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Abstract: Evaptotranspiration (ETc) is a crucial link in the farmland water cycle process. Tol accurately
obtain the citrus ETc in different slope positions, the METRIC, RSEB, and FAO Penman–Monteith
(P-M) models were constructed based on unmanned aerial vehicle (UAV) multispectral images to
invert the ETc values. The ETc of citrus calculated by the P-M model was used as a reference standard,
and the accuracy of the ETc inversion was evaluated by the METRIC model and the RSEB model.
The results showed that the R2, RMSE, and SE of the METRIC model and the RSEB model were 0.396
and 0.486, 4.940 and 3.010, and 4.570 and 2.090, respectively, indicating a higher accuracy of the RSEB
model for inverting the ETc values. Furthermore, the accuracy of the RSEB model could be improved
by introducing the optimal correction coefficient (after correction: RMSE = 1.470, SE = 0.003). Based
on the modified RSEB model, the ETc values of the citrus in different slope positions were obtained.
We also found that the middle slope ETc > the top slope ETc > the bottom slope ETc, indicating
that the slope position indeed affected the citrus ETc. This research provides a favorable framework
for the ETc inversion, and the results are of theoretical and practical importance to realize crop
water conservation.

Keywords: UAV; multispectral; citrus; different slope positions; evapotranspiration

1. Introduction

Evapotranspiration (ETc) is a crucial component of the hydrological cycle and water
resource management and plays a key role in the exchange of material and energy within
the soil–crop–atmosphere system [1,2]. ETc serves as an important indicator that reflects
the water consumption of crops, and an accurate estimation of ETc can optimize irrigation
systems and improve water resource utilization efficiency [3], which is of great significance
to the development of agriculture in China. Historically and spatially, ETc was estimated
using hydrological principles [4]. In the early 17th century, Dalton proposed a model for
calculating water surface ETc from the saturated state of water vapor pressure, which
formed the basis of ETc theory [5].

In recent years, satellite remote sensing technology has been increasingly utilized for
the estimation of ETc on a large-scale regional or global level due to its wide monitoring
scale. Researchers and scholars demonstrated that remote sensing energy balance models
using satellite data, such as the one proposed by Peng et al. [6], could be effective for
estimating ETc. However, satellite remote sensing has limitations such as low surface
resolution, susceptibility to atmospheric factors, and long revisit periods [7,8]. In contrast,
UAV remote sensing has advantages such as mobility, flexibility, portability, and low cost,
and is able to obtain high spatial and temporal resolution data in small- and medium-scale
areas, effectively addressing many issues associated with satellite remote sensing [9,10].
UAV technology for monitoring soil and vegetation information is characterized by its fast,
macroscopic, and convenient capabilities. It has been widely applied in agriculture [11].
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Therefore, based on UAV remote sensing technology, ETc models can be constructed for
farmland. Hoffmann et al. [12] applied UAVs to obtain high-resolution surface temperatures
for the TSEB and DTD algorithms to calculate surface evapotranspiration.

However, most existing remote sensing ETc models were based on satellite data, and
there is a need for more in-depth research on models based on UAV data [13,14]. Remote
sensing ETc models can be classified into mechanistic models, empirical regression models,
and spatial feature method models. Among these, mechanistic models have been the most
widely used, with single-source models, such as the SEBAL model, the S-SEBI model, and
the METRIC model [15–17], being commonly utilized. The METRIC model, proposed by
Allen et al. [18], has been widely used in many related fields due to its good fit with satellite
data and relatively accurate estimation of ETc. In contrast, multi-source models consider the
effects of soil and vegetation on ETc separately and were shown to provide better results
in areas with heterogeneous vegetation cover and varying surface environments [19].
Typical multi-source models included the SHUTTLEWORTH model, RSEB model, and
TSM model [20–22]. The RSEB model is an energy balance model designed for remote
sensing and was shown to be suitable for estimating ETc in areas with an inhomogeneous
vegetation distribution by Samani et al. [23]. Ortega-Farías et al. [24] used the RSEB model
to estimate the evapotranspiration in Brazilian olive groves.

