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A B S T R A C T   

In this study, a two-year experiment in an irrigated vineyard was conducted to investigate the variations in 
energy fluxes (net radiation, Rn; latent heat flux, LE; sensible heat flux, H; and soil heat flux, G) and quantify the 
influence of arid advection and environmental factors (vapor pressure deficit (VPD), Rn, air temperature, wind 
speed, precipitation, and volumetric soil water content) on energy partitioning in arid Northwest China. For the 
diurnal variation, the peak values of the energy fluxes appeared at approximately 14:00, except for G (which 
appeared at approximately 16:00). LE was the main consumer of daytime (Rn>0) energy during the growing 
season (average LE/(Rn–G) was 87% and 89% in the two years), even during the shooting and leaf-fall stages. 
Arid advection, which affects energy partitioning mainly by increasing atmospheric evaporative demand and 
providing heat energy, contributed 6–60% and 1–56% of the average daytime LE during the two growing sea-
sons, especially at the fruiting stage. Moreover, advection accounted for more than half of average daytime 
energy imbalances. We found that the arid advection induced by irrigation could be attenuated by selecting a 
reasonable irrigation time. According to the structural equation modeling (SEM) analysis, Rn had the strongest 
direct and positive regulation effect on LE at the half-hourly and daily scales, indicating that LE was limited by 
energy rather than water in the study area. The influence of Rn on LE gradually weakened with an increase in the 
time scale, whereas the effect of VPD increased, which may have been due to the smaller time-lag effect between 
VPD and LE. The diurnal variations in LE at approximately 08:00–19:30 and 19:30–08:00 were mainly controlled 
by the direct positive effects of Rn and VPD, respectively. The results obtained in this study will provide a better 
understanding of surface processes and help improve water resource management in arid agricultural areas.   

1. Introduction 

Energy exchange between terrestrial ecosystems and the atmosphere 
is a complex process, which drives hydrologic and biogeochemical cy-
cles (Baldocchi et al., 2001). An agroecosystem, in particular, is a 
complex hydrological ecosystem involving energy, mass exchange, and 
the interaction of hydrological and ecological cycles caused by human 
activities in the various links to crop production (e.g., irrigation and 
cultivation) (Monteith et al., 2008; Ding et al., 2015). The study of 
farmland energy partitioning is crucial for understanding regional 
climate and water cycles (Mauder et al., 2020; Hossen et al., 2012), as 
well as the rational allocation and efficient utilization of water resources 
(Zhao et al., 2017; Zhang et al., 2016). The desert-oasis agroecosystem 

plays a critical role in maintaining the ecological environment and 
stable agricultural productivity in desert areas (Zhang and Zhao, 2015). 
However, desert-oasis agroecosystems require long-term irrigation, and 
the heterogeneity of the underlying surface can complicate the energy 
exchange process (Wang et al., 2019). Thus, there is an urgent need to 
conduct an in-depth analysis of energy fluxes in a desert-oasis 
agroecosystem. 

The eddy covariance (EC) technique has been recognized as the 
standard method for studying the water and energy exchange between 
the atmosphere and the surface (Liu et al., 2019; Baldocchi et al., 2004). 
To date, many studies of energy partitioning based on the EC technique 
have been conducted in different ecosystems, including grasslands (Liu 
et al., 2018; Krishnan et al., 2012; Eichelmann et al., 2016), forests (Yan 
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et al., 2017; Ma et al., 2018; Zhu et al., 2014), deserts (Yang and Zhou, 
2011; Ma et al., 2014), wetlands (Liu et al., 2014; Zhao and Liu, 2018), 
and croplands (Liu et al., 2019; Gao et al., 2018; Zhang et al., 2016). In 
arid areas, the energy budget process of desert-oasis agroecosystems is 
usually more complicated due to the influence of atmospheric advection 
induced by surface heterogeneities and environmental factors (Morrison 
et al., 2022; Mauder et al., 2020; Cheng et al., 2014; Prueger et al., 1996, 
2012; Wang et al., 2019). Arid advection can affect energy partitioning 
when the field becomes wetter and cooler than its surroundings, which is 
often the case for oases or irrigated areas (Díaz-Espejo et al., 2008; Tolk 
et al., 2006; Lei and Yang, 2010; Li and Yu, 2007). Previous studies have 
suggested that arid advection has a significant effect on energy fluxes 
and environmental factors in farmland areas and other regions (Lei and 
Yang, 2010; Morrison et al., 2022; Kool et al., 2018; Prueger et al., 1996; 
Kutikoff et al., 2019; Dare-Idowu et al., 2021; Li and Yu, 2007). How-
ever, few studies have investigated the variations of energy fluxes and 
the effects of environmental factors (e.g., vapor pressure deficit (VPD), 
net radiation (Rn), air temperature (Ta), wind speed (WS), precipitation 
(P), volumetric soil water content (VWC)) on energy partitioning in the 
desert-oasis irrigated vineyards of northwest China. In addition, the 
contribution of arid advection to energy exchange at the different crop 
phenological stages is still unclear and needs to be further investigated 
in vineyards under such conditions. Addressing these questions will help 
us to improve the scientific understanding of surface processes and 
water management in arid irrigated agricultural regions. 

Furthermore, environmental variables are recognized as having a 
critical influence on energy partitioning (e.g., Zhu et al., 2014; Li et al., 
2016; Li, 2015; Zhang et al., 2016). To date, the influence of environ-
mental factors on energy partitioning has been investigated using two 
main methods: 1) multiple linear regression analysis, variance analysis, 
and correlation analysis (e.g., Zhao et al., 2017; Zhang et al., 2016; 
Alberto et al., 2011); and 2) through the use of certain diagnostic pa-
rameters (e.g., the decoupling coefficient Ω and Priestley-Taylor coef-
ficient α; Jiao et al., 2018; Liu et al., 2019; Xie et al., 2018; Baldocchi and 
Xu, 2007; Zhu et al., 2014). However, these methods have neither 
quantified the influence degree nor studied the influence path of envi-
ronmental factors on energy partitioning. Fortunately, as a powerful 
technique for testing and evaluating multivariate causal relationships, 
structural equation modeling (SEM) can make up for the shortcomings 
of the above two methods: 1) the purpose of SEM is not to separate a 
single control factor from other factors, but to systematically study the 
overall influence of multiple factors; 2) it provides a way to divide the 
total effect into direct and indirect effects; and 3) it allows environ-
mental factors to interact (Fan et al., 2016; Grace et al., 2012; Helman 
et al., 2017). Furthermore, some studies have shown that the main 
controlling periods for LE by Rn and VPD differ within a diel scale 
(0:00–24:00) (Baldocchi, 1994; Jia et al., 2018; Liu et al., 2021), but the 
specific period and influence path are still unclear. As a result, we 
decided to conduct research using SEM analysis to compensate for the 
deficiencies of the previous studies and to clarify the influence path and 
degree of influence of environmental factors on energy partitioning. 

