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Abstract: Due to the proliferation of precision agriculture, the obstacle of estimating evapotranspira-
tion (ET) and its components from shadow pixels acquired from remote sensing technology should
not be neglected. To accurately detect shaded soil and leaf pixels and quantify the implications of
shadow pixels on ET inversion, a two-year field-scale observation was carried out in the growing
season for a pinot noir vineyard. Based on high-resolution remote sensing sensors covering visible
light, thermal infrared, and multispectral light, the supervised classification was applied to detect
shadow pixels. Then, we innovatively combined the normalized difference vegetation index with the
three-temperature model to quantify the proportion of plant transpiration (T) and soil evaporation
(E) in the vineyard ecosystem. Finally, evaluated with the eddy covariance system, we clarified
the implications of the shadow pixels on the ET estimation and the spatiotemporal patterns of ET
in a vineyard system by considering where shadow pixels were presented. Results indicated that
the shadow detection process significantly improved reliable assessment of ET and its components.
(1) The shaded soil pixels misled the land cover classification, with the mean canopy cover ignoring
shadows 1.68-1.70 times more often than that of shaded area removal; the estimation accuracy of ET
can be improved by 4.59-6.82% after considering the effect of shaded soil pixels; and the accuracy can
be improved by 0.28-0.89% after multispectral correction. (2) There was a 2 °C canopy temperature
discrepancy between sunlit leaves and shaded leaves, meaning that the estimation accuracy of T can
be improved by 1.38-7.16% after considering the effect of shaded canopy pixels. (3) Simultaneously,
the characteristics showed that there was heterogeneity of ET in the vineyard spatially and that E and
T fluxes accounted for 238.05 and 208.79 W-m 2, respectively; the diurnal variation represented a
single-peak curve, with a mean of 0.26 mm/h. Our findings provide a better understanding of the
influences of shadow pixels on ET estimation using remote sensing techniques.

Keywords: vineyard; evapotranspiration; shadow pixel; UAV; remote sensing

1. Introduction

As one of the characteristic economic fruits in Northwest China, grape has high
economic value [1,2]. However, grape yield has been negatively affected by drought and
high evapotranspiration (ET) [3]. On the one hand, the spatial and temporal patterns of
precipitation are uneven, with more rainfall concentrated in summer and less in spring,
which has a serious impact on the quality of grape [4]. Thus, irrigation is used by growers
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to alleviate environmental constraints. Evapotranspiration is composed of soil evaporation
(E) and plant transpiration (T), which is an important component of energy and water
balances in farmland ecosystem [5]. ET is the main method of agricultural water dissipation,
especially in the arid inland river basin. Rosenberg et al. [6] reported that more than 90% of
water resources return to the atmosphere through ET after precipitation reaches the ground,
and it was further demonstrated that T accounted for about 57.2% of terrestrial ET [7], both
of them indicating that it is critical to accurately estimate crop water consumption. In the
soil-plant-atmosphere continuum, crops absorb irrigation water through their roots and
lose water to the atmosphere though transpiration [8]; accurate quantification of T can
provide a basis for making irrigation schemes and developing precision agriculture.

In recent years, measurement of grape transpiration has certainly garnered a lot of
attention. Conventional methods such as crop coefficient method [9,10] and equilibrium
Bowen ratio—energy method [11] have ineluctable flaws. Among them, the determination
of grape transpiration using either the single-crop coefficient method or the double-crop
coefficient method is affected by crop growth conditions, meteorological factors, and so
forth, and the estimation effect of different growth stages fluctuates greatly [4] and has
been reported to be underestimated by about 17% [12]. The equilibrium Bowen ratio—-
energy method is based on the exchange of water and heat on the underlying surface [11]
and is widely applied due to few parameters needing to be measured, but its accuracy is
greatly affected by the underlying surface, soil conditions, and the use of instruments [13].
More importantly, neither method can accurately estimate the actual water consumption
within the regional scope. As discussed above, it can be seen that traditional methods
no longer meet the precision requirement of regional crop transpiration rate estimation
in the farmland microclimate environment [14]. Currently, there are few studies on the
water consumption of vineyard transpiration at the spatial scale because most existing
studies focus on the temporal scale [4,11,12], precisely reflecting that estimating the spatial
heterogeneity of vineyard evapotranspiration is still a source of concern.

As for the limitation of using “point” observation instead of “region” observation in
the traditional estimation method of evapotranspiration, Brown et al. [15] used thermal
infrared (TIR) remote sensing (RS) to establish a crop impedance-evapotranspiration
model based on the principle of crop impedance and energy balance, which overcame
this shortcoming and became the theoretical basis for the application of thermal infrared
remote sensing to an evapotranspiration model [16]. RS has the superiorities of accuracy,
wide observation range, and visualization, especially with the development of handheld
imagery [17] and unmanned aerial vehicle (UAV) imagery [18,19]. Remote sensors such
as regular RGB (red, green, blue), thermal infrared, and multispectral imaging cameras
were placed on a UAV to collect high-resolution data of the Earth’s surface in a field-scale
trial, making it possible for regional crop transpiration data to be successfully retrieved by
combining this technique with a model. Among them, the most prominent approach is the
two-layer model, which can divide vegetation and soil into two independent parts [20]. For
example, the three-temperature model (3T model) has been proposed to estimate ET and
its components by Qiu et al. [14,21,22]. This model contains fewer parameters, and these
parameters are easy to obtain with RS or a meteorological station; additionally, the concepts
of imitation dry soil and imitation canopy have been introduced to avoid difficulties with
data acquisition such as aerodynamic impedance [22], implying the wide feasibility and
applicability in E and T quantifications [23-26].