Citrus is considered one of the most essential commercial fruits in the global market,
where the production of citrus increased substantially from 25.1 Mt to 158.5 Mt worldwide
from 1961 to 2020 [25]. China is the world’s largest citrus producer, accounting for 31% of
the global citrus planting area and 25% of the global citrus production [26]. In the western
Hubei region, citrus is the fruit tree with the largest planting area and the most important
economic status, and the citrus industry has become one of the pillar industries of rural
economic development in this region [25]. However, there were limited studies on citrus
multi-slope ETc based on UAV multispectral remote sensing data combined with the RSEB
model. Therefore, this study focused on citrus in Yichang City, utilizing a UAV remote
sensing platform equipped with a multispectral camera to carry out the ETc inversion of
multi-slope Newhall navel oranges in an experimental orchard. This study aimed to use the
FAO Penman–Monteith (P-M) model for calculating citrus ETc as a criterion and construct
a modified RSEB model with a high accuracy to achieve the fast, efficient, and accurate
ETc inversion of different slopes in a citrus orchard. The research results of this study
will provide technical support and a reference basis for the estimation of ETc in different
terrains at the regional scale using UAV remote sensing images.

2. Materials and Methods
2.1. Overview of the Experimental Area

This experiment was conducted at the Zhijiang experimental field of the Yichang
Institute of Agricultural Science, Hubei Province, at latitude 30◦58.26′ N and longitude
111◦79.05′ E, as shown in Figure 1. The fruit tree variety studied was the Newhall navel
orange, with the fruit trees spaced 4 m × 4 m apart within the 28 m × 28 m experimental
orchard. The growth of the fruit trees was generally consistent. The lowest point of the
experimental orchard was 89 m above sea level, while the highest point was at 92 m above
sea level, resulting in a height difference of approximately 3 m. The region’s climate
is classified as subtropical monsoon humid, characterized by four distinct seasons, the
simultaneous presence of water and heat, an annual frost-free period of 271 days, an
average annual rainfall of 1019 mm, and annual sunshine hours of 1895.7 h. The average
annual temperature is 16.9 ◦C, with an annual extreme maximum temperature of 39.3 ◦C,
and an annual extreme minimum temperature of −14.8 ◦C. This climate is suitable for
citrus planting and growth.
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experimental group and four spacing rows between the three groups. This layout aimed 
to minimize the impact of measurement data between each experimental group. Three 
categories for primary planting slopes of citrus—top slope, medium slope, and bottom 
slope—were established. The difference in planting height between the top slope and bot-
tom slope was approximately 3 m, with a 15° slope. Three replicates were instituted for 
each treatment to ensure result accuracy. 
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2.2. Experimental Design

From July 2022 to November 2022, the experiment involving the UAV inversion of
ETc for citrus crops in the field was divided into 10 areas, consisting of 1 calibration group
and 9 experimental groups. The average area of each section was 16 m2, and the growth
of citrus trees in each area was generally uniform, as shown in Figure 2. All factors such
as the irrigation amount, fertilizer application, fertilizer type, dosing amount, and dosing
type were consistently maintained.
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To mitigate any border influence, the experimental area was positioned in the cen-
ter of the citrus orchard, with two longitudinally aligned spacing areas of 8 m between
each experimental group and four spacing rows between the three groups. This layout
aimed to minimize the impact of measurement data between each experimental group.
Three categories for primary planting slopes of citrus—top slope, medium slope, and
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bottom slope—were established. The difference in planting height between the top slope
and bottom slope was approximately 3 m, with a 15◦ slope. Three replicates were instituted
for each treatment to ensure result accuracy.

2.3. Experimental Observation Data
2.3.1. UAV Multispectral Data

The multispectral images were captured using a drone (DJI Elf 4, DJI, Shenzhen,
China) equipped with a multispectral camera. These data were used for the METRIC
model and RSEB model, with the collected images having a resolution of 1280 × 720 pixels
and a wavelength range of 434~886 nm. The experiment was primarily conducted from
September to November, which are the two key reproductive periods of citrus: the fruit
expansion period and the period of color change and sugar increase [27,28]. The data
collection took place during sunny, windless (breeze) weather around midday, with data
being collected 8~10 times per month. The drone flew at an altitude of 70 m, at a speed of
3 m/s, along 9 flight routes, and for a duration of 15 min.

Following the acquisition of the complete raw multispectral orthoimagery of the citrus
ochard, data preprocessing was carried out. The DJI mapping software (DJI Terra 3.0.0)
was used for the atmospheric calibration, calibration, and data stitching to obtain the
full spectral image data for the day (Figure 3a). Subsequently, ENVI software (ENVI 5.3)
was utilized to process the multispectral digital information (Figure 3b–d), extract the
reflectance of the two bands of the spectrum, and calculate the vegetation index (Figure 3e).
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Figure 3. Flow chart of the spectral data extraction. Note: (a) Color composite image of the experimen-
tal area. (b) UAV multispectral image. (c) UAV multispectral image element. (d) UAV multispectral
image element data statistics (the horizontal coordinate was the DN value of the image element and
the vertical coordinate was the statistical value of the number of image elements). (e) Multispectral
data extraction table.

