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Abstract: Pistachio is an important economic crop in arid and semi-arid regions of Iran. A major
problem leading to a reduction in crop quality and reduced marketability is extreme air temperature
in summer, which causes sunburn of pistachio leaves and fruit. A solution proposed to deal with the
negative effects of high temperatures and increase water consumption efficiency in pistachio orchards
is use of light-reflecting compounds. This study investigated the effect of foliar application of gypsum,
sulfur, and NAX-95 (calcium-based suspension coating) to trees in a pistachio orchard (150 ha) in
central Iran. The effect of these foliar products is assessed at plot scale, using control plots sprayed
with calcium sulfate, based on temperature and evapotranspiration changes analyzed through remote
sensing. Landsat 8 sensor images and RGB images collected by UAVs (spatial resolution of 30 m
and 20 cm, respectively), on the same dates, before and after foliar spray application, were merged
using the PCA method and bilinear interpolation re-sampling. Land surface temperature (LST) was
then estimated using the split-window algorithm, and daily evapotranspiration using the surface
energy balance algorithm for land (SEBAL) algorithm. A land use map was prepared and used
to isolate pistachio trees in the field and assess weed cover, whose effect was not accounted. The
results showed that temperature remained constant in the control plot between the spraying dates,
indicating no environmental changes. In the main plots, gypsum had the greatest effect in reducing
the temperature of pistachio trees. The plots with foliar spraying with gypsum displayed a mean tree
temperature (47-48 °C) decrease of 3.3 °C in comparison with the control plots (>49 °C), leading to an
average decline in evapotranspiration of 0.18 mm/day. NAX-95 and sulfur reduced tree temperature
by on average 1.3 °C and 0.6 °C, respectively. Thus, gypsum is the most suitable foliar-spraying
compound to lower the temperature of pistachio trees, reduce the water requirement, and increase
crop productivity.

Keywords: foliar spraying; remote sensing; land surface temperature; Landsat 8; pistachio orchard;
precision agriculture

1. Introduction

Economic trees are used worldwide for business, such as pistachio trees. Pistachio
(Pistacia vera L.) is cultivated in many arid and semi-arid regions, such as the Mediterranean
region and Asia Minor, and is one of the most important horticultural crops in Iran [1]. The
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desert margins and arid and sub-arid regions of central Iran, with warm dry summers,
are the main sites of commercial pistachio production [2]. Pistachio trees show good
adaptability to a variety of soil, water, and climate conditions. However, they are strongly
affected by the destructive effects of intense optical radiation and high temperatures,
leading to declining yields and pistachio quality, and the general weakness of the trees [3,4].

One solution for dealing with the detrimental effects of high temperatures in orchards
is to use a tree-top sprinkler irrigation system to cool the trees. However, this system
requires modern technology and adequate availability of high-quality water, involves
high costs, and contributes to the spread of some diseases [5]. Colored mesh nets have
been used to prevent sunburn of apple tree canopies, but also involve very high costs for
installation [6,7]. Studies examining the effect of different compounds on surface sunburn
in apple trees have shown that kaolin (a white substance of aluminum silicate mineral,
AL4Si4O19[OH]g) can reduce the temperature by up to 3 °C [8,9]. In recent years, a new
solution based on foliar-spraying a thin layer of light-reflecting fine material on the tree
canopy, leading to reflection of much of the incoming light, has shown very promising
results in reducing canopy temperature (by 2-6 °C) [10]. Secondary benefits of reduced
canopy temperature are decreased drought stress, increased photosynthesis, and increased
quantity and quality of the commercial product, as well as reduced water consumption [11].
In previous studies, physiological indices based on net photosynthesis, leaf temperature,
and leaf transpiration rate, measured by photosynthesis devices on the ground and at leaf
scale, have been used to investigate the effect of foliar spraying on sunburn in trees [9].
The effect of foliar spraying has been investigated for pomegranate [12], almond, and
walnut trees [11], with a positive effect of spraying in reducing sunburn observed in all
cases. However, those studies investigated the effect of foliar spraying at orchard level,
while the effect on individual trees has not been determined with accurate temperature
measurements. In addition, the use of photosynthesis devices to measure individual trees is
not always available and /or affordable to investigate the effect of foliar spraying in reducing
canopy temperature and water losses. Remote sensing may be an alternative method to
assess the effect of foliar spraying on reducing sunburn on cropland and preventing the
loss of farmers.