In the arid oasis areas of northwest China, grapes have been widely 
planted in recent years and have gradually become one of the main cash 
crops (Wang et al., 2019). In this study, given the aforementioned 
considerations, the energy components and environmental factors were 
measured using the EC technique in a vineyard in an arid region of 
northwest China in 2017 and 2018. Our scientific objectives were: 1) to 
investigate the dynamics of energy fluxes in the different crop pheno-
logical stages; 2) to quantify the contribution of arid advection to day-
time energy partitioning in the different crop phenological stages; and 3) 
to clarify the influence path and degree of influence of environmental 
factors on energy partitioning at different time scales (half-hourly, daily, 
and diel scales). 

2. Materials and methods 

2.1. Study area 

This study was conducted in a vineyard (Vitis vinifera cv. ‘Thompson 
Seedless’) ecosystem over the growing seasons in 2017 and 2018. The 
study area is located in the Nanhu Oasis of northwest China (94◦06′19″E; 
39◦52′34″N; 1100–1300 m a.s.l.; Fig. 1a), which belongs to the 
temperate continental climate zone. The annual solar radiation in this 
area varies from 5903 to 6309 M W m–2, which provides sufficient 
sunlight for crop growth. The soil type is sandy loam. An area of 7.2 ha 
(160 m × 450 m) was selected in this study, which is surrounded pri-
marily by Gobi Desert land (Fig. 1b). The wind direction in the study 
area is mainly from the northeast (Fig. 1b). 

The mean height of the grape canopy is 2.5 m above the soil surface. 
Grapes were planted in rows with a spacing of 3 m (rows oriented from 
west to north and east to south). The distance between the grape trellises 
was 1 m (Fig. 1c). Weeds were removed periodically during the growing 
season. Pruning was conducted around day of the year (DOY) 200–220 
in 2017 and 2018 to increase water use efficiency and improve yield. 
Flood irrigation was carried out once every 25 days, on average, which 
provided sufficient soil moisture to ensure normal growth of the grapes. 
Grapes were harvested once a year and their growing season is usually 
from late April or early May to late September or early October (Wang 
et al., 2019). Based on understanding the characteristics of grapes in 
each growth stage through field observations (i.e., comprehensive 
development characteristics, phenological characteristics, and leaf area 
changes), the growing season can be divided into five phenological 
stages, which are named the shooting (2017: DOY 121–147; 2018: DOY 
117–150), fruiting (2017: DOY 148–171; 2018: DOY 151–168), filling 
(2017: DOY 172–222; 2018: DOY 169–219), maturity (2017: DOY 
223–262; 2018: DOY 220–264), and leaf-fall (2017: DOY 263–283; 
2018: DOY 265–282) stages. 

In general, there were no apparent seasonal differences in environ-
mental and physiological conditions between the two experimental pe-
riods (Fig. 2). The average values of Ta were 19.86 and 19.49 ℃ in 2017 
and 2018, respectively (Figs. 2a and b). The mean VPD was 1.43 kPa in 
both years (Figs. 2a and b). Total P reached 25.4 mm (with one event 
greater than 10.0 mm) in 2017 and 16.51 mm (with no event greater 
than 10.0 mm) in 2018 (Figs. 2c and d). VWC was not sensitive to small 
rainfall events (less than 10.0 mm) and was mainly dependent on irri-
gation practices (Figs. 2c and d). The maximum VWC was reached after 
irrigation (about 0.28 and 0.23 m3 m–3 in 2017 and 2018, respectively) 
and gradually reduced until the next irrigation event. The daily mean 
WS varied from 0.19 to 1.78 m s–1 and from 0.11 to 1.56 m s–1 in 2017 
and 2018, respectively (Figs. 2e and f). The leaf area index (LAI) 
increased gradually from the initial stage to the middle stage in both 
years and then decreased slowly. The maximum LAI reached 4.31 m2 

m− 2 on DOY 235 in 2017 (Fig. 2e) and 4.82 m2 m− 2 on DOY 239 in 2018 
(Fig. 2f). Moreover, photosynthetically active radiation (PAR) reached 
peak values (approximately 57 mol m–2 day–1) in early July, and the 
overall trend showed the characteristics of first increasing and then 
decreasing over both years (Figs. 2g and h). 

2.2. Energy flux measurement, data processes, and energy balance closure 

The latent heat flux (LE) and sensible heat flux (H) were measured 
using an EC system. This system can operate normally under complex 
and severe weather conditions and can provide accurate measurement 
data, and was installed in the middle of the experimental area at a height 
of 4 m above the ground (Fig. 1d). The system consisted of a three- 
dimensional sonic anemometer (R3–50, Gill Instruments, UK) and an 
open-path H2O/CO2 gas analyzer (LI-7500, LI-Cor Inc., Lincoln, NE, 
USA). Net radiation (Rn) was obtained from a radiation sensor (NR01, 
Hukse Flux, Delft, Netherlands), which was installed at a height of 3 m 
above the ground surface. 
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In this study, the flux source area model (FSAM) footprint analysis 
model (Schmid, 1994) was used to analyze the source area of the flux 
footprint, and the results showed that the vineyards of interest primarily 
contributed to the measurements (Supplementary Text). All the above 
observations were recorded and stored using a data logger (CR1000, 
Campbell, USA), for which the collection time interval was 30 min. It is 
necessary to conduct correlation corrections when EC data are applied. 
Eddy Pro-software (version 6.0) was used to process and correct the 
original data collected by the EC system. A linear interpolation method 
was used when the data-loss period was less than 2 h per day. Mea-
surements on rainy days were not used because the EC observations 
were uncertain. Furthermore, we used an artificial neural network to 
interpolate the rainy-day data to reveal the variation characteristics 
during the growing season more continuously because of the small 
number of rainfall days. 