In calculations using the two-layer model, E and T are calculated, respectively, so the
coupling law between transpiration and evaporation can be better described. However,
suffering from issues with the shaded soil or canopy, the actual situation of ET inversion
based on TIR is more complicated and greatly hinders the feedback of thermal informa-
tion [27-29]. Multiple studies have made a lot of contributions to remove these shaded
pixels. For example, based on UAV RS, Bellvert et al. [30] and Ortega-Farias et al. [20]
considered how mixed pixels and shaded soil pixels may affect the information in an image,
and only pure canopy vegetation pixels were selected, but the mechanism of shaded soil



Remote Sens. 2022, 14, 2259

3 0f20

from the TIR information remained unclear. On the other side, the inner shaded canopy
pixels cannot be detected when the TIR imagery is captured on the canopy, resulting in
mixed pixels. In this regard, Miura et al. [31] and Heiskanen et al. [32] defined a specific
wavelength range as the shadow but could not separate shaded canopy from shaded soil;
Tomas et al. [29] proposed a methodology for the automatic coregistration of thermal and
multispectral images to remove shadow canopy pixels, but the crop transpiration difference
between the shaded canopy and sunlit canopy was difficult to distinguish on an aviation
scale. Meanwhile, the performance of four different shadow detection methods in UAV
imagery has been detected, and results concluded that the supervised classification method
had the best performance [33]. Hence, to identify the influence of shaded soil and shaded
canopy pixels on vineyard ET estimation, a combined technique using ground-based and
UAV-based thermal infrared was applied in this study.

The objectives in this study are to (1) evaluate the influences of shaded soil on the
quantification of vineyard E and T based on UAV remote sensing, (2) investigate the
differences of T in shaded canopy and sunlit canopy based on ground TIR imagery, and
finally (3) quantify the spatiotemporal characteristics of vineyard transpiration using UAV-
based and ground-based TIR remote sensing combined with the 3T mode.

2. Materials and Methods
2.1. Experimental Design

The study was carried out during the 2019 and 2020 growing seasons in a vineyard at
the Mogao winery (37°49' N, 102°52" E, elevation 1588 m) located in Liangzhou District,
Wuwei City, Gansu Province, Northwest China (Figure 1). This region typically has a
temperate and arid climate. With rare rainfall but intensive evaporation, the average annual
precipitation and the average annual surface evaporation are approximately 182 mm and
2200 mm, respectively. The mean annual temperature is around 8 °C; the solar-thermal
resources in this area are abundant, with more than 3000 h of annual sunshine duration;
and the annual frost-free period is more than 150 days [34]. The natural condition of this
station is optimum for the growth of grapes.

Experimental site (Mogao winery) The EC system
Figure 1. Location of the experimental site.

The experimental plot measuring 12.6 ha in area was a pinot noir (Vitis vinifera L.)
commercial vineyard, which was planted from 2014. The distances of row spacing and
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plant spacing were 3.3 m and 0.5 m, respectively, and the vineyard was a sparse vegetation
ecosystem, with no vegetation cover between the vines except for bare soil. The vineyard
used drip irrigation, which was carried out by a pipe suspended 0.4 m above the ground.
Each pipe was covered with emitters, and the distance between the emitters was 0.4 m;
meanwhile, the flow rate of the emitters was 3 L/h. The grape growth season was from the
bud in late April until the decline of the leaf in late September, and the grapes were usually
harvested in mid-September. Field work such as pruning, weeding, and ploughing was
carried out in time to ensure the growth of the grapes.

2.2. Data Acquisition and Processing
2.2.1. Remote Sensing Data Acquisition

The remote sensing observations yielded visible and thermal images of grape, which
were obtained from the aeronautic and ground scale in this study (Figure 2). The mea-
surements were conducted on 6 June, 6 July, 12 July, 16 July, 22 July 2019, and 26 June,
7 July, 8 July, 28 July, 13 August, and 18 August 2020, and UAV-based observations only
were collected at 13:00 h. The experiment days were cloudless, and the wind speed was
lower than 8 m-s—1, which were suitable conditions for data collection. Each capture had
more than two replicates for both the UAV-based and ground-based observations, and the
best-quality images were singled out for further analysis.

e
/ DJI M600 Pro

(bl) (c1)

‘/:luke TiX620

(b2) (a4)

(b3)

Figure 2. The observation of experimental plot based on UAV and ground remote sensing:
(a1)—(a5) the visible-light, (b1)—(b3) thermal infrared, and (c1) multispectral images of vineyard.
Specially, (a4,a5) are the RBG images of imitation canopy and imitation dry soil (see Section 2.3.1).
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For the UAV-based observation, a six-axis aerial vehicle platform (D]JI Matrice 600 Pro)
loaded with a cloud-borne camera (DJI Zenmuse Z3), TIR camera (FLIR Vue Pro 640)
and multispectral camera (MicaSense RedEdge-MX) was used to collect the RGB, thermal
infrared, and multispectral images of the vineyard (Figure 2(al,bl,c1)). The digital camera
had a high level accuracy of +0.03°; the thermal infrared camera had a measurement
wavelength range from 7.5 to 13.5 um, with a sensitivity and lens focal length of 0.05 °C
and 19 mm, respectively. The multispectral camera contained five spectral bands (blue,
green, red, red edge, and near-infrared) and took pictures once per second. Meanwhile, the
spatial resolution of the visible-light, TIR, and multispectral cameras was 640 x 512 pixels,
12 million pixels, and 8 cm/pixel at 120 m, respectively. In order to prevent the sensors
from being damaged by the sun during flight, the cameras were set to shoot vertically from
the ground. The classification of vegetation, bare soil, and shaded soil in the images was
distinct, as presented in Figure 2(al). The UAV had a horizontal and vertical hovering
accuracy of £1.5 m and 0.5 m, respectively.