2.3.2. Meteorological Data

The meteorological data were from a small meteorological monitoring station, which
was located approximately 25 m from the experimental area (PH-1, Hubei Zechuan Tech-
nology Corporation, Yichang, China). These data were used for the FAO Penman–Monteith
method, METRIC model, and RSEB model.
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2.4. Mathematical Modeling
2.4.1. FAO Penman–Monteith Method

ET0 was calculated by the FAO Penman–Monteith formula [29,30]:

ET0 =
0.408∆(Rn − G) + γ 900

T+273 U2(es − ea)

∆ + γ(1 + 0.34U2)
(1)

ETC was calculated by the crop coefficient method [31]:

ETC = KCET0 (2)

where ET0 is the reference daily evapotranspiration (mm/day); Rn is the net radiation
(MJ/m2); G is the soil heat flux (MJ/m2·day); T is the average air temperature at a height of
2 m (◦C); U2 is the wind speed at a height of two meters (m/s); es is the saturated water
pressure (kPa); ea is the actual water pressure (kPa); es − ea is the difference in the saturated
water and air pressure (kPa); ∆ is the slope of the saturated water pressure curve (kPa/◦C);
γ is the humidity constant (kPa/◦C); Kc is the crop coefficient, where the experimental
crop was citrus with a surface weed cover, a tree height between 1.3 and 1.8 m, and
canopy cover of 20% of the value taken so that the coefficient value was taken as follows:
Kc = 0.85 [32,33].

2.4.2. METRIC Modeling Approach

The METRIC model derives the latent heat flux LE by calculating the relevant com-
ponents of the surface energy balance, and thus, estimates ETc using the following for-
mula [34]:

Rn − G − H = LE = ET · δρw

3600
(3)

where Rn is the net radiative flux (W/m2); G is the soil heat flux (W/m2); H is the sensible
heat flux (W/m2); LE is the latent heat flux (W/m2); ET is the hourly evapotranspiration
(mm/h); ρw is the density of water (kg/m3), where the density of water at room temperature
is 1.0 × 103 kg/m3; δ is the latent heat of evaporation (J/kg), i.e., the heat absorbed by
evaporation of 1 kg of water; and 3600 is in seconds.

Multispectral remote sensing to obtain a large amount of data and high spectral
resolution can be effective to show the characteristics of the features. The METRIC model
formulas for estimating the soil heat flux and sensible heat flux are as follows [35]:

G =
TS − 273.15

α

(
0.0038α + 0.0074α2

)(
1 − 0.98NDVI4

)
Rn (4)

H = ρCpair
∆T
rah

(5)

where Ts is the surface temperature (K); ρ is the air density (kg/m3); Cpair is the constant
pressure specific heat of air (J/(kg × k)); ∆T is the difference in air temperature (K); and rah
is the aerodynamic impedance of heat transfer (s/m).

2.4.3. RSEB Modeling Approach

The RSEB model can be used to estimate latent heat fluxes in areas where the surface
was partially covered by vegetation. It is a two-layer model, which can more accurately
characterize the surface fluxes in areas where the vegetation is not uniformly distributed
than in a single-layer model. Like the METRIC model, the RSEB model was used to
estimate the instantaneous ETc from the surface by calculating the latent heat flux LE from
the relevant components of the energy balance of the surface and then estimating the ETc,
first by calculating Rn [24]:

Rn = fr × Rnc + (1 − fr)× Rns (6)
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where Rn is the canopy net radiation component (W/m2); Rns is the soil net radiation
component (W/m2); and fr is the minimum cover, which is obtained by dividing the
vegetation and obtaining the ratio of vegetation area to total area.

Due to the large differences in albedo and surface temperature between the soil and
canopy, the net radiative components of the two were obtained separately and summed
up to obtain the total net radiative flux based on the ratio of the two. The instantaneous
values of Rnc and Rns were calculated by an equilibrium model of longwave and shortwave
radiation at the soil surface and canopy [24]:

Rnc = (1 − αc)× Rse + Lin − Loutc − (1 − εc)× Lin (7)

Rns = (1 − αs)× Rse + Lin − Louts − (1 − εs)× Lin (8)

where αs is the soil albedo; αc is the canopy albedo; Rse is the downward solar shortwave
radiation (W/m2); Lin is the instantaneous incoming longwave radiation (W/m2); Louts is the
instantaneous outgoing longwave radiation from the soil (W/m2); Loutc is the instantaneous
outgoing longwave radiation from the canopy (W/m2); εs is the soil surface thermal
emissivity; and εc is the canopy surface thermal emissivity.