The soil heat flux (G) was calculated as follows (Oncley et al., 2007): 

G = Gz + Sz (1)  

where Gz was measured using four heat flux plates (HFP01SC, Hukse 
Flux, Netherlands; two middle row positions, directly under the vine 
row) at a depth of 0.05 m below the ground surface. Sz is the soil heat 
stored above the heat flux plates, which can be estimated from: 

Sz = csoilzp
dTsoil

dt
(2)  

csoil = ρwθvcw + ρscs (3)  

where Tsoil is the average temperature of the soil layer (calculated from 

the soil temperature measurements at 0.01 m and 0.05 m depth), t is the 
time interval, csoil is the heat capacity of moist soil, θv is the volumetric 
water content (estimated by measurement at 0.05 m, m3 m− 3), ρw is the 
density of water, cw is the water heat capacity, ρs is the bulk density of 
the soil, and cs is the heat capacity of dry mineral soil. 

The surface energy balance can be expressed as follows: 

Rn= LE + H + G + Imb (4) 

Imbalance (Imb) is the total contribution of the neglected effects and 
uncertainties. Ideally, Imb should be zero; that is, the available energy 
(Rn – G) should be equal to the turbulent flux (LE + H). The energy 
balance closure was assessed using a linear regression between the 
available energy (Rn – G) and turbulent fluxes (LE + H) using half-hourly 
observations during the two experimental periods, excluding the values 
on rainy days and other exceptional cases. The results displayed a sta-
tistically significant fit and were robust for the half-hourly energy 
closure (slope = 0.90 and 0.91 with R2 = 0.82 and 0.84 in 2017 and 
2018, respectively; Fig. 3) and were comparable to the results obtained 
in grapevine ecosystems under similar circumstances in previous studies 
(Zhao et al., 2017; Ferreira et al., 2012). In general, energy balance 
residuals of 10–30% have been common in previous research (Foken, 
2008; Allen et al., 2011), particularly in farmland ecosystems (Wilson 
et al., 2002). Therefore, the energy balance closure in this study was 
considered satisfactory. 

2.3. Other variables 

A small automatic weather station was installed in the study area to 
measure and record Ta, RH, WS, VWC, and PAR. Ta and RH were 

Fig. 1. Introduction to the study area and the observation instruments. (a) Location of the study area. (b) The surroundings and prevailing wind direction of the study 
area. (c) The vineyard and soil surface. (d) The eddy covariance (EC) and meteorological measurements used in this study. 
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Fig. 2. Seasonal variations of ecological and environmental factors in 2017 (a, c, e, and g) and 2018 (b, d, f, and h): daily air temperature (Ta), vapor pressure deficit 
(VPD), volumetric water content (VWC) at different depths, precipitation (P) and irrigation amounts (I), wind speed (WS), leaf area index (LAI), and photosyn-
thetically active radiation (PAR). 

Fig. 3. Half-hourly energy balance closure analysis in the growing seasons of 2017 (a) and 2018 (b). The red dotted lines refer to y = x. The black lines indicate the 
regression equations. The X-coordinate is the available energy, and the Y-coordinate is the turbulent flux. 
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measured using temperature and humidity sensors (HMP60, Vaisala, 
Helsinki, Finland) at heights of 1.0, 1.5, 2.0, 2.5, and 3.0 m above the 
soil surface, and the mean value for the five heights was used in this 
study. PAR was measured at a height of 3 m using a quantum sensor (LI- 
190R; LI-Cor, USA). P was measured using a tipping bucket (TE525, 
Texas, USA). WS and wind direction were observed using a two- 
dimensional anemometer (5103, R. M. Young, USA) at a height of 0.5 
m above the canopy. VWC and soil temperature were measured using 
soil moisture/temperature sensors (5TE, Decagon, USA) at depths of 
0.05, 0.1, 0.2, 0.5, 0.8, and 1.0 m. Soil temperature at the top of the soil 
surface was measured using a soil temperature sensor (model 109-L, 
Campbell Scientific, Inc.) at a depth of 0.01 m. VPD was estimated 
from the RH and Ta. The LAI was measured monthly using an LAI-2200 
canopy analyzer (Li-Cor). 

2.4. Advection identification 

We identified the occurrence of arid advection as either when the LE 
exceeded the available energy (Rn – G) or when H was negative during 
the daytime (Rn>0). These indicators are similar to those used by Xu 
et al. (2017) and Kutikoff et al. (2019) and were originally discussed by 
Verma et al. (1978). This either/or definition was selected to account for 
measurement errors because the energy balance was not closed (Kutikoff 
et al., 2019). In this study, arid advection was identified at half-hour and 
daily scales (both during the daytime). It is worth noting that the arid 
advection identification at the daily scale was based on the average of 
the entire half-hour dataset during the daytime. 

2.5. Parameter calculations 

The contribution of arid advection (Rad) to LE was calculated as 
follows (McNaughton et al., 1976; Priestley et al., 1972): 

Rad =
LE − LEeq

LE
(5)  

where LEeq is the required LE for equilibrium evapotranspiration of 
available energy contribution, i.e., without arid advection. LEeq can be 
calculated by the following formula (McNaughton et al., 1983): 

LEeq =
▵

▵ + γ
(Rn − G) (6)  

where △ is the slope of the saturation vapor pressure-temperature 
curve, kPa ℃–1; γ is the hygrometer constant, kPa ℃–1. 

The Priestley-Taylor coefficient (α) can be calculated by the 
following formula (Priestley and Taylor, 1972): 

α =
LE

LEeq
=

Δ + γ
Δ

LE
Rn − G

(7) 

The Bowen ratio (β) is equal to the ratio of H to LE, i.e.: 

β =
H
LE

(8)  

2.6. Structural equation modeling (SEM) 

SEM analysis is a powerful technique for testing and evaluating 
multivariate causal relationships and can test indirect and direct effects 
on pre-assumed causal relationships (Fan et al., 2016). Thus, we con-
ducted an SEM analysis to clarify the influence path of environmental 
factors on LE at different time scales by reporting standardized path 
coefficients for the direct and indirect effects in the final path diagram 
(Fan et al., 2016; Grace et al., 2012). Generally, the establishment of 
SEM can be roughly divided into four steps: 1) constructing relationships 
between dependent and independent variables, 2) fitting the model, 3) 
testing the model, and 4) revising the model (Fan et al., 2016; Helman 
et al., 2017; Grace et al., 2012). 