For the ground-based observation, a handheld TIR imager was used to capture both
high-resolution thermal infrared and RGB images at 1.5-2 m above the grape canopies
(Fluke IR Flex Cam TiX620, Fluke Corp., Everett, WA, USA). The imager had two cameras to
collect images: a visible-light camera and a high-resolution TIR camera, as demonstrated in
Figure 2. The visible-light digital camera had a spatial resolution of 8 megapixels and up to
32 times digital zoom; the TIR image sensor had a spatial resolution of 640 x 480 pixels and
had an accuracy, sensitivity, and measuring wavelength of +2 °C, 0.05 °C, and 7.5-14 um,
respectively. Finally, the emissivity and background temperature for the grape canopies
were set to 0.95 and 22.0 °C, respectively [17,35].

2.2.2. Meteorological Data Acquisition

A four-component net radiometer (Kipp & Zonen CNR4, Delft, The Netherlands) and
the Bowen ratio system were used to collect the radiation data (i.e., net longwave and net
shortwave radiation) with a data recording frequency of 5 min, and then the measurements
were used to calculate the net surface radiation flux (R, Equation (7)). Meanwhile, a
standard automatic weather station (HOBO H21001, Onset Computer Corp., Cape Cod,
MA, USA) continuously measured meteorological data, such as air temperature (T,) and
precipitation (P), and the data recording frequency was 15 min.

During the experiment, the total precipitation of every growing season recorded was
about 131.6 mm, indicating that the growth of grapes depended on irrigation. The R, and
T, increased in the morning and then decreased after midday (Figure 3). Moreover, it can
be seen that the Ry, reached its maximum value at noon, but there was an obvious lag in the
air temperature, the T,, which reached its peak after a certain accumulation of energy. Both
of them jointly affected the transpiration rate of vegetation.

35 1200
30 1 1000
2 800 —
O 20 ‘
3“-/ 600 ;
S 15 F =
10 L 400 3
5 200
0 HHHHHHHHHHH HHHHHH HH HHHHHH 0
16 ‘ 22 26 7 28 13 18
July ' July | June ! July ' July 'August' August
2020
Date

Figure 3. The diurnal variations of air temperature (T,) and net radiation (R,) in the
investigation days.
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2.2.3. Eddy Covariance

The eddy covariance (EC) open-flux system was set up in the vineyard, and its position
is indicated in Figure 1. An EC tower was installed at the center of the grape ridges, and
the height of the grape canopy was about 1.13-1.42 m from the ground. Therefore, in order
to fully measure the water—carbon flux above and below the canopy, the erection height
of the EC tower was 4 m, and the sampling frequency and the interval of data recording
were 10 Hz and 30 min, respectively. The system included an open-circuit CO,/H,0O
infrared gas analyzer (LI-COR Inc., Lincoln, NE, USA) with high-speed, high-precision,
and non-dispersive features that can accurately measure the density of carbon dioxide
and water vapor in turbulent air for subsequent validation. The observation data were
collected by a CR5000 data collector (Campbell Company, Camden, NJ, USA) with the
same frequency and timescale.

2.3. Methods
2.3.1. ET Remote Sensing Estimation Method
3T Model

The transpiration rate of grape was estimated using the 3T model, which is a two-
source evapotranspiration method for estimating evapotranspiration and its components
of soil evaporation and vegetation transpiration based on the idea of land—surface energy
balance [14,21,36,37]. The key parameters required by this method include land surface
temperature, imitation surface temperature, air temperature, net radiation, and soil heat
flux. The aerodynamic impedance, which is difficult to retrieve using remote sensing, was
eliminated, meaning that the application was convenient and the stability was high. This
approach has been extensively applied in arid and semiarid areas with a modeled absolute
error and a relative error of 0.08 mm/d and 10.67%, respectively, in the Heihe River Basin
area [35], compared with flux tower ET.

Since this is a mature model and the theory has been described in detail by previous
studies [14,24], only a brief description of the plant transpiration and soil evaporation
calculation models to calculate T and E, respectively, are presented here.

When vegetation covers the land, the equation to calculate the T in the 3T model can
be expressed as follows:

LT = Rn, c—He (1)

where the LT is the latent heat flux consumed by the transpiration of grape (W-m~2) and L
is the vaporization latent heat with a constant of 2.45 x 10° W-m~2-mm~!. Furthermore,
H_ is the grape sensible heat flux and can be computed as seen in Equation (2) [35]:

P X% Cp x (Tc — Ta)
= -

H.