The estimation method of G that introduces multispectral data can better take into
account the effect of vegetation on ETc, and the scope of application was also wider [36]. In
order to make the estimation method applicable to the field experimental environment at a
higher level, Equation (4) was chosen for the calculation of G in this experiment.

Next, the sensible heat flux was calculated using the equations shown below [37]:

H = fr × Hc + (1 − fr)Hs (9)

Hc =
ρCpair(Tc − Ta)

rc
a − ra

a
(10)

Hs =
ρCpair(Ts − Ta)

rs
a − ra

a
(11)

where Hc is the canopy sensible heat flux component (W/m2); Hs is the soil sensible heat
flux component (W/m2); ra

c is the aerodynamic impedance above the canopy (s/m); ra
a

is the aerodynamic impedance between the canopy and the reference level (s/m); ra
s

is the aerodynamic impedance between the soil and the canopy (s/m); and Cpair is the
constant-pressure specific heat of the air (J/(kg × k)).

3. Results and Analysis
3.1. Inversion of Citrus ETc Based on the METRIC Model

Based on the spectral data collected by UAV remote sensing, the METRIC model was
constructed. Using the P-M model combined with the meteorological data, the ETc of the
Newhall navel oranges during the experimental period (fruit expansion period and color
change and sugar increase period) was calculated separately, and the correlation between
the two was compared to evaluate the estimation effect of the METRIC model. The results
are shown in Figures 4–6. The ETc values of different slopes inverted by the METRIC
model were one-way ANOVA analyzed and correlation analyzed using SPSS 23 software
(IBM SPSS Statistics 23) and were multiply compared using Duncan’s test, where different
lowercase letters represent significant differences in the ETc values of different slopes at the
p < 0.05 level, and the standard deviations were calculated, as shown in Figure 6.
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Figure 4 depicts the ETc change process of the Newhall navel oranges in two growth
periods simulated using the METRIC model and P-M formula (average ETc of the whole
experimental area). The lowest value of ETc estimated based on the METRIC model was
2.30 mm/d during the color change and sugar increase period, while the highest value was
11.98 mm/d during the fruit expansion period.

Figure 5 presents the results of ETc calculated by the two methods to establish univari-
ate linear regression model. The resulting coefficient of determination (R2) was 0.396, the
root-mean-square error (RMSE) was 4.940, and the systematic error (SE) was 4.570. This
indicated that using the METRIC model to calculate the ETc of the Newhall navel orange
had a larger error, and there was a significant difference in the values of the ETc estimated
by the two methods.

From the ETc space shown in Figure 6, the average ETc in the mid-slope treatment
was the highest at 8.33 mm/d, followed by the low-slope treatment at 8.28 mm/d, and the
smallest in the high-slope treatment at 8.21 mm/d. The differences were relatively small,
indicating a stable state in the daily average ETc of citrus under the three treatments. The
overall trend of daily ETc estimated by the two methods used in this study was basically
the same, except for differences in some extreme values between the two growth periods
of citrus.
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3.2. Influence Factor Analysis of ETc Based on METRIC Model

Based on the METRIC model, the relationship between ETc and each influencing
factor was analyzed, and the results are shown in Table 1. Evapotranspiration showed a
high negative correlation with wind speed (R2 = 0.584). Higher wind speed attenuates
the energy of shortwave radiation and reduces the energy of water molecule transport,
thus affecting the evapotranspiration. On the other hand, the correlation between ETc
and temperature was poor (R2 = 0.234), showing a positive correlation. The appropriate
wind speed for dispersing the crop-saturated air had a greater effect on ETc than the
temperature enhancement.

Table 1. Summary of each influence factor of the METRIC model.

Factor Relevant Formula R2 Relevance

Air velocity y = −0.2426x + 4.4457 0.5844 Negative correlation
Temp y = 0.6678x + 16.366 0.2338 Positive correlation

Net radiation y = 2.1154x + 580.92 0.4371 Positive correlation
Shortwave radiation y = 2.4274x + 704.02 0.4216 Positive correlation

Uplink longwave radiation y = 3.3202x + 337.26 0.2324 Positive correlation
Downlink longwave radiation y = 2.6729x + 259.51 0.2324 Positive correlation

Vegetation cover index y = 0.0009x + 0.8027 0.0359 Positive correlation
Aerodynamic roughness y = −0.0816x + 1.3083 0.5575 Negative correlation
Aerodynamic Impedance y = 0.6987x + 2.5427 0.8657 Positive correlation

Note: x represents ETc, y represents each impact factor.

