mature 44.72 80.25 0.56 53.86 77.55 0.69
Entire season 532.05 624.86 0.85 612.68 672.56 0.91

Year
2018 2019

ET
(mm)

ET0
(mm) Kc

ET
(mm)

ET0
(mm) Kc

Budding 151.85 174.20 0.87 146.58 165.02 0.89
Flower and fruit setting 198.40 211.35 0.94 205.38 199.73 1.03

Fruit enlargement 192.84 204.17 0.94 193.18 199.99 0.96
Fruit mature 53.00 73.46 0.72 46.74 74.67 0.63
Entire season 596.08 663.18 0.90 591.88 639.41 0.93

3.2. Comparisons of Daily Jujube ET Estimated with the P–T Model and Measured Using a Large
Weighing Lysimeter

Comparisons between daily ET estimated with the P–Ta, P–Tb, and P–Tc models and
measurement using a large weighing lysimeter (ETmea) from 2016 to 2019 are presented
in Table 8. In comparison with P–Ta and P–Tb, the RMSE with P–Tc was larger (about
14% greater during the four years). The linear regression slopes (“b”) ranged from 0.59 to
0.69, indicating that the model produced large errors. When the measured values were
low, the model noticeably overestimated crop ET. In addition, the R2 values for ETP–Tc
vs. ETmea ranged from 0.62 to 0.74, indicating that the simulated and measured values
were statistically similar. However, the values were still significantly lower than those
observed for P–Ta and P–Tb. The simulation results for P–Tc during the four years were
graded by NSE and RSR as “Adequate” or “Unacceptable”, respectively. Thus, this model
was unacceptable.

Table 8. Error analysis for daily jujube evapotranspiration (ET) estimated with the P–Ta, P–Tb, and
P–T models compared with ET measured using a large weighing lysimeter during the 2016–2019
study period in the Aksu region, Xinjiang, China.

Year Model b R2 RMSE MAE dIA PBIAS NSE RSR Grade

2016
P–Ta 0.9 0.81 0.7 0.54 0.95 −1.58 0.8 0.45 Excellent
P–Tb 0.89 0.75 0.82 0.63 0.93 −3.14 0.74 0.52 Good
P–Tc 0.59 0.62 0.97 0.8 0.86 −0.62 0.31 0.62 Unacceptable

2017
P–Ta 0.92 0.74 0.88 0.71 0.92 3.41 0.73 0.56 Good
P–Tb 0.9 0.79 0.76 0.59 0.94 3.81 0.77 0.48 Good
P–Tc 0.61 0.74 0.88 0.73 0.89 8.55 0.41 0.55 Unacceptable

2018
P–Ta 1.04 0.76 0.77 0.63 0.92 4.05 0.76 0.58 Good
P–Tb 1.03 0.74 0.83 0.68 0.91 2.41 0.73 0.63 Adequate
P–Tc 0.69 0.66 0.79 0.66 0.89 5.38 0.51 0.59 Adequate

2019
P–Ta 0.96 0.82 0.71 0.57 0.95 3.19 0.82 0.45 Excellent
P–Tb 0.92 0.83 0.67 0.55 0.95 3.5 0.82 0.43 Excellent
P–Tc 0.59 0.72 0.9 0.73 0.88 7.73 0.35 0.57 Unacceptable

The R2 values for P–Ta and P–Tb during the four years ranged from 0.74 to 0.81, and the
linear regression slopes (“b”) ranged from 0.89 to 1.04, indicating that the model deviation
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is low. RMSE and MAE values were 0.67–0.88 and 0.54–0.71, respectively, indicating that
the errors were within the allowable range. Both models exhibited good simulation of
jujube evapotranspiration. However, as graded by RSR and NSE, P–Ta simulation accuracy
was slightly higher than that for P–Tb. The model grades from the RSR and NSE results
were “Excellent” or “Good”. Therefore, we determined that we would use P–Ta (Figure 7)
to simulate jujube evapotranspiration.
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Figure 7. Comparisons of daily jujube evapotranspiration (ET) estimated with the P–Ta model and
measured using a large weighing lysimeter during the 2016–2019 study period in the Aksu region,
Xinjiang, China.