The environmental variables considered in this study were Rn, Ta, 
VPD, WS, VWC, and P. We first considered a full model that included all 
possible pathways (Fig. 4) and then sequentially eliminated non- 
significant pathways until we attained the final model. Rn provides the 
energy source for LE and also affects Ta and VPD; Ta has an effect on LE 
and VPD and is also affected by Rn and WS; VPD has an impact on LE and 
is also affected by Rn, WS, P, and Ta; and VWC has an impact on LE and is 
also affected by P (Chen et al., 2014; Zhang et al., 2016; Li et al., 2008; 
Liu et al., 2019; Law et al., 2002, 2020; Xie et al., 2018; Li, 2015; Wang 
et al., 2005). Irrigation was not considered in the SEM for two reasons: 
1) We have already considered VWC in the SEM analysis; therefore, 
there is no need to add irrigation (VWC is mainly dependent on irriga-
tion practices; Fig. 2). 2) The amount of irrigation data did not meet the 
sample size requirements. Based on the above, we obtained the as-
sumptions behind the conceptualization of the SEM analysis (Fig. 4 and 
Eq. (9)). 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

LE = f (half − hourly or daily Rn, VPD, Ta, VWC, WS)

VPD = f (half − hourly or daily Rn, Ta, WS, P)

Ta = f (half − hourly or daily Rn, WS)

VWC = f (half − hourly or daily P)

(9) 

Secondly, the unbiased maximum likelihood method was used for 
the parameter estimation, with 10,000 bootstrap resamples. Moreover, 
the SEM analysis was evaluated by relative and absolute fit indices, i.e., 
the normed fit index (NFI), comparative fit index (CFI), and root-mean- 
square error of approximation (RMSEA). The model was accepted when 
the indicators of NFI>0.95, CFI>0.95, RMSEA<0.1, and the model did 
not contradict the relevant theory. Finally, the SEM was revised by 
modification indices (for which the thresholds were set to 4.0) and was 
theory-driven. In this study, the SEM analysis was conducted using 
software developed by SPSS, named Amos 26.0. 

When the model was finally determined, the direct effects of the 
environmental factors on LE were assessed based on the standardized 
regression coefficients in Eq. (9). The indirect effects of the environ-
mental factors on LE were calculated by multiplying the direct effects on 
the structural pathways (Qiu et al., 2019). By adding up the indirect and 
direct effects, the total effects of the environmental factors on LE were 
obtained. For example, Rn has a direct effect on LE, i.e., the path Rn→LE. 
At the same time, there are indirect effects of Rn on LE, namely, paths 

Fig. 4. Assumptions behind the conceptualization of the structural equation 
modeling (SEM) linking environmental variables and latent heat flux (LE). 
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Rn→Ta→LE, Rn→VPD→LE, and Rn→Ta→VPD→LE (Fig. 4). Therefore, 
the direct effect of Rn on LE is a; and the indirect effect of Rn on LE is the 
sum of the two indirect paths (i.e., b × e + c × f + b × d × f). 

SEM was selected to study the relationship between environmental 
factors and LE at three time scales: half-hourly, daily, and diel 
(0:00–24:00). In particular, we took the half-hourly interval and then 
took the data at the same time point in the entire study period as the 
sample for fitting the SEM when we analyzed the influence of environ-
mental factors on LE at the diel scale. 

3. Results 

3.1. Energy partitioning in the different phenological stages 

Fig. 5 illustrates the diurnal variations in the energy components on 
clear days during the growing season. Each energy component exhibits 
an inverted U-shaped characteristic. The maximum values of Rn 
occurred between 14:00 and 14:30 during the different phenological 
stages. LE showed a multi-peak characteristic in the first three growth 
stages and remained greater than zero at night. The maximum LE values 
occurred in the afternoon (between 13:00 and 14:00). Because more 
energy reaches the ground during the shooting stage than during the 
other stages, the diurnal variation in G was more evident in the shooting 
stage. Furthermore, G lagged behind Rn by an average of approximately 
2 h (Zhang et al., 2007). 

The seasonal variations of the average daytime LE/(Rn− G), H/ 
(Rn− G), and Bowen ratio (β) are shown in Fig. 6 and Table 1. LE data 
were missing because of power and instrument failures from DOY 117 to 
139 in 2018. Between the two experimental years, there were no sig-
nificant differences in seasonal variations in average daytime energy 
partitioning. In general, LE/(Rn− G) was nearly 1 over the entire growing 
season, with a minimum value of 0.70, occurring during the leaf-fall 

stage in 2017, and a maximum value of 1.14, which occurred during 
the fruiting stage in 2018, indicating that LE was the main consumer of 
available energy during the growing season. The average values of LE/ 
(Rn− G) were 0.87 and 0.89 over the entire growing season (Figs. 6a and 
c; Table 1). H/(Rn− G) showed an opposite variation to LE/(Rn− G) and 
decreased rapidly from 0.51 during the shooting stage to nearly 0 during 
the fruiting, filling, and maturity stages in both years. Then, it increased 
to 0.26 and 0.25 during the leaf-fall stages in 2017 and 2018, respec-
tively, due to the evaporative cooling effects. Consequently, the seasonal 
variation of β decreased from 0.88 to 0.70 during the shooting stage to 
nearly 0 during the fruiting, filling, and maturity stages, and then 
increased to 0.43 and 0.34 during the leaf-fall stage in 2017 and 2018, 
respectively (Fig. 6b; Table 1). G was small and changed slightly over the 
two years, with the mean value decreasing from 49.00 to 29.71 W m–2 

during the shooting stage to 15.72 and 8.25 W m–2 in the leaf-fall stage 
(Supplementary Fig. 1 and Table 1). Because most solar radiation is 
absorbed by the canopy rather than the ground as the grapes grow, G 
decreased constantly during each growing season (Zhou et al., 2012). 

3.2. Effect of arid advection on energy partitioning 

The number of days with an average daytime LE/(Rn− G)>1 or H/ 
(Rn− G)<0 was 49 and 54 in 2017 and 2018, respectively (Figs. 6a and 
c), indicating that the effect of arid advection on energy partitioning was 
notable (Kutikoff et al., 2019; Lee et al., 2004; Li and Yu, 2007). We 
calculated the contribution rate (Rad) of arid advection to the LE to 
quantitatively analyze the intensity of arid advection and its influence 
on energy partitioning (Fig. 7). The average daytime Rad ranged from 
6% to 60% and 1% to 56%, with average values of 29% and 25%, over 
the entire growing season in 2017 and 2018, respectively (Fig. 7; 
Table 1), indicating that the effects of arid advection on the LE should 
not be ignored. Furthermore, arid advection accounted for more than 

Fig. 5. Average diurnal variations in net radiation flux (Rn), latent heat flux (LE), sensible heat flux (H), and soil heat flux (G) on clear days for the different 
phenological stages: (a) the shooting stage; (b) the fruiting stage; (c) the filling stage; (d) the maturity stage; (e) the leaf-fall stage; and (f) the entire growing season at 
the study area. The error bars represent the standard deviation. Beijing Standard Time (BST) is used here. 
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half of the average daytime energy imbalance during the two years 
(Fig. 8). 