@

_pX CpX(Tci_Ta)
Rn,ci

ra ®G)
where the p and Cj, are the air density (kg m~3) and the specific heat at constant pressure
(M] kg~! °C~1), respectively. The r, is the aerodynamic resistance (sm~!), namely, the
air layer’s diffusion resistance, and the T is the imitation canopy temperature, which
describes the canopy without transpiration. Moreover, for the UAV-based calculation,
we considered using the maximum canopy temperature to replace the imitation canopy
temperature due to the difficulty of capturing the imitation canopy [38]. The subscripts
“a”,”c”,and “ci” indicate the air, canopy, and imitation canopy, respectively. The imitation
canopy and soil experimental arrangement are shown in Figure 2(a4,a5) as an example.
Imitation leaf was made of green dry green paper and placed horizontally on the grape
canopy; the imitation soil was sifted into fine-grained soil from local soil, and naturally
dried for three days before being loaded into plastic cylinders and buried.
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By combining Equations (1)—(3), the T can be estimated using the following equation:

T. — T,

LT = Ry — Ry
n r1,c1TCi_Ta

@)
Meanwhile, based on the principle of energy balance, when bare soil covers the land,
soil evaporation submodules can be represented as

T — T,

LE = Rn,s —Gs — (Rn,si - Gsi)ﬁ
si a

®)
where Ry, s and Ry, 4 are the net soil radiation and imitation dry soil radiation, respectively;
Gs and Gg; are the soil heat flux and imitation soil heat flux, respectively.

Moreover, the canopy coverage (f) is introduced and the latent heat flux (LET) is
obtained by combining the two submodules (Equations (4) and (5)):

LET = (1— f)LE+f x LT (6)

Radiation Flux and Heat Flux Calculations

As described above, one of the key parameters of the 3T model was calculated by the
following equation:
Rn = Rig + Rsq = Riy — Rsu @)

where Rj is the net solar radiation; Rjq and Ryq are the downward longwave and short-
wave radiations, respectively; and Rj,, and Rgy are the upward longwave and shortwave
radiations, respectively, all with the unit W-m~2. Since the scale of this experiment was
meters, we approximately equated the net imitation canopy radiation (R ;) and the net
canopy radiation (Ry ) with the Ry, [21].
In addition, the net soil radiation and imitation soil radiation can be described
as follows:
Rn,s(Rn,si) =Rjg — Ry + (1 - ‘X)de 8)

where « is the albedo of the drying soil surface. In previous studies [14,39], when « = 0.25,
we calculate the Ry, s; when o = 0.275, we calculate the Ry, 5;, and units are in W-m~2.

Usually the soil heat flux and imitation soil heat flux (W-m~2) can be estimated using
the empirical formula, and according to Qiu et al. [14], Gs and Gg; can be calculated as
follows: Gs = 0.2Ry6; Gsj = 0.1R i

2.3.2. Pure Canopy Pixel Extraction

Canopy coverage (f) is the ratio of the vertical projection of vegetation onto the land
surface to the total area of crops; the higher the canopy coverage, the stronger the ability of
crops to intercept light. Furthermore, it can also be used as an indicator of crop growth,
and it plays an important role in quantifying ET in this study.

High-resolution images taken by UAVs with thermal infrared sensors are used to
extract the region of interest based on visual interpretation and supervised classification to
obtain vegetation, soil, and other partitions. The f is as follows:

- Numberplant pixels

)

Numbertotal pixels

In addition, existing studies have shown that canopy coverage can be accurately
extracted by using the vegetation index extracted by multispectral or hyperspectral sensors
carried on the UAV and different classification methods according to different object
vegetation index thresholds. The normalized difference vegetation index (NDVI) is the
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most widely recognized vegetation index for extracting pure vegetation pixels [40,41]; thus,
the f can be represented as follows [42]:

NIR — R
NDVI= g (10)
NDVI — NDVL; a1

f= NDVIyeq — NDVyy;

where NIR and R are the values of near infrared and red channels, respectively; NDVIyeg
and NDVI,; are the NDVI values of the pixel completely covered by vegetation and bare
soil, respectively.

Therefore, in order to obtain pure vegetation and soil pixels, there are four results
from the division. We first used the minimum distance method of supervised classification
to process the thermal infrared images captured by the UAV and then visually interpreted
the images combined with the visible-light images: (1) divided into the two classes of
vegetation and soil; (2) divided into three classes of vegetation, bare soil (not included in
the scope of the calculation), and shaded soil. The canopy coverage estimated by the NDVI
is considered to estimate ET, so there are two other types of regions of interest: (3) only
vegetation and bare soil; (4) vegetation, shaded soil, and bare soil.

2.3.3. Statistical Analysis

Three evaluation indexes, namely, coefficient of determination (R?), root-mean-square
error (RMSE), and relative root-mean-square error (rRMSE), were used to assess the quality
of the model in this study.

2.3.4. Processing and Mapping of the Data

The thermal infrared images collected by the UAV were input into the FLIR Tools
image processing software and were processed applying geometric and radiometric correc-
tions. We used PhotoScan and Pix4D software to splice the TIR, RGB, and multispectral
data to make them reflect the information of the entire study area, and the characteristic
temperature of the TIR data was selected using FLIR Tools, with its temperature matrix
file derived simultaneously. Then, we used the minimum distance method under the
supervised classification category of ENVI 4.8 software (image analysis software, Exelis
Visual Information Solutions, Boulder, CO, USA) to accurately identify ground objects. In
this stage, the most important step was dividing the region of interest into two or three
classes. Otherwise, the NDVI was generated using the raster calculator from the extracted
multispectral information for canopy cover estimation. In the end, the hydrothermal flux
and its components were calculated based on the three-temperature model.