3.3. Comparisons of Daily Jujube ET Estimated with the Dual Kc Model and Measured Using a
Large Weighing Lysimeter

Comparisons between daily ET estimated with the Dual Kc model (ETDual Kc) and
measured using a large weighing lysimeter (ETmea) from 2016–2019 are presented in
Figure 8 and Table 9. Variations in daily ETDual Kc were generally similar to those observed
for ETmea. The coefficients of determination (R2) ranged from 0.82 to 0.87, and linear
regression slopes (b) ranged from 0.92 to 1.00, indicating that the simulated and measured
values were statistically similar. RMSE and MAE values were 0.60–0.82 and 0.46–0.66,
respectively, indicating that errors were within the allowable range (Table 5). The dIA
ranged from 0.94 to 0.96, indicating that the residual variance was small and within the
tolerance allowed for simulation error. PBIAS was greater than 0, indicating that the Dual
Kc model generally underestimated ET. The simulation results for Dual Kc during the four
years were graded by NSE and RSR values as “Excellent”. Therefore, the simulation of
jujube ET with the Dual Kc model was excellent, and the model produced little error.
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Figure 8. Comparisons of daily jujube evapotranspiration (ET) estimated with the Dual Kc model and
measured using a large weighing lysimeter during the 2016–2019 study period in the Aksu region,
Xinjiang, China.

Table 9. Error analysis for daily jujube evapotranspiration (ET) estimated with the Dual-Kc, S–W,
and P–T models compared with ET measured using a large weighing lysimeter during the 2016–2019
study period in the Aksu region, Xinjiang, China.

Year Model b R2 RMSE
(mm/d)

MAE
(mm/d) dIA PBIAS NSE RSR Grade

2016
Dual Kc 1.00 0.87 0.65 0.53 0.96 8.93 0.85 0.41 Excellent

S–W 0.83 0.79 0.74 0.61 0.94 −2.90 0.75 0.47 Excellent
P–Ta 0.90 0.81 0.70 0.54 0.95 −1.58 0.80 0.45 Excellent

2017
Dual Kc 1.00 0.84 0.82 0.66 0.94 13.78 0.79 0.50 Excellent

S–W 0.84 0.81 0.81 0.66 0.93 13.50 0.72 0.50 Good
P–Ta 0.92 0.74 0.88 0.71 0.92 3.41 0.73 0.56 Good

2018
Dual Kc 0.93 0.82 0.66 0.53 0.94 10.18 0.77 0.49 Excellent

S–W 0.89 0.74 0.93 0.79 0.88 20.24 0.61 0.64 Adequate
P–Ta 1.04 0.76 0.77 0.63 0.92 4.05 0.76 0.58 Good

2019
Dual Kc 0.92 0.86 0.60 0.46 0.96 0.06 0.85 0.38 Excellent

S–W 0.80 0.82 0.94 0.76 0.90 22.05 0.63 0.55 Adequate
P–Ta 0.96 0.82 0.71 0.57 0.95 3.19 0.82 0.45 Excellent

Note: b, regression slope; R2, coefficient of determination; RMSE, root mean square error; MAE, mean absolute
error; NSE, Nash–Sutcliffe efficiency; RSR, ratio of RMSE to the standard deviation of observed data; dIA, index of
agreement; PBIAS, percent bias.
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3.4. Comparisons of Daily Jujube ET Estimated with the S–W Model and Measured Using a Large
Weighing Lysimeter