We also investigated the differences in the advection intensity caused 
by irrigation at different times. Because of the high probability of arid 
advection in the early morning and late afternoon (Li and Yu, 2007), we 
selected the midday period (between 10:00 and 16:00) of three 
consecutive clear days (Rn in Fig. 9) in 2017 and four days in 2018 to 
study the differences in advection intensity caused by irrigation at 
different times (Fig. 9). After irrigation, more frequent and intense arid 
advection occurred during the subsequent midday period, indicating 
that irrigation was a key driving force for advection in arid areas (Fig. 9). 
As can be seen in Fig. 9, the average values of Rad were 34% on DOY 157 
(irrigation took place at night on DOY 156) in 2017 and 44% on DOY 

152 (irrigation took place in the morning on DOY 152) in 2018. The 
duration of advection on DOY 157 (8 h) was also smaller than that on 
DOY 152 (11 h). Thus, irrigation should be conducted in the evening 
rather than in the morning because advection can lead to an ineffective 
loss of irrigation water. Compared to irrigation in the morning, irriga-
tion in the evening enabled sufficient time for water to penetrate deeper, 
such that the surface water of the soil is significantly lower at noon the 
following day (Supplementary Fig. 2), thus reducing the heterogeneity 
of the vineyard and the surrounding environment. 

3.3. Effect of environmental factors on latent heat flux 

SEM analysis was used to explore the direct and indirect impacts of 

Fig. 6. Seasonal variations of daytime latent heat flux (LE) and sensible heat flux (H) as a percentage of available energy (Rn–G) and the Bowen ratio (β) in 2017 and 
2018. The different color backgrounds in the figure indicate the different phenological stages, as listed in Table 1. 

Table 1 
Energy partitioning in the daytime at the different phenological stages and the entire growing seasons.  

Year Growth stage Energy component(W m–2) Energy ratio(%) Rad (%) 

Rn LE H G LE/(Rn–G) H/(Rn–G) β 

2017 Shoot 341.37 232.36 132.02 49.00 0.77 0.51 0.88 35 
Fruiting 352.13 336.15 26.31 21.09 1.03 0.08 0.08 29 
Filling 370.86 300.92 19.21 17.26 0.86 0.05 0.07 23 
Maturity 330.63 296.06 25.75 16.22 0.96 0.07 0.08 31 
Leaf-fall 288.38 189.90 70.6 15.72 0.70 0.26 0.43 33 
Entire 342.72 279.25 47.17 22.63 0.87 0.16 0.25 29 

2018 Shoot 277.61 218.88 123.57 29.71 0.75 0.51 0.70 \ 
Fruiting 345.84 365.07 18.56 17.58 1.14 0.04 0.04 34 
Filling 357.76 304.26 21.30 12.17 0.88 0.07 0.07 22 
Maturity 349.29 296.01 12.46 9.57 0.89 0.04 0.05 23 
Leaf-fall 305.67 241.08 74.80 8.25 0.81 0.25 0.34 31 
Entire 332.11 294.80 45.35 15.22 0.89 0.17 0.14 25  
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environmental factors on the LE at different time scales (Figs. 10–12). At 
the half-hourly scale, the SEM results showed that Rn, VPD, Ta, P, and 
WS explained 75% and 79% of the variation in LE in 2017 and 2018, 
respectively (Figs. 10a and b). The total effects of Rn, VPD, and WS on 
the LE were positive, whereas the total effects of P and Ta on the LE were 
negative. Rn had the largest direct and positive effect on LE (0.87 in 2017 
and 0.84 in 2018), followed by VPD (0.09 in 2017 and 0.11 in 2018). 
VPD had only a weak positive impact on LE. Other factors (Ta, WS, and 
P) had little effect on LE at the half-hourly scale. Among these factors, 
WS is important due to the heterogeneity of the surrounding environ-
ment. At the half-hourly scale, WS had a significant positive effect on 
VPD (0.23 in 2017 and 0.24 in 2018) and Ta (0.19 in 2017 and 0.14 in 

2018), indicating that the wind brings hot and dry air. Generally, Rn was 
the main driver of LE through direct and positive effects at the half- 
hourly scale during the growing season. 

At the daily scale, the SEM analysis showed that environmental 
factors explained 75% and 74% of the variation in daily LE in 2017 and 
2018, respectively (Figs. 11a and b). It is worth noting that the total 
effect of Ta was positive at this scale due to the enhanced indirect effect 
of Ta on daily LE through VPD (0.15 in 2017 and 0.17 in 2018). Rn and 
VPD showed significant direct and positive effects on LE, whereas the 
direct effect of Ta was not significant. The largest significant direct effect 
was from Rn (0.61 in 2017 and 0.63 in 2018), followed by VPD (0.35 in 
2017 and 0.34 in 2018). However, compared to the half-hourly scale, 

Fig. 7. Seasonal variations in the average daytime Rad over the growing seasons in 2017 (a) and 2018 (b).  

Fig. 8. Regression between the daily (average in the daytime) residual energy (Res=Rn–LE–H–G) and Rad over the entire growing season in 2017 (a) and 2018 (b). 
The solid black lines represent the regression lines. 
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the effect of Rn on LE decreased (both direct and total effects), and the 
effect of VPD on LE increased (both direct and total effects) at the daily 
scale. In addition, the effect of WS on LE was greater than that at the 
half-hourly scale (total effect of 0.18 and 0.19 in 2017 and 2018, 
respectively). These results indicated that Rn and VPD mainly regulated 
daily LE through direct effects and Ta through indirect effects. 