Compared with the UAV-based data, the processing of the ground-based data was
simpler. Without correction and splicing, the remote sensing images were analyzed using
SmartView 4.3, a thermal infrared image processing software, and then the land surface
temperature and visible-light data of the vineyard was extracted. After that, we outlined
the region of interest (the grape canopies) for each image using ENVI 4.8. Furthermore,
the above parameters combined with the meteorological data were substituted into the 3T
model to quantitatively estimate the transpiration rate. The details of this workflow are
shown in Figure 4.

3. Results
3.1. Variability of Vineyard Thermal Imagery

Figure 5 presents the thermal image of the vineyard collected at 13:00 h on 6 June 2019
and acquired by a UAV. There was marked significant spatial heterogeneity in land surface
temperatures throughout the vineyard, especially in the discrepancies between soil and
vegetation. The maximum LST corresponded with the bare soil pixels, reaching values
of over 50 °C. The temperature of the grapevine canopies ranged from 24 °C to 40.4 °C,
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@ Data acquisition

which was greater than the air temperature by a maximum difference of 10 °C (i.e., the
T, with a value of 29.9 °C as shown in Figure 3). On the other hand, it is notable that the
surface temperature of different areas in the experimental area was also quite variable. For
example, the average temperature of plot 1 was 3.1 °C higher than that of plot 2.

Ofures). (& B s
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» Net surface radiation flux
» Air temperature
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Figure 4. The schematic diagram of data processing for ET estimation.

3.2. Effect of the Shaded Soil Pixels on Vineyard Evapotranspiration
3.2.1. Thermal Characteristic of Shaded Soil Pixels

The visible-light and thermal infrared images obtained at different UAV flying altitudes
in the sparse vineyard and the corresponding frequency distribution are shown in Figure 6.
After magnifying the RGB image of a row of grapevines, we found that most of the
vegetation pixels and bare soil pixels were absolutely clear, but it was necessary to consider
the division of shaded soil pixels, which is also an important factor influencing the accurate
acquisition of evapotranspiration in the study area. The recognition of shaded soil pixels
decreased with the increase of flight height. It could be distinctly identified at 40 m and
80 m flying altitude, but it was relatively blurred at 120 m.
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LST (°C)
60.0

24.0

Figure 5. Airborne (a) visible-light and (b) thermal image obtained over the study vineyard at 13:00
on 6 June 2019. The black rectangle marked were set up for statistics.

Meanwhile, we found from the thermal infrared images that the information between
pure soil and vegetation pixels differed greatly (Figure 6b), which has also been indicated
in Figure 5. The vegetation pixels were deep purple while the soil pixels were bright
yellow, and the values of LST were concentrated in the ranges of 26-38 °C and 42-50 °C,
respectively. Specifically, two peaks in the frequency distribution diagram are presented
in Figure 6¢. More importantly, the soil surface temperature was significantly higher than
the canopy surface temperature at observation heights of 2 m, 40 m, 80 m, and 120 m, and
the LST of bare soil was 7.2 °C, 12.9 °C, 3.9 °C, and 14 °C higher than that of vegetation.
From the perspective of the UAV, the area of bare soil was larger than the area of grape
compared to the ground-based data, so the peaks representing soil pixels appear taller and
wider in the histograms. In addition, illustrating the different contributions of canopy and
background soil temperatures to the overall temperature histogram, it can be seen that due
to the influence of the mixed pixels and the shaded soil pixels, the two peaks are moving
closer to each other and cannot be separated as in the ground-based RS image (Figure 6(c4)).
Obviously, the temperature characteristics of these pixels were between the pure vegetation
and soil pixels, and the number of pixels increased with the increase of observation height,
which in the form of the frequency increased from 0.07% (40 m) to 0.18% (120 m).
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Figure 6. Map of the (a) visible light, (b) land surface temperature (LST), and (c) their frequency
histograms of vineyard at different observation heights: (1) 120 m; (2) 80 m; (3) 40 m; and (4) 2 m. The
data of 120 m were taken at 13:00 on 12 July 2019; 80 m and 40 m were the samples acquired at 13:00
and 13:30 on 16 July 2019, respectively; the ground data were acquired at 13:14 on 16 July 2019.

According to the above results, it is implied that if a shaded soil pixel is divided into
a vegetation pixel, the canopy temperature will rise, thus affecting the transpiration rate
estimated by the 3T model. Similarly, the estimation accuracy would eventually be affected

if it were divided into bare soil pixels. Thus, removing the influence of shaded soil pixels
becomes distinct and critical.

3.2.2. Extraction of Pure Pixels

Taking one image acquired by the UAV at a flight altitude of 40 m as an example,
the results obtained using the four classification methods are shown in Figure 7. It can be
seen that there were great differences between the two results obtained by the supervised
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classification method (Figure 7a,b); among them, the shadow pixels affect the canopy cover-
age. Under classification method 1, the number of vegetation and soil pixels amounted to
105,499 and 222,181, respectively. Under classification method 2, the number of vegetation,
soil, and shaded pixels were 73,218, 196,643, and 57,819, respectively. Obviously, when only
two categories were divided, the shaded and mixed pixels were divided into vegetation or
bare soil. After the three categories, the vegetation pixels decreased by 30.6%, and the soil
pixels had the same situation, with 7.8% of the shadow and mixed pixels being divided
into soil pixels. Furthermore, the NDVI measurements of shaded and mixed pixels were
between 0.22 and 0.50, while the NDVI measurements of the pure grape canopy pixels
were greater than 0.5, with an average of 0.79.