Comparisons between daily ET estimated with the S–W model (ETS–W) and measured
using a large weighing lysimeter (ETmea) from 2016–2019 are presented in Figure 9 and
Table 9. Variations in daily ETS–W were generally similar to those observed for ETmea. The
R2 and regression slope values for ETS–W vs. ETmea during the four years ranged from
0.74 to 0.82 and from 0.80 to 0.89, respectively, indicating that the simulated and measured
values were statistically similar, and that most of the variation in ET was explained by the
model. RMSE and MAE values were 0.74–0.94 and 0.61–0.79, respectively, indicating that
model error was within the allowable range. The simulation results of S–W during 2016,
2017, 2018, and 2019 were graded by NSE and RSR as “Excellent”, “Good”, “Adequate”,
and “Adequate”, respectively. The dIA ranged from 0.88 to 0.94, indicating that the residual
variance was relatively small and within the tolerance of allowable simulation error. Ex-
cluding 2016, PBIAS ranged from 13.50 to 18.05. The deviation of model simulation results
was small, and the model noticeably and fairly consistently underestimated ET. Therefore,
the S–W model may produce large errors.
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Figure 9. Comparisons of daily jujube evapotranspiration (ET) estimated with the S–W model and
measured using a large weighing lysimeter during 2016–2019 in the Aksu region, Xinjiang, China.

3.5. Comparisons of Measured Jujube ET and ET Simulated with Three Models

Comparisons of measured ET and ET simulated with the three models are presented
in Figure 10 and Table 9. Based on the b, R2, RMSE, and MAE values shown in Table 9, the
simulation errors of the three ET models followed the order of P–Ta (small), Dual Kc (small),
and S–W (large). Most of the variation in measured jujube ET could be explained by the P–Ta
and Dual Kc model, and the estimation error was very small. The model evaluation statistics
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were b = 0.92–1.04, R2 = 0.74–0.87, RMSE = 0.60–0.88 mm/d, and MAE = 0.46–0.71 mm/d.
The values of dIA showed that the residual errors of the three models followed the order of
Dual Kc < P–Ta < S–W model. The NSE and RSR values for the three models indicated that
simulation ability for the three models followed the order of Dual Kc > P–Ta > S–W model.
The stability of the Dual Kc model was significantly higher than that of the other two models
during the four-year period. However, it can be seen from PBIAS that the deviation degree
of the Dual Kc model consistently underestimated ET (PBIAS = 0.06–10.78%), and by a
higher amount than the P–Ta model (PBIAS = −1.58–4.05%). In summary, the deviation
degree of the P–Ta model was the lowest of the three models. The fitting results for the
S–W model were “Good”, but the deviation degree of the model was higher. The deviation
degree of the Dual Kc model, however, was higher than that of the P–Ta model, and the
fitting effect of the model was “Excellent” during the four-year period. The simulation
effect of the model was stable. Thus, we suggest that the Dual Kc model be used as the
preferred model to estimate jujube ET in order to improve irrigation scheduling for jujube
grown in this arid area.

The absolute simulation errors at different growth stages were also compared for the
three models. As can be seen from Figure 11, the absolute errors for the S–W model and
the Dual Kc model were similar at budding, and were less than with the P–Ta model. The
simulation error for the Dual Kc model was relatively less than that of the S–W model
and the P–Ta model in the flowering, fruit setting, and fruit enlargement stages. At fruit
maturity, the absolute error by the three models was similar, and underestimated jujube ET.
In general, the absolute error produced by the Dual Kc model was the smallest over the
entire growth period, followed by the S–W and P–Ta model.

3.6. Model Sensitivity Analysis

The results of the sensitivity analysis for six basic parameters (air temperature: Ta;
relative humidity: RH; solar radiation: Rn; leaf area index: LAI; plant height: hc; soil
moisture content: θ) in the three models and six core parameters (VPD, rc

a, rc
s , ra

a, rs
s, rs

a)
in the S–W model are shown in Figure 12 and Table 10. ET, as simulated with the P–Ta
model, was primarily affected by net radiation and air temperature. The model was “very
sensitive” to net radiation and “sensitive” to temperature. Plant height, soil moisture, and
net radiation had the greatest impact on the S–W simulation results, and they are “relatively
sensitive” parameters in the model. Wind speed and relative humidity had little influence
on ET simulated with the S–W model, and hence were classified as only “minor sensitivity”.
A special result from the sensitivity analysis was obtained for the Dual Kc model, and
simulated ET was not sensitive to the model parameters.