Fig. 12 depicts the dominant period and the main influence path of 
Rn and VPD on LE in a diel cycle (0:00–24:00). It is clear that Rn and VPD 
had different main controlling periods for the LE. From 19:30 to 08:00 
(white area in Fig. 12), DVPD-LE (Di-LE represents the direct effect of factor 
i on LE) was larger than TRn-LE (Ti-LE represents the total effect of factor i 
on LE), indicating that the variation in LE during this period was mainly 
directly controlled by VPD. Moreover, from 08:00 to 19:30 (blue area in 
Fig. 12), TRn-LE was larger than DVPD-LE, implying that Rn was the main 
contributor to the LE. During the same period, DRn-LE was greater than 
IRn-LE (Ii-LE denotes the indirect effect of i on LE) (Supplementary Fig. 3), 
implying that the variation of LE in this period was mainly directly 
controlled by Rn. 

4. Discussion 

4.1. Energy balance closure 

The lack of energy balance closure in micrometeorological studies is 
still a hot and unsolved problem (Mauder et al., 2020). In general, en-
ergy balance residuals of 10–30% were common in previous research 
(Foken, 2008; Allen et al., 2011; Zhang et al., 2016), particularly in 
farmland ecosystems (Wilson et al., 2002). In our study, the slopes were 
0.91 and 0.90, and the intercept values were 26.98 and 30.93 W m− 2 in 
the two years (Fig. 3). Therefore, the energy balance closure in this study 
area was satisfactory compared to previous findings, implying that the 
EC system provides a reliable basis for this research. However, it must be 
stressed that there is still a residual energy balance of approximately 
10%. 

Scientists have used advection as a proxy for spatial heterogeneity 
and have found that arid advection has effects on energy balance 
closure, especially at the hectometer and kilometer scales (Morrison 
et al., 2022; Mauder et al., 2020; De Roo and Mauder, 2018; Prueger 
et al., 2012; Cuxart et al., 2016; Kool et al., 2018). In this study, the 
surrounding environment, meteorological conditions, and agricultural 
practices such as irrigation caused intense arid advection (Fig. 7), which 
accounted for more than half of the average daytime energy imbalance 
over the two years (Fig. 8). Dare-Idowu et al. (2021) reported similar 
results. Furthermore, as shown in Fig. 8, with the increase of advection 
intensity, the energy balance residual first approached zero and then 
became increasingly negative. This indicates that arid advection brings 
heat energy to the surrounding environment, which is also reflected in 
the SEM results, indicating that WS had a significant direct and positive 
effect on Ta and LE (Figs. 10 and 11). 

Furthermore, researchers are also considering how to use the resid-
ual Imb (Eq. (4)) to correct the measured turbulent heat fluxes, i.e., how 
to divide the residual between LE and/or H. There are three opinions on 
this topic: 1) The residual is partitioned between H and LE (e.g., Foken, 
2008; Mauder et al., 2020) . There are theoretical arguments in favor of 
forcing energy balance closure, i.e., attributing the energy imbalance to 
H and LE so that the Bowen ratio remains unchanged (Foken, 2008). 2) 
The entire residual is attributed to the LE (e.g., Wohlfahrt et al., 2010). 
3) The entire residual is attributed to H (e.g., Ingwersen et al., 2011). 
Among the above three viewpoints, we believe that the first is suitable 
for our study area (i.e., a desert-oasis agroecosystem) because strong 
advection (including horizontal and vertical advection) usually causes H 
and LE to simultaneously exert effects on the energy balance of the 
irrigated farmland at the same time (Cuxart et al., 2016; Kool et al., 
2018) . 

4.2. Energy partitioning during the growing season 

Understanding the variations in energy fluxes is critical for 

Fig. 9. Variations of the half-hourly Rad at midday (10:00–16:00) before and after irrigation in 2017 (a) and 2018 (b). The irrigation event took place in the af-
ternoon (18:00) on DOY 156 in 2017 and in the morning (08:00) on DOY 152 in 2018, with the water amount being 14.5 cm each time. 
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understanding the exchange of water and energy between vineyards and 
the atmosphere. In this study, the energy balance components showed a 
typical diurnal pattern (i.e., an inverted U-shape; Fig. 5), which is 
consistent with that of most ecosystems (e.g., Zhu et al., 2014; Zhang 
et al., 2007). The SEM results showed that Rn mainly controls the diurnal 
variation in LE during the day (Fig. 11); therefore, the diurnal variations 
in Rn and LE were synchronous (Fig. 5). LE showed a multi-peak char-
acteristic in the first three phenological stages (Figs. 5a-c), which may 
have been due to intense solar radiation causing grape leaves to close 
their stomata autonomously to prevent excessive water loss. At night, 
the LE was greater than zero, which may have been due to high VPD 
(Baldocchi, 1994; Fig. 12) or weak advection (Hanks et al., 1971). 

The seasonal variations in energy partitioning in both years were 
similar: LE/(Rn− G) showed an upward trend and then a downward 
trend each year, which was opposite to H/(Rn− G), and G showed a 
downward trend each year (Table 1). The LAI played a key role in these 
seasonal variations. LAI determines the transpiration of grape plants, 
thus affecting the partitioning of Rn into LE and H. Meanwhile, the 
change in LAI determines the proportion of Rn reaching the ground, 
which affects the change in G. The average LE/(Rn− G) was 0.87 and 
0.89 in the growing seasons of the two years. Therefore, LE was the main 
consumer of available daytime energy, similar to the results of previous 
studies on wheat fields in the North China Plain (Lei et al., 2010), 
rotated paddy fields in southern China (Liu et al., 2019), irrigated maize 

fields in the United States (Suyker and Verma, 2008), and maize fields in 
arid northwest China (Ding et al., 2014; Zhang et al., 2016). We found 
that even during the shooting stage, LE was the main consumer of 
available energy, mainly because soil evaporation played a major role 
during this period (Wang et al., 2019). This apparent soil evaporation 
was mainly due to adequate irrigation and high Rn (Figs. 2 and 11). 
However, some scholars have studied the energy partitioning of grape 
farmlands in different geographical environments and found that H al-
ways occupies the majority of the available energy (e.g., Zhang et al., 
2007; Yu et al., 2020). Moreover, the average H/(Rn− G) was 0.16 and 
0.17 during the two growing seasons, which is lower than in other 
studies (e.g., Zhang et al., 2016; Zhu et al., 2014, 2007; Yu et al., 2020). 
The partitioning of Rn into LE and H for a vineyard area is determined by 
the irrigation practices and meteorological conditions (Spano et al., 
2004). In the study area, adequate irrigation allowed grape growth 
without water limitation, and the atmospheric evaporative demand was 
high (Fig. 2). The different energy consumption patterns of grape plants 
in different geographical locations can be attributed to the differences in 
their management practices (e.g., irrigation scheduling and planting 
density) and environmental conditions (e.g., arid advection and envi-
ronmental factors) (Baldocchi et al., 2004; Kool et al., 2016). Therefore, 
it is important to understand how influencing factors affect energy 
partitioning during the seasons. 