When comparing the relationship between the four types of radiation and the amount
of ETc, the net radiation (Rn) and shortwave radiation (Rs) had the greatest impacts on
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ETc (R2 = 0.437 and 0.422, respectively), whereas upward longwave radiation (RL↑) and
downward longwave radiation (RL↓) had relatively smaller impacts (R2 = 0.232). This was
attributed to the different roles of each type of radiation. Rn is the combination of two
types of radiation (Rns and Rnl). RL↑ represents the energy emitted to the atmosphere by
the Earth’s surface after absorbing shortwave radiation, which has a relatively small effect
on evaporation. Conversely, RL↓ represents the energy emitted by the atmosphere that is
received again by the Earth’s surface; although it also directly provides energy to the ETc
process, it has little effect due to its instability and the relatively small energy provided.

Next, the correlations of indirectly influenced factors, such as the vegetation in-
dex (NDVI), aerodynamic roughness (zo), and aerodynamic impedance (rah), were an-
alyzed. As shown in Table 1, the correlation between NDVI and ETc was extremely low
(R2 = 0.036). In contrast, the correlation of zo and rah with ETc was highly significant
(R2 = 0.558 and 0.866, respectively). zo exhibited a negative correlation with ETc, while rah
showed a positive correlation with ETc. A larger rah makes it more difficult for heat to rise
to the atmosphere above the canopy, causing more heat to remain at the surface below the
canopy and resulting in increased ETc.

Unlike the P-M formula, the METRIC model was constructed by incorporating addi-
tional parameters related to the wind speed, such as zo and rah, the results are shown in
Table 2. This led to an increased sensitivity to the wind speed factor and reduced sensitivity
to the temperature. While the formula does not explicitly describe the water vapor pressure
difference, the saturated water vapor pressure is a function of temperature. Therefore,
a linear fit of the water vapor pressure difference to the METRIC model revealed a low
correlation (R2 = 0.339).

Table 2. Comparison table of the two models.

Model (R2)
Factor Air Velocity Temp Net Radiation

Vapor Pressure
Difference

P-M formula 0.3102 0.8017 0.5367 0.8272
METRIC model 0.5844 0.2338 0.4371 0.3388

3.3. Inversion of Citrus ETc Based on the RSEB Model

Based on the UAV spectral remote sensing data, the RSEB model was constructed to
estimate the ETc of the citrus orchard. The effectiveness of the RSEB model was assessed by
comparing it with the ETc data calculated by the P-M model. The optimal model was then
derived by comparing it with the METRIC model. The results are shown in Figures 7–10.
The ETc values of different slopes inverted by the RSEB model were one-way ANOVA
analyzed and correlation analyzed using SPSS 23 software and were multiply compared
using Duncan’s test, where different lowercase letters represent significant differences in
the ETc of different slopes at the p < 0.05 level, and the standard deviations were calculated,
as shown in Figure 10.

Figure 7 illustrates the changes in ETc of the Newhall navel oranges during the
two growth periods, as estimated by the RSEB model and P-M formula. The lowest value
of ETc based on the RSEB model was 0.63 mm/d at the end of the color change and sugar
increase period (close to the fruit-picking period), with the highest value being 10.35 mm/d
during the fruit expansion period.

In Figure 8, the univariate linear regression model for the ETc results calculated by
the two methods is presented, yielding a simulation effect of the two methods (R2 = 0.486)
with a regression equation of y = 0.4357x + 1.1836. The root-mean-square error (RMSE) was
3.010, and the systematic error (SE) was 2.090.
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Figure 10. Average RSEB ETc for each treatment. Note: Different lowercase letters represent signifi-
cant differences in ETc at the p < 0.05 level for different slopes.

Figure 9 indicates a clear difference in the values of the ETc estimated by the three
methods. The values estimated by the METRIC model were much larger than those
estimated by the remaining two methods, while the values estimated by the RSEB model
were closer to the results calculated by the P-M formula. Consequently, the RSEB model
was a better choice than the METRIC model for estimating the ETc in citrus zones using
UAV multispectral remote sensing.

In Figure 10, the average ETc of the different experimental treatments was the highest
at the mid-slope position (5.82 mm/d), followed by the high-slope position (5.81 mm/d)
and lowest at the low-slope position (5.78 mm/d). Overall, the mean ETc was relatively
stable across the three different treatments, which was consistent with the conclusion of
the METRIC model. However, the RSEB model exhibited a more pronounced response
to the influence of the surrounding environment, reflecting a more realistic estimation
of the mean ETc among the different treatments of citrus crops. During the two growth
periods of the experiment, the values of the daily ETc estimated by the RSEB model and
P-M formula were very close to each other. Most of the time, the ETc values estimated by
the P-M formula were smaller than those estimated by the RSEB model. However, at the
end of the color change and sugar increase period and close to the fruit picking period,
the values alternated. This could be attributed to the decrease in the water dependence of
the mature citrus fruit and the temperature decrease had a great impact on the estimation
of the RSEB model. Fitting ETc using the two models and the P-M formula, respectively,
where the RSEB model and the P-M formula fitted ETc with higher correlation. The results
are shown in Table 3.