In addition, it can be seen from Table 10 that ra
a and rc

s had the greatest impact on
simulated jujube ET. When they changed by ±20%, ET changed by −5.62–5.12%. ET
changed in response to ±20% changes in VPD and rs

s with a range of −2.05–1.86%. rc
a and

rs
a had the least effect, with ET only changing by−0.62–0.60%. In general, canopy resistance

and the relationship between jujube canopy height and reference height had the greatest
impact on ET. Other aerodynamic parameters had the least influence.



Agriculture 2023, 13, 437 17 of 23

Agriculture 2023, 12, x FOR PEER REVIEW 17 of 24 
 

 

“relatively sensitive” parameters in the model. Wind speed and relative humidity had 
little influence on ET simulated with the S–W model, and hence were classified as only 
“minor sensitivity”. A special result from the sensitivity analysis was obtained for the 
Dual Kc model, and simulated ET was not sensitive to the model parameters. 

Figure 10. Time series of daily jujube evapotranspiration (ET) measured with a large weighing ly-
simeter, and ET values simulated with the Dual-Kc, S–W, and P–Ta models during the 2016–2019 
study period in the Aksu region, Xinjiang, China. 

0

2

4

6

8

4/20 5/5 5/20 6/4 6/19 7/4 7/19 8/3 8/18 9/2 9/17 10/2 10/17

ET
 (m

m
/d

)

Dates

2016

ET Dual Kc S-W P-Tₐ

0

2

4

6

8

4/20 5/5 5/20 6/4 6/19 7/4 7/19 8/3 8/18 9/2 9/17 10/2 10/17

ET
 (m

m
/d

)

Dates

2017

ET Dual Kc S-W P-Tₐ

0
1
2
3
4
5
6
7

4/20 5/5 5/20 6/4 6/19 7/4 7/19 8/3 8/18 9/2 9/17 10/2 10/17

ET
 (m

m
/d

)

Dates

2018

ET Dual Kc S-W P-Tₐ

0
1
2
3
4
5
6
7

4/20 5/5 5/20 6/4 6/19 7/4 7/19 8/3 8/18 9/2 9/17 10/2 10/17

ET
 (m

m
/d

)

Dates

2019

ET Dual Kc S-W P-Tₐ

Figure 10. Time series of daily jujube evapotranspiration (ET) measured with a large weighing
lysimeter, and ET values simulated with the Dual-Kc, S–W, and P–Ta models during the 2016–2019
study period in the Aksu region, Xinjiang, China.
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Figure 12. Relative sensitivity of simulated jujube evapotranspiration to the main input parameters
for the P–Ta, S–W, and Dual-Kc models. Ta, air temperature; Rn, net radiation; RH, relative humidity;
u, wind speed; h, plant height; θ, soil moisture.
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Table 10. Sensitivity of simulated jujube evapotranspiration (ET) to ±20% changes in parameter values.

Model Change in Parameter Ta Rn RH u h θ

S–W
−20% −10.47% −20.04% −2.48% 3.13% 10.26% −12.06%
20% 7.35% 20.04% 2.27% −2.98% −10.72% 8.80%

Dual Kc
−20% −1.44% −1.78% 0.11% −0.13% −0.02%
20% 0.20% 0.73% 0.01% 0.11% 0.02%

P–Ta
−20% −6.12% −25.00%
20% 6.08% 25.00%

Model Change in Parameter VPD rc
a rc

s ra
a rs

s rs
a

S–W
−20% 1.86% −0.62% 5.12% −5.62% 1.53% −0.11%
20% −2.05% 0.60% −3.95% 4.84% −1.40% 0.11%

Note: S–W, Shuttleworth–Wallace model; Dual Kc, dual crop coefficient model; P–T, Priestley–Taylor model; Ta, air
temperature; Rn, net radiation; RH, relative humidity; u, wind speed; h, plant height; θ, soil moisture; VPD, vapor
pressure deficit; rc

a, boundary layer resistance; rc
s , canopy resistance; rs

s , soil surface resistance; ra
a , aerodynamic

resistance between vegetation canopy height and reference height; rs
a, aerodynamic resistance between the soil

surface and vegetation canopy.