Fig. 10. Structural equation models for latent heat flux (LE) at the half-hourly scale over the entire growing season in 2017 (a) and 2018 (b). The blue lines represent 
significant paths (P < 0.05); the gray lines indicate non-significant paths (P > 0.05); the solid (dotted) lines indicate positive (negative) paths. The numbers are the 
standard path coefficients, and the width of the line is proportional to the path coefficient. The bar diagrams show the standardized path coefficients of the envi-
ronmental variables on LE. Abbreviations: Rn: net radiation; Ta: air temperature; VPD: vapor pressure deficit; WS: wind speed; P: precipitation; NFI: normed fit index; 
CFI: comparative fit index; RMSEA: root-mean-square error approximation. 
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4.3. Effect of arid advection on energy partitioning 

Because of the influence of arid advection induced by surface het-
erogeneities, desert-oasis agroecosystems can have a more complex 
energy budget than arid areas (Kool et al., 2018; Cheng et al., 2014; 
Zhang et al., 2016; Wang et al., 2019). Arid advection is commonly 
specified as either regional advection or local advection (Tolk et al., 
2006). Regional advection is thought to occur at kilometer-scale het-
erogeneity and can affect the entire irrigated area (Prueger et al., 2012; 
Mauder et al., 2020). Local advection originates from the adjacent 
heterogeneity at the hectometer scale in the upwind section of the crop 
field. In addition, distinct dry and wet zones within a crop field in 
ecosystems with partial canopy cover, such as row crops or orchards, can 
cause within-field advection, which occurs on a much smaller scale 
(Kool et al., 2018). There was a high probability of arid advection in our 
study area, which can be attributed to the following: 1) there is a lot of 
Gobi Desert land around the vineyard (Fig. 1a and b), especially in the 
southwest part of the vineyard (<200 m), resulting in VPD and tem-
perature gradients between the surrounding area and the vineyard; 2) 
the main wind direction corresponds to the orientation of the Gobi 
Desert (Fig. 1b); and 3) the use of gully irrigation causes within-field 
advection from the dry soil surface to the wet soil surface (Kool et al., 
2018). Arid advection can alter the partitioning of the surface energy 
budget (Lee et al., 2004; Evett et al., 2012). The advection of dry and hot 
air from a warmer to a cooler surface is known to enhance evapo-
transpiration by providing additional energy and increasing the atmo-
spheric evaporative demand (Kool et al., 2018), which was also reflected 
in our results because WS was closely related to the flow of dry air. WS 

significantly and positively affected LE through VPD and Ta (Figs. 10 
and 11). Fig. 8 shows that the energy balance residual became more 
negative with an increase in advection intensity. In addition, SEM 
analysis showed that WS had a significant positive effect on Ta. 

In this study, the contribution of arid advection to LE (Rad) varied 
greatly throughout the growing season (Fig. 7; Table 1), which explains 
the surprising highs and lows in LE (LE/(Rn− G)) and H (H/(Rn− G)) 
during 2017 and 2018, respectively. Arid advection mainly occurred at 
the fruiting stage (both frequency and intensity), which explains why 
the LE and Rn were comparable in diurnal variations during the fruiting 
stage (Fig. 5b). Moreover, Rad exceeded 50% (2017: DOY 181; 2018: 
DOY 256). These results demonstrated that the effects of arid advection 
on energy partitioning should not be ignored. This suggests that energy- 
balance-based models can underestimate evapotranspiration if they do 
not account for arid advection. The estimate of the effect of arid 
advection in this study was higher than that in croplands (4–28%; Hanks 
et al., 1971; Ding et al., 2015) and lower than that in well-irrigated al-
falfa fields in arid areas (28–90%; Prueger et al., 1996) but comparable 
to the effect of arid advection in a similar environment (1–50%; Kool 
et al., 2018; Li and Yu, 2007). This indicated that environmental con-
ditions significantly influence arid advection. It is worth noting that 
water supply, planting density, and irrigation frequency can also greatly 
affect arid advection, even in similar environments (Kool et al., 2018). 

Moreover, during the midday period, arid advection occurred 
quickly after irrigation (Fig. 9), indicating that irrigation is an important 
driving force of arid advection in arid areas (Lee et al., 2004; Zhang 
et al., 2016). The frequency and intensity of arid advection will increase 
owing to the irrigation cultivation of grape plants in the study area (Lee 

Fig. 11. Structural equation models for latent heat flux (LE) at the daily scale during the entire growing season in 2017 (a) and 2018 (b). Other details are as shown 
in Fig. 10. 
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et al., 2004). It can be seen from Fig. 9 that the intensity and duration of 
advection in the subsequent midday period (10:00–16:00) after evening 
irrigation were lower than those after morning irrigation. A previous 
study suggested that arid advection can significantly reduce water use 
efficiency (Li et al., 2007). This means that selecting a reasonable irri-
gation time should reduce the impact of increased advection on the LE 
and thus reduce water consumption (Li et al., 2007). Thus, irrigation 
should be conducted in the evening rather than in the morning in the 
study region. This may be because the surface heterogeneity at midday 
was lower with evening than morning irrigation. Without irrigation, the 
oases would gradually degenerate into deserts (Gao et al., 2002). 
Regional irrigation alters the energy balance pattern in desert regions 
and maintains the development of oasis agroecosystems. 