Table 3. Fitting ETc using the two models and the P-M formula.

Model Regression Equation R2 RMSE SE

RSEB model y = 0.4357x + 1.1836 0.486 3.010 2.090
METRIC model y = 0.4996x − 0.4241 0.396 4.940 4.570
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3.4. Influence Factor Analysis of ETc Based on the RSEB Model

The effectiveness of the impact factors was first analyzed in terms of the basic me-
teorological factors, which were used to explore the reason why the RSEB model fit the
P-M formula better than the METRIC model. The basic meteorological factors included
temperature, wind speed, and radiation. Unlike the P-M formula and the METRIC model,
the RSEB model had a very detailed classification of temperature, which was divided
into the atmospheric temperature Ta (the same as that used in the P-M formula), surface
temperature Ts (the same as that used in the METRIC model), and canopy temperature Tc,
which was unique to the RSEB model. The results of fitting the basic meteorological factors
were as follows: The R2 for wind speed was 0.282. The linear relationship was negatively
correlated, which was close to the results of the previous subsection, but the wind speed
factor had a much smaller effect on the RSEB model than on the METRIC model.

Comparing the three temperature and ETc fits, Ta, Ts, and Tc had different fits (the R2

values were 0.770, 0.258, and 0.348, respectively), with Ta having the highest effect on the
ETc value, which was close to the P-M formula. This indicated that the temperature factor
had the same effect on the RSEB model as that of the P-M formula. Comparing the three
kinds of radiation and ETc values, the fit of emitted longwave radiation was much better
than that of soil-emitted longwave radiation and canopy-emitted longwave radiation (the
R2 values were 0.756, 0.260, and 0.355, respectively), the results are shown in Table 4. The
fit of the ETc values of the P-M formula to the emitted longwave radiation values yielded a
better fit (R2 = 0.562), which indicated that radiation was also a major influence factor of
the P-M formula and the RSEB model. The effect of the temperature factor on the RSEB
model was consistent with that of the P-M formula and both were positively correlated in
the same way.

Table 4. Summary of factors associated with the RSEB model.

Factor Relevant Formula R2 Relevance

Air velocity y = −0.2476x + 4.452 0.282 Negative correlation
Air temperature y = 2.2004x + 9.8376 0.7695 Positive correlation

Surface temperature y = 0.5525x + 18.689 0.2582 Positive correlation
Canopy temperature y = 1.0875x + 290.46 0.3475 Positive correlation

Net radiation y = 1.129x + 717.57 0.1471 Positive correlation
Radiate longwave radiation y = 9.8418x + 272.94 0.7561 Positive correlation

Longwave radiation from the soil y = 2.4396x + 307.68 0.26 Positive correlation
Longwave radiation from

the canopy y = 6.2044x + 382.73 0.3546 Positive correlation

Note: x represents ETc, y represents each impact factor.

The fits of the two most important factors affecting ETc, H sensible heat flux and G
soil heat flux, were analyzed. Through Table 5, we found that the RSEB model fitted well
to the H sensible heat flux (R2 = 0.999) and less well to the G soil heat flux (R2 = 0.394).
This finding was completely opposite to the P-M formula, which showed a fit to H of
R2 = 0.493 and fit to G of R2 = 0.851. Both fits were not optimal, and there was some error
in the estimates.

Table 5. Summary of key factors of variation.

Model Sensible Heat Flux H Soil Heat Flux G

RSEB model 0.9992 0.3936
P-M formula 0.4928 0.8511

3.5. Inversion of ETc from Citrus Orchard

The RSEB model, which yielded higher results in the three precision validations, was
chosen as the primary model for ETc in citrus zones. However, the precision was not
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satisfactory based on the evaluation results of the three precision validation indicators.
Therefore, the RSEB model was revised to ensure that the inversion results were more
reliable and accurate compared with the original. The specific revisions are shown in
Table 6.

Table 6. Accuracy verification index table of different correction models.