4. Discussion

The P–T model has been commonly used to calculate crop ET under normal irrigation
conditions [15,39]. When estimating crop ET with the P–T model, determining the value of
the empirical coefficient “α” is crucial for effective use of the model. Some previous studies
have shown that the value of “α” is strongly dependent on soil moisture, and that “α”
increases with increasing soil moisture [40,41]. Therefore, conditions where soil moisture
is stable will result in greater stability of model simulation accuracy. The P–T model has
better adaptability in humid areas than other ET models [42]. However, Xinjiang is located
in an arid area, with very high evaporative demand and large amounts surface soil water
evaporation, resulting in great changes in soil moisture. Therefore, when the model is
used, it is easy to produce a large error in simulated ET (Table 8). Bottazzi et al. [43] and
Akumaga and Alderman [10] also confirmed this conclusion. Meanwhile, ET rates were
underestimated when the soil was wet and overestimated when the soil was dry [44].

A previous study [45] has shown that the opening degree of the canopy (i.e., canopy
cover) has a significant impact on the empirical coefficient “α”. Under conditions where
the same crop was planted at different densities, a smaller opening degree of the canopy
led to the downregulation of “α”. The P–T model is an ET estimation model based on the
assumption that the effect of atmospheric aerodynamics on ET is less than the effect of
radiation [46]. When air in the plant canopy is saturated or nearly saturated with water
vapor, “α” is greater than 1.0. However, when the canopy opening degree is large (sparse
planting pattern) or an agro-pastoral ecotone ecosystem is present, energy transmission
will be significantly driven by the atmosphere, resulting in an obvious downregulation of
“α” [47]. For example, in our study, the air flow around jujube trees and at the bottom of
the canopy was large, and the boundary effect was obvious, such that the mean value of
“α” was 0.64 over the entire growth period. Liang et al. [48] showed that under a sparse
planting pattern in an arid area, “α” = 0.23. This result also shows that one of the reasons
for the low estimation accuracy of sparse vegetation ET simulations is that the influence
of canopy aerodynamics leads to an instability in “α” during the entire crop growing
season [49], resulting in a large simulation error. Therefore, after improving the calculation
method of “α” by using either linear fitting for different growth periods or a quadratic
function over the entire growth period, the R2 of the model increased from 0.62–0.74 to
0.74–0.83 (Table 8).

The basal crop coefficient is a crucial parameter in accurately simulating crop ET in
the Dual Kc model, and its accurate determination is affected by many factors. Therefore,
the crop coefficient recommended in FAO-56 should be adaptively adjusted according
to regional differences and crop types. Bellvert et al. [50] showed that the median crop
coefficient was related to orchard age and density. For large trees, a highly developed
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canopy and high leaf area index are the main factors that will increase the basal crop
coefficient [51]. Therefore, young trees and low-density planting in orchards may lead to a
reduction in crop coefficient values [52]. In our study, after trial-and-error adjustments, the
crop coefficients of young jujube trees grown in an arid area were reduced by 0.10–0.15.
In addition, there have been some reports that high wind speed and low vapor pressure
increase stomatal conductance and crop coefficient values [53]. In areas with frequent rainy
seasons or heavy rainfall, the crop coefficient will remain high [54]. The REW (readily
evaporable water) and Ze (depth of topsoil dried by evaporation) are core parameters
for calculating topsoil evaporation. Some existing studies have shown that ET simulated
with the Dual Kc model is underestimated when crop ET is abnormally high [55]. In
our study, when jujube ET was abnormally high, ET was overestimated before mid-June.
After mid-June, jujube ET was underestimated (Figure 8). We believe that tree crown
width will appreciably affect the amount of thermal radiation energy received by the soil
surface [8], thus affecting the values of REW and Ze, especially during high-temperature
time periods [56]. Therefore, the REW and Ze should be adjusted by a factor to account
for canopy shading, leaf area index, and environmental factors. In addition, some other
studies [57] have also proven that simulated soil evaporation estimation using the Dual Kc
model is poor in the early stages of crop growth. When canopy density is high, simulation
errors for soil evaporation decrease significantly. Under this condition, the error caused by
using fixed values of REW and Ze is less and can easily be ignored.