4.4. Environmental controls on energy partitioning at different time scales 

Environmental factors significantly affect energy partitioning (Zhu 
et al., 2014; Xie et al., 2018; Li, 2015; Li et al., 2016; Zhang et al., 2016). 
Rn directly provides available energy (LE+H); on the other hand, Rn can 
increase the leaf temperature, further increasing the transpiration rate to 
a certain limit (Chen et al., 2014). VPD is another important factor 
affecting LE, as it is an important indicator of the degree of air dryness 
and has directly affects stomatal conductance and grape plant transpi-
ration (Liu et al., 2020). Numerous studies have revealed that Rn and 
VPD are the major environmental factors affecting LE (e.g., Wang et al., 
2005; Zhang et al., 2016; Liu et al., 2019; Law et al., 2002; Li et al., 2008; 
Li, 2015), which is consistent with the results of the SEM analysis in this 
study (Figs. 10 and 11). The direct effect of VPD on the daily scale was 
greater than that on the half-hourly scale. This stems from a time lag 
between VPD and LE at the half-hourly scale (Supplementary Fig. 4), but 
this time-lag weakened at the daily scale (Supplementary Fig. 5). The 
degree of influence of Rn on LE decreased with the increasing time scale, 
and the degree of influence of VPD increased (Li, 2015). Although VPD 

directly affected LE, the total effect of Rn was greater than that of VPD, 
which is consistent with the findings of a previous study (Wang et al., 
2005). Moreover, some studies have shown that the main periods con-
trolling LE by Rn and VPD are different within a diel scale (Baldocchi, 
1994; Jia et al., 2018; Liu et al., 2021; Li, 2015), but the specific period 
and influence path remain unclear. In this study, we found that the 
diurnal variation in LE was mainly affected by VPD through a direct 
effect from 19:30 to 08:00 and by Rn through direct effects from 08:00 to 
19:30 (Fig. 12). Rn determined the energy partitioning into the LE during 
the daytime and dropped to zero at night, whereas VPD influenced plant 
transpiration by providing conditions for stomata to open or partially 
open at night (Baldocchi, 1994). Therefore, it is clear that the main 
influencing factors have differences in their influence at different 
timescales. This implies that: 1) The model builder must be aware of this 
difference when setting up the model, and the user must also be aware 
when using the model. For example, if a user uses the Priestley–Taylor 
Jet Propulsion Laboratory (PT-JPL) model to simulate daily evapo-
transpiration, fundamental errors would occur because the model was 
designed to simulate monthly evapotranspiration (Fisher et al., 2008). 
2) When revealing the potential influence of environmental factors on 
evapotranspiration or LE, an appropriate timescale should be estab-
lished, although this is not straightforward. 

The role of Ta in affecting LE is more ambiguous than that of Rn and 
VPD, and it is not always a primary controlling factor (Wang et al., 
2014). Several researchers have examined the relationship between soil 
and leaf temperatures and LE (Mellander et al., 2004; Wieser et al., 
2015). Owing to the direct effect of Ta on the VPD change, the signifi-
cant influence of Ta on LE was mainly due to its indirect effect through 
VPD, and its direct effect was not significant (Figs. 10 and 11). In 
addition, Zhou et al. (2019) found that the effect of Ta on the LE 
decreased with an increase in available water. Our study area was not 
limited by water, which may be the main reason for the low total effect 
of Ta compared with that of VPD. P maintained a weak negative effect 

Fig. 12. The average dynamic response of latent heat flux (LE) to net radiation (Rn) and vapor pressure deficit (VPD) in a diurnal cycle in 2017 (solid lines) and 2018 
(dotted lines). Di-LE represents the direct effect of i on LE; Ti-LE represents the total effect (= direct effect + indirect effect) of i on LE. The blue background indicates 
the period when the DRn-LE was greater than the DVPD-LE. Beijing Standard Time (BST) is used here. 
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on energy exchange during the two years (Figs. 10 and 11), which 
resulted from fewer rainy events. In general, LE was mainly controlled 
by radiation energy or available energy rather than water, which was 
due to the abundant irrigation in the study area (Fig. 2c and d). This 
result was consistent with α (the average values were 1.24 and 1.33 over 
the two growing seasons; Supplementary Table 1) because α>1 repre-
sents a wet surface with unrestricted water supply and available energy 
limits LE (Liu et al., 2010; Zhu et al., 2014). In addition, VWC was also 
considered in our conceptual model (Fig. 4) but not in the final model, 
which indicated that VWC had no significant impact on LE (Figs. 10 and 
11). 

The SEM results obtained in this study demonstrate the direct and 
indirect effects of various environmental factors on LE, indicating a 
significant advantage of SEM over other methods. The first step in SEM 
analysis is to establish an appropriate model based on empirical 
knowledge to use data to verify the causal hypothesis and provide an 
influence coefficient. This eliminates the shortcomings of traditional 
statistical methods, that is, the simple use of statistical methods to 
analyze problems. From the discussion presented above, it is clear that 
the results of the SEM analysis are consistent with the results of other 
methods in qualitative terms, which fully demonstrates the rationality of 
SEM. Most importantly, SEM analysis is an important step forward 
compared with other methods in that it shows the complex interaction of 
various factors on the dependent variable. The use of statistical analysis 
lies between physically based approaches and those related to artificial 
intelligence, and this study shows that there is room for this interme-
diate approach. 

5. Conclusions 

In this study, we investigated variations in energy partitioning and 
quantified the contribution of arid advection to energy partitioning at 
different phenological stages in an arid oasis vineyard in northwest 
China. Furthermore, SEM analysis was used to explore the direct and 
indirect effects of environmental factors on LE at different timescales. 
Several conclusions were drawn from this study.  

1) The energy balance components showed a typical diurnal pattern, 
with peaks that occurred at around 14:00, except for G, which had a 
peak delayed by an average of 2 h. LE was the main consumer of 
available daytime energy during the two growing seasons, even 
during the shooting and leaf-fall stages. The average LE/(Rn–G) was 
0.87 and 0.86 during the two growing seasons. The mean value of β 
(=H/LE) during the entire growing season was only 0.17 in 2017 and 
0.16 in 2018.  

2) The contribution of arid advection to the average daytime LE (with 
average values of 29% and 25% in the two years) was significant over 
the entire growing season, especially at the fruiting stage, suggesting 
that energy balance-based models can underestimate evapotranspi-
ration if they do not account for arid advection. Moreover, arid 
advection induced by irrigation could be attenuated by selecting a 
reasonable irrigation time (irrigation at night is more reasonable 
than irrigation in the morning). 

3) According to the SEM analysis, Rn had the strongest direct and pos-
itive regulation of LE at the half-hourly and daily scales, reflecting 
energy-limited conditions for LE during the growing season. 
Furthermore, Rn and VPD mainly directly affected LE; however, 
there were temporal differences in the order of their influences on LE 
at the diel scale (0:00–24:00). At the different time scales, the effects 
of environmental factors on LE showed differences, requiring both 
the model builder and the user to be aware of these differences. 

These findings promote a better understanding of eco-hydrological 
processes, enabling improved management of water resources in arid 
areas and providing a reference for simulating surface processes. 
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