Correction Model R2 RMSE SE

RSEB 0.486 3.010 2.090
0.7 RSEB 0.486 1.590 0.350
0.65 RSEB 0.486 1.490 0.060
0.6 RSEB 0.486 1.450 −0.230
0.64 RSEB 0.486 1.470 0.003
0.63 RSEB 0.486 1.460 −0.050

The results in Table 6 represent the ETc results calculated by RSEB multiplied by
several conversion factors of 0.70, 0.65, 0.64, 0.63, and 0.60 before comparing them with
the standard values. Where R2 represents no change in the degree of fit, the RMSE and SE
values were significantly decreased, indicating that the corrected fit was improved. Since
there was not much difference in the RMSE after the correction of several conversion factors
of 0.65, 0.64, 0.63, 0.60, the final correction factor of 0.64 was chosen since it had the smallest
systematic error (SE).

Using the modified RSEB model (0.64 RSEB) in a time series, the four trees were
divided into a group of nine sets of three different treatments, and the results of the
inversion of ETc from citrus fields in the top slope treatment (No. 13, No. 2, No. 20), the
medium slope treatment (No. 1, No. 23, No. 10), and the bottom slope treatment (No. 24,
No. 12, and No. 3) are shown in Figures 11–13.
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Figure 11. Top slope treatment.

The inversion of ETc of citrus on different slopes was realized by using UAV multi-
spectral remote sensing with the RSEB model and simple corrections. It was evident that
the ETc of crops under the same treatment was generally consistent and decreased with
time, with some variations in specific values. Notably, the ETc value of the medium slope
treatment was 3.745 mm/d greater than that of the high-slope treatment and 3.747 mm/d
greater than that of the low-slope treatment due to the vigorous growth of weeds. The
average ETc of the top slope treatment was 0.063 mm/d more than that of the bottom slope
treatment, indicating that the ETc varied greatly when there was a difference in the amount
of weed cover. Conversely, the height of the slope did not significantly impact the ETc,
suggesting that the effect of weeds should be carefully considered when planting mandarin
oranges in the field. Timely weeding is crucial, as excessive weeds could consume more soil
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water content, leading to insufficient irrigation for the mandarin oranges, and subsequently
causing a decrease in fruit quality. When setting up the citrus field trial treatments, strict
control over the weed coverage, height, and species is essential. The next step could involve
quantifying the weed coverage, allowing for more accurate and controlled trial results.
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4. Discussion

In this study, by comparing the inversion accuracy of two models, METRIC and RSEB,
it was found that the RSEB model performed better. Overall, the inversion accuracy of
the two models needed to be improved, which might have been due to the existence of
artificial errors in the actual measurement process, and a sudden change in the weather
could also make the meteorological data have errors [38], which, in turn, affected the
verification accuracy of the P-M formula. In this study, only two of the more commonly
used energy balance models were selected, and the accuracy of more models still needs
to be subsequently verified. In addition, Liu et al. pointed out that eliminating the soil
background is the key to obtaining accurate canopy spectral information [39]. Therefore,
subsequent experiments should enhance access to citrus spectral data to further validate
this idea. In this study, only multispectral remote sensing data were used to invert citrus
evapotranspiration, and thermal infrared remote sensing fused with multispectral remote
sensing will be used to further verify the inversion accuracy in the later stage.

This experiment was conducted during two critical growth periods, the fruit expansion
stage and the color change and sugar increase stage, while it was crucial for guaranteeing
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the quality of citrus fruit and water-saving irrigation to meet the water consumption of
citrus in all growth periods using precise irrigation [40], and the subsequent research will
be carried out on the ET of citrus throughout the whole growth period.

In this specific experiment, the evapotranspiration was not significantly affected by
the height of the slope, where the evapotranspiration was the largest in the middle slope,
which may have been caused by the larger weed cover in this slope. In further citrus field
experiment treatment settings, there should be strict control over the weed cover, height,
and species, and thus, the next step can include a quantitative assessment of the weed cover
so that the results of the experiment will be more accurate and controlled. Alternatively,
research could be conducted specifically on the effects of different weed covers on citrus
evapotranspiration.

5. Conclusions

(1) The ETc of the Newhall navel oranges in the citrus orchard was estimated using the
METRIC model, where the lowest values occurred during the color transition and sugar
enhancement period, and the highest values occurred during the fruit expansion period.
Among the different treatments, the mean ETc was the highest in the mid-slope treatment,
followed by the low-slope treatment, and lowest in the high-slope treatment. The accuracy
of the ETc estimation using the METRIC model was verified against the P-M model, with
R2 = 0.396, RMSE = 4.940, and systematic error (SE) = 4.570.