The S–W model further optimizes the Penman–Monteith model mainly through soil
surface resistance, canopy surface resistance, and three aerodynamic resistances. After
sensitivity analysis of parameters, rc

s and ra
a were found to have the greatest impact on

ET. This result is similar to results reported by Mu et al. [58]. rc
s is mainly affected by leaf

area index and soil moisture. Lower leaf area index may lead to ET overestimation by
the model [59]. In addition, some studies have reported that a model of the water vapor
exchange process involving stomatal control of the leaf/air interface is easy to build under
stable soil water supply conditions [18]. However, when affected by water stress, plant
stress resistance will cause changes to the minimum leaf stomatal resistance and to other
related parameters, resulting in the obvious underestimation of crop ET [60], as was also
found in our study. Therefore, the S–W model does not consider the effect of water stress
on canopy surface resistance.

We attempted to use the P–T model, the S–W model, and the Dual Kc model to
simulate the ET of young jujube trees in an arid area, and to compare simulated ET with
ET measured using a large weighing lysimeter. Previous studies have shown that the S–W,
P–T, and Dual Kc models can estimate ET in different ecosystems well [2,7,18]. However,
the three models all have different errors in simulating ET that can be attributed to the
inaccurate estimation of the effective energy of the surface soil and canopy caused by
a variety of factors [58]. Among them, the ET simulation error of the P–T model was
significantly higher than that of the S–W model and the Dual Kc model, mainly caused
by changes in canopy aerodynamic resistance that caused “α” to fluctuate over the entire
growth period. Therefore, after improving the calculation method for “α” by using either
linear fitting for different growth periods or a quadratic function over the entire growth
period, the simulation accuracy of the P–T model was significantly improved. For the S–W
model, the results showed that the S–W error was higher than for the Dual Kc model. Our
analysis showed that the reasons for the large error in ET simulations by the S–W model
were as follows: (1) assuming that soil moisture is basically constant, then the stomatal
model in the S–W model is suitable; however, after irrigation or rainfall, the soil moisture
content changes greatly, and the simulated stomatal resistance value is higher than the
actual value, resulting in the simulated value of ET being lower than the measured value
under the wetter conditions following irrigation or rainfall; (2) the S–W model does not
consider differences in albedo and emitted longwave radiation between the soil surface and
the canopy, leading to an increase in model simulation error; (3) in areas where water-saving
irrigation technologies such as furrow irrigation, drip irrigation, and small pipe outflow
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are used, the spatial variability of surface moisture is very large, resulting in reduced
simulation accuracy.

5. Conclusions

(1) After improving the calculation method of “α” by using either linear fitting for
different growth periods (P–Ta) or a quadratic function over the entire growth period
(P–Tb), the R2 of the P–T model increased from 0.62–0.74 to 0.74–0.83. Both of the
improved models provided good simulations of jujube evapotranspiration. Simulation
accuracy was slightly higher for P–Ta than for P–Tb.

(2) The basal crop coefficients of the modified Dual Kc model at the initial, middle, and
end stages of development were 0.4, 1.0, and 0.5, respectively. The error analysis re-
sults showed that the overall simulation error for the Dual Kc model was low, and that
the model simulation was stable. However, simulation accuracy decreased when there
was severe water deficit, resulting in jujube ET being significantly underestimated.

(3) Simulation error for the S–W model was larger than for the other models, and the
model generally underestimated ET. In addition, it can be seen from the NSE and RSR
values that S–W simulations were the worst and most unstable of the three models.

(4) Through our comprehensive evaluation of these three ET models we conclude that the
simulation abilities of the Dual Kc model and P–Ta model were similar, and slightly
better than the S–W model. The simulation effect grade for the Dual Kc model was
“Excellent” during the four years of the study, and the simulation stability was higher
than that observed for the P–Ta model. The P–Ta model was easily affected by changes
in net radiation and air temperature due to the few formula parameters. Therefore,
the Dual Kc model had better performance than the S–W model and the P–Ta model
in estimating jujube ET and could be recommended to estimate jujube ET.
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