(a) (b)

[ |

Canopy pixels

[ |

Soil pixels

|

Mixed and shaded
pixels

(d NDVI

Lit H
.. ; { B oso
IIRERR

i

Figure 7. Example of spatial variability of four types of pixel classifications: (a,b) are the distributions

|
1 o2

of not considering and considering the shaded soil based on supervised classification, respectively;
(c,d) are the distributions of not considering and considering the shaded soil based on the supervised
classification and normalized difference vegetation index (NDVI), respectively.

Figure 8 quantifies four types of canopy cover in the vineyard, corresponding to
the four classifications described above. During all fieldwork, f showed a trend of first
increasing and then decreasing. Meanwhile, it is worth noting that with the increase of
flight height, the f1 of supervised classification results increases. To be more specific, the
values of f1 were 23.90%, 25.39%, and 26.54% at 40 m, 80 m, and 120 m observation height,
respectively. While taking mixed and shaded pixels into consideration, the pattern of
canopy cover was the opposite, with corresponding values of 16.28%, 15.82%, and 12.57%,
which means that the number of mixed pixels was more with the lower spatial resolution,
and they were always easily classified as vegetation pixels. Otherwise, compared with
consideration of the shadow pixels, the f calculated by two classes was larger, and the mean-
f1 and mean-f3 were 1.70 and 1.68 times the mean-f2 and mean-f4, respectively. Compared
with consideration of multispectral correction, the f calculated by supervised classification
was larger, and the mean-f1 and mean-f2 were 1.24 and 1.23 times the mean-f3 and mean-f4,
respectively. Meanwhile, the gap between them was larger with higher observation heights,
which may be related to the lower resolution of visible and thermal infrared images and
the greater classification error, especially at 120 m flight altitude.
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Figure 8. The temporal pattern histogram of vegetation coverage. The fl and {2 represent the
vegetation coverage of not considering and considering the shaded soil based on supervised classifi-
cation, respectively; f3 and f4 represent the vegetation coverage of not considering and considering
the shaded soil based on the supervised classification and normalized difference vegetation index
(NDVI), respectively.

3.2.3. Vineyard Evapotranspiration Estimation

Based on the three-temperature model and UAV-based remote sensing technology, we
quantified the evapotranspiration (Table 1). During the experiment period, the midday
evapotranspiration values of the vineyard retrieved by remote sensing ranged from 93.14 to
271.30 W-m~2, and the ET1 to ET4 maintained a good correlation with the ground-measured
values obtained by the EC system, with coefficients of determination between 0.64 and 0.74.
Simultaneously, the results show that when the UAV-based images considered the shaded
and mixed pixels in the classification, the RMSEs of ET estimated using multispectral
or thermal infrared were 8.30 and 8.87, respectively, and the rRMSEs were 4.31% and
4.59%, respectively. When these pixels were not considered, the RMSEs of ET estimated
using multispectral or thermal infrared were 22.46 and 24.98, respectively, and the rRMSEs
were 10.52% and 11.41%, respectively. Thus, it can be concluded that ET estimated using
multispectral together with consideration of shaded pixels has the highest accuracy. Among
them, considering that the shaded pixels meant that the estimation accuracy of ET was
improved by 4.59-6.82%, the estimation accuracy of ET after multispectral correction was
improved by 0.28-0.89%. In a word, considering the shaded and mixed pixels had a greater
impact on the estimation of the ET of the vineyard than modifying canopy cover using
multispectral correction, the estimation accuracy improved significantly.

Table 1. The evapotranspiration (W m~2) and accuracy of UAV remote sensing inversion under
different scenarios.

EC System f1 2 3 f4
Date Fight High R2/RMSE/ R2/RMSE/ R2/RMSE/ R2/RMSE/
ET ETL rmse F?2 rmse FT® rmse  F™ RMSE
120 m 152.58 94.11 139.56 93.14
6 June 2019 80m 150.12 96.51 139.59 93.39
6 July 2019 120 m 193.77  212.49 201.19 210.49 200.64
12 July 2019 80 m 23975 26571 2(27958/ 241.41 g-g? /" 26356 202-7446/ 245.48 g'g‘é/
16 July 2019 40m 23732 26643 105 25213 2 905 263.13 = 205 25097 ) 105
26 July 2019 40m 26831 26667 AP 97443 9% 26405 2% 97130 51
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Therefore, the spatial distribution of transpiration and evaporation using multispectral
correction combined with eliminating shaded pixels is represented in Figure 9. Both
evaporation and transpiration obviously had spatial heterogeneity, and this correlated
with the land surface temperature, with the values mainly fluctuating between 200 and
300 W-m~2. Evaporation was slightly higher than transpiration, which was 238.05 and
208.79 W-m~2, respectively. Strong evapotranspiration capability of the vineyard implied
the indispensability of optimal water resource allocation.

200
I 200-300
iy ' 300-400
VEG - 400
E (W-m™)
U4 M <250
[ 250-300

1 xd 300-350
81 B > 350

Figure 9. Spatial distribution of estimated values for the instantaneous transpiration and evaporation

7 T (W-m2)
fl |

rate over a vineyard using UAV imagery and meteorological data on 16 July 2019.