(2) The estimation of the ETc of Newhall navel oranges in the citrus orchard using the
RSEB model revealed the lowest value during the color transition and sugar enhancement
period, and the highest value during the fruit expansion period. Among the different
treatments, the mean ETc was highest in the mid-slope treatment, followed by the high-
slope treatment, and lowest in the low-slope treatment. The accuracy of the ETc estimation
using the RSEB model was verified against the P-M model, with R2 = 0.486, RMSE = 3.010,
and systematic error (SE) = 2.090. The RSEB model inversion was found to be better than
that of the METRIC model.

(3) The optimal modification coefficient of the RSEB model was determined to be 0.64.
After the modification, RMSE = 1.470, SE = 0.003, and R2 remained unchanged, resulting
in more accurate and reliable calculation results. Based on the corrected RSEB model
for the ETc inversion in citrus zones, the mean ETc in the medium slope treatment was
3.745 mm/d higher than that in the high-slope treatment, and 3.747 mm/d higher than that
in the low-slope treatment, with the high-slope treatment being 0.063 mm/d higher than
the low-slope treatment.

In this study, by using multispectral remote sensing by UAV, constructing the RSEB
model, and correcting key parameters, we could realize rapid and accurate estimation of
the citrus ETc for different slopes. This can provide theoretical and technical support for the
study of the citrus water–heat cycle in farmland and the formulation of irrigation systems.
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34. Castellví, F.; Suvočarev, K.; Reba, M.L.; Runkle, B.R. A new free-convection form to estimate sensible heat and latent heat fluxes
for unstable cases. J. Hydrol. 2020, 586, 124917. [CrossRef]

35. Yang, C.; Wu, T.; Hu, G.; Zhu, X.; Yao, J.; Li, R.; Zhang, Y. Approaches to assessing the daily average ground surface soil heat flux
on a regional scale over the Qinghai-Tibet Plateau. Agric. For. Meteorol. 2023, 336, 109494. [CrossRef]

36. Kustas, W.P.; Daughtry, C.S.T. Estimation of the soil heat flux/net radiation ratio from spectral data. Agric. For. Meteorol. 1990, 49,
205–223. [CrossRef]

37. Sánchez, J.M.; López-Urrea, R.; Rubio, E.; González-Piqueras, J.; Caselles, V. Assessing crop coefficients of sunflower and canola
using two-source energy balance and thermal radiometry. Agric. Water Manag. 2014, 137, 23–29. [CrossRef]

38. Ukhurebor, K.E.; Azi, S.O.; Aigbe, U.O.; Onyancha, R.B.; Emegha, J.O. Analyzing the uncertainties between reanalysis meteoro-
logical data and ground measured meteorological data. Measurement 2020, 165, 108110. [CrossRef]

39. Liu, S.; Jin, X.; Bai, Y.; Wu, W.; Cui, N.; Cheng, M.; Yin, D. UAV multispectral images for accurate estimation of the maize LAI
considering the effect of soil background. Int. J. Appl. Earth Obs. Geoinf. 2023, 121, 103383. [CrossRef]

40. Segovia-Cardozo, D.A.; Franco, L.; Provenzano, G. Detecting crop water requirement indicators in irrigated agroecosystems from
soil water content profiles: An application for a citrus orchard. Sci. Total Environ. 2022, 806, 150492. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.hpj.2023.07.001
https://doi.org/10.1016/j.compag.2023.108357
https://doi.org/10.1016/j.agwat.2020.106491
https://doi.org/10.1016/j.jhydrol.2022.127483
https://doi.org/10.1016/j.jhydrol.2021.127414
https://doi.org/10.1080/01431161.2023.2195574
https://doi.org/10.1016/j.agwat.2019.105838
https://doi.org/10.1016/j.jhydrol.2020.124917
https://doi.org/10.1016/j.agrformet.2023.109494
https://doi.org/10.1016/0168-1923(90)90033-3
https://doi.org/10.1016/j.agwat.2014.02.002
https://doi.org/10.1016/j.measurement.2020.108110
https://doi.org/10.1016/j.jag.2023.103383
https://doi.org/10.1016/j.scitotenv.2021.150492

	Introduction 
	Materials and Methods 
	Overview of the Experimental Area 
	Experimental Design 
	Experimental Observation Data 
	UAV Multispectral Data 
	Meteorological Data 

	Mathematical Modeling 
	FAO Penman–Monteith Method 
	METRIC Modeling Approach 
	RSEB Modeling Approach 


	Results and Analysis 
	Inversion of Citrus ETc Based on the METRIC Model 
	Influence Factor Analysis of ETc Based on METRIC Model 
	Inversion of Citrus ETc Based on the RSEB Model 
	Influence Factor Analysis of ETc Based on the RSEB Model 
	Inversion of ETc from Citrus Orchard 

	Discussion 
	Conclusions 
	References