3.3. Effect of the Shaded Vegetation Pixels on Vineyard Transpiration
3.3.1. Thermal Characteristics of Shaded Vegetation Pixels

We acquired the visible-light and thermal infrared images of the sunlit and shaded
leaves of the grapevines at 10:30 h on 13 August 2020, as well as the canopy temperature
frequency distribution (Figure 10). It can be gathered from the examples that the frequency
distribution of leaf temperature showed a single-peak shape (Figure 10e) and, significantly,
that the spatial distribution and frequency distribution of the sunlit and shaded leaves
were different at the same time. The front peak represented the grape canopy temperature
of shaded leaves, and the back peak represented the canopy temperature of sunlit leaves.
To be more specific, the average canopy temperature of sunlit leaves was about 2 °C higher
than that of shaded leaves. In the subsequent evaluation of grape water status using the 3T
model, if the temperature difference of the three-dimensional structure of sunlit and shaded
leaves was not considered, then the canopy temperature of grapes would be misestimated,
resulting in less reliable assessments for water consumption.

3.3.2. Vineyard Plant Transpiration Estimation

To further assess the influence of sunlit and shaded grapevine leaves on water flux,
based on the 3T model, the temperature from thermal infrared images was extracted at
different moments in five days, and then the transpiration rates of sunlit and shaded
leaves were quantified, respectively, as shown in Figure 11. The diurnal variation of
transpiration showed a single-peak curve that first increased and then decreased. The
peak transpiration rates of sunlit and shaded grapevine leaves were 0.44 and 0.37 mm/h,
respectively. Meanwhile, there was a significant difference in T between sunlit and shaded
leaves. During the observation period, the T of sunlit leaves was 6.45-91.67% larger
than that of shaded leaves. The discrepancy between them was larger in the morning and
afternoon and narrower at noon. After considering the three-dimensional structure of sunlit
and shaded leaves in the vineyard, the calculated average transpiration was 0.26 mm/h,
which was 7.44% lower than the average obtained from only considering sunlit leaves and
23.32% higher than the average when only considering shaded leaves.
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Figure 10. Illustration of the consequences of pixel binning for thermal image for the grape. (a,c) The
RGB images; (b,d) the thermal images taken with a Fluke TiX620 camera; (e) together with corre-
sponding frequency histograms of sunlit and shaded leaves. The images were taken at 10:30 on
13 August 2020.
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Figure 11. (a) Diurnal variations of transpiration rate of grape; and (b) the basic statistics of transpira-
tion rate under sunlit leaves, shaded leaves, and all leaves.
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A more detailed understanding of the advantage of considering the sunlit and shaded
leaves is charted in Table 2. Verified with the T estimated by the EC system, the R? of
ground-based remote sensing only considering sunlit leaves, only considering shaded
leaves, and considering both sunlit and shaded leaves with EC were 0.83, 0.84, and 0.88,
respectively; and the rRMSEs were 22.47%, 16.69%, and 15.31%, respectively, indicating
that considering the sunlit and shaded leaves improved the estimation accuracy of T by
1.38-7.16%. Thus, the above results highlight the influence of the sunlit and shaded leaves
on the quantification of grapevine transpiration, and, more importantly, demonstrate that
the effectiveness of ground-based remote sensing measurements that reduce the influence
of shaded leaves in a vineyard.

Table 2. Evaluation of transpiration rate (mm/h) accuracy of ground remote sensing inversion under
different conditions.

Sunlit Leaves Shaded Leaves All Leaves
Date EC-T T R’ RMSE/ t RY*RMSE/ 1  R*RMSE

*RMSE rRMSE rRMSE
1030 025 0.8 0.23 0.28
26June2020 1537 036 033 0.31 0.32
930 014 023 0.12 021
7 July 2020 1330 031 0.35 0.24 0.32
1730 025 0.8 0.23 0.26
930 039 044 037 0.42

BJuly2020 1300 030 037 083/ 027 o084/ 035 0.88/
: 0055/ ~a1.— 0041/ o= 0.038/
1030 023 027 J 0.16 y 0.25 ,

1230  0.16 0.18 2247% 13 1669% (9 15.31%
13 August2020  14:30 020 025 0.20 0.24
1630 019 0.4 0.18 0.21
1830 010  0.15 0.09 0.11
1030 013 0.14 0.09 0.13
1230 026 027 0.22 0.25
28 August2020 133 30 043 0.28 0.35
1630 037 036 0.31 0.34

4. Discussion

Tremendous work has been carried out by previous scientists to figure out one of
the key challenges that all of viticulture is facing: water scarcity. Nowadays, precision
agriculture is closely connected to the use of remote sensing technologies, which have
been developed in response to the demand for digital technology [43], to manage the
spatiotemporal patterns of farmland systems associated with agricultural water saving [44],
including viticulture [1,29,30,40,42,45,46]. Researchers have made great and relevant ad-
vancements in monitoring water stress [40,46], vegetation indexes (e.g., NDVI [42], and leaf
area index [45]). On the other hand, RS using UAVs has great potential for the inversion
of water consumption. However, accurately extracting the pure crop and bare soil pixels
remains a challenge due to the influences of shaded pixels [29,33]. The visible-light and
thermal image characteristics of the shaded soil pixels at different observation heights were
considered in this study. It can be gathered from the high-resolution RGB images that the
shaded soil pixels were blurred and the number of mixed pixels grew with the increase of
flight altitude (Figure 6). Corresponding to TIR images, with the increase of flight height,
the frequency of shadow pixels increased from 0.07% (40 m) to 0.18% (120 m). Two shadow
detection methods proved that increasing flight height resulted in increasing canopy cover
if ignoring shadow (Figure 8), with values of f1 being 23.90%, 25.39%, and 26.54% at 40 m,
80 m, and 120 m observation height, respectively. Meanwhile, there were corresponding
values of 16.28%, 15.82%, and 12.57%, respectively, if the shadow were removed. This
validates the previous assumption that higher flight altitude would result in lower spatial
resolution and more mixed and shaded pixels. Consequently, to produce suitable drone
imagery, a flight height of 40 m or 80 m is recommended, and a low-altitude suggestion
also results from these trials [47-49].
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More recent studies have focused on the characteristics of pure pixels” water con-
sumption [20,33]. Regarding the overlooked influence of shaded pixels on the estimation
of ET, detailed analysis of the accuracy of such estimation has been performed in our
study. Good linear fitting correlations and low errors were maintained with the EC system
(Table 1). The R? of ET1, ET2, ET3, and ET4 with EC-ET were 0.75, 0.63, 0.74, and 0.64,
respectively; the RMSEs of ET1, ET2, ET3, and ET4 with EC-ET were 24.98, 8.87, 22.46, and
8.30, respectively; and the rRMSEs of ET1, ET2, ET3, and ET4 with EC-ET were 11.41%,
4.59%, 10.52%, and 4.31%, respectively. These detailed findings provided strong evidence
that the ET estimated using multispectral correction together with shaded pixels has the
highest accuracy. This result could possibly be explained as follows. First of all, the essence
of a shadow appears due to light being blocked [50], and the shaded area in aerial imagery
may cause misunderstanding of valuable messages about actual features, such as shape,
altitude, and color [27,33], which were captured in the RGB and thermal infrared images
(Figure 6). Moreover, our results show that this darkening was caused by a decrease in the
surface temperature of the soil pixels, so the effect of shadows increased the land cover
classification error. Using our classification as an example, 7.8% and 30.6% of shadow and
mixed pixels were divided into pure soil or pure vegetation pixels, respectively (Figure 7).
Meanwhile, the mean-f1 and mean-f3 of ignored shadow pixels were 1.70 and 1.68 times
that of the mean-f2 and mean-f4, respectively. As a result, the estimation of ET and its
components were changed.

Surprisingly, the shadow detection process had a positive influence on the quantifica-
tion of vineyard evapotranspiration, with the accuracy of ET being improved by 4.59-6.82%.
Simultaneously, our results demonstrate that the spatial heterogeneity of ET can be seen in
the vineyard (Figure 9), with the grapes being comparable to other crops such as peaches
and nectarines that are grown in orchards [19] and upland rice [51]. Moreover, the mean
evaporation and transpiration fluxes were 238.05 and 208.79 W m~2, respectively, and crop
transpiration accounted for 46.7% of evapotranspiration. The reason why this was different
from the 57.2% of the global terrestrial ecosystem investigated by [7] may be explained by
the fact that our research focus was a sparse vineyard.

Another type of shadow is the self-shadow, which is the part of the object not illumi-
nated by direct light [50]. Tomas et al. [29] identified that the percentage of canopy-shaded
pixels can reach as high as 43% for a vineyard, and our ground-based RGB image also
implied this (Figure 10c). Furthermore, a 2 °C canopy temperature discrepancy was dis-
covered between sunlit leaves and shaded leaves. Considering the three-dimensional
structure in the estimation of grapevine transpiration, there was a significant difference in
T between sunlit and shaded leaves, showing that the T of sunlit leaves was 6.45-91.67%
higher than that of shaded leaves. In addition, the mean transpiration rate of total leaves
was 0.26 mm/h, which was 7.44% lower than that of only sunlit leaves and 23.32% higher
than that of only shaded leaves. Ultimately, the shadow detection process improved the
estimation accuracy by 1.38-7.16%.

Our study highlights the detection and monitoring of vineyard water consumption
with the consideration of shadow and successfully separated grape transpiration and soil
evaporation using the 3T model. Supervised classification has been confirmed as an ef-
fective method to detect the shadow pixels by previous research [33], and our research
innovatively took advantage of the NDVI obtained from multispectral imagery inversion to
quantify the proportion of E and T in a vineyard ecosystem. Further research should system-
atically clarify other methods of shadow detection, such as the unsupervised classification
method [20,52] and thresholding method [31,32].

5. Conclusions

This study innovatively combined UAV-based multispectral and thermal imagery and
ground-based thermal imagery with the 3T model to provide a comprehensive assessment
of shadow pixels on vineyard water consumption. More importantly, the shadow pixels
in remotely sensed images were detected and considered. Two classes of shadow have
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been discussed: the shaded soil and canopy. Our results confirm that the reliability of
the assessment for ET and its components is significantly improved after considering
shaded pixels, with high correlation and evaluation accuracy. The shadow detection
process of shaded soil pixels improves the estimation accuracy of ET by 4.59-6.82%, and the
shadow detection process of shaded canopy pixels improves the estimation accuracy of T by
1.38-7.16%. Moreover, we creatively combined NDVI-based canopy cover inversion with
the 3T model to quantify the ET in a vineyard ecosystem, and our results indicate that the
estimation accuracy was improved by 0.28-0.89%. Finally, the spatiotemporal variability
of the vineyard was obtained. There was spatial heterogeneity of ET in the vineyard, and
the mean E and T fluxes accounted for 238.05 and 208.79 W m~?2, respectively, indicating
strong water consumption ability. The temporal pattern showed a single-peak curve that
first increased and then decreased, with a mean of 0.26 mm/h. Our findings provide a
better understanding of the influences of shadow pixels on ET estimation using remote
sensing techniques, and other shadow detection methods should be further explored.
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