In recent years, many studies have examined the use of remote sensing in precision
agriculture, for purposes such as estimating evapotranspiration [13,14] assessing soil prop-
erties [15], and managing disease and pests [16]. However, the effect of foliar application
of various compounds to prevent sunburn in trees has not been investigated previously
using remote sensing. Remote sensing reduces human error and can also be efficient in
various agricultural programs, reducing costs and time [17] However, most satellites used
for remote sensing cannot simultaneously collect images with high spatial, temporal, and
spectral resolution, due to technical limitations [18,19]. For example, Landsat has an accept-
able spatial resolution (30 m) but only produces images every 16 days, whereas MODIS
provides daily images but of low spatial resolution. These technical aspects are considered
major limitations in the use of satellite images in precision agriculture [20]. Compared
with satellite images, the images obtained from unmanned aerial vehicles (UAVs) usu-
ally have the desired temporal resolution (e.g., daily capture) and high spatial resolution
(e.g., few centimeters), enabling use of high-resolution images in precision agriculture
applications [21]. The use of drones, for instance, is cheaper and easier to access com-
pared to ground-based photography, which covers very small areas and is not suitable for
cropland management.

The harsh conditions of arid and semi-arid regions where some pistachio orchards are
developed, driven by high air temperature and strong radiation in summer, often exceeding
plant tolerance, cause damage to the fruit (e.g., destruction of the tissue cells of the green
skin, destruction of the fruit shell, and development of a necrotic black color) [3]. The
offspring of most sunburned fruits are aborted, and these fruits appear hollow or are half
pith at harvest time [4]. To avoid fruit damages and/or destruction, it is possible to apply
foliar sprays over the entire garden pistachio tree in a few days before the heat reaches its
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peak in the summer. Choosing the optimal method to reduce the sunburn of pistachio trees
is of particular importance [8]. However, it is not clear which of the materials has a greater
effect on reducing sunburn.

The aim of the present study was to investigate the effect of foliar application of
different compounds (sulfur, NAX-95 (calcium-based suspension coating), gypsum) on
temperature and evapotranspiration by pistachio orchard. The study is based on remote
sensing assessment. Satellite 8 and UAV images were merged to determine tree temperature
and evapotranspiration, and related indices. The results were compared to identify the
optimal compound for reducing sunburn-related damage and optimize water consumption
in arid and semi-arid areas.

2. Materials and Methods
2.1. Study Area and Data Sources

The study region (53°44'00”-53°44'15"N; 31°16’00”-31°14'15"E, area 423 ha) is located
in the southwest of Yazd province in central Iran, on the edge of the Abarkooh desert
(Figure 1). The climate is generally hot and dry, with a mean annual rainfall of 65 mm and
mean annual temperature of 18 °C, but the average maximum temperature in summer
is 42 °C. The selected study site was a 150 ha pistachio orchard irrigated using the drip
method (Babler) and containing different cultivars of pistachio.
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Figure 1. Location of the study area in (a) Iran and (b) Abarkooh desert and Yazd province, and
images from (c) Landsat 8 and (d) unmanned aerial vehicles (UAVs).

Pistachio orchards are widely cultivated in Yazd province but also highly susceptible
to effects of intense sunshine and high temperature during flowering, pollination, primary
fruiting, and fruit development stages. Figure 2 shows an example of the impact of sunburn
on pistachio fruit.
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Figure 2. (a) Effect of sunburn on pistachio fruit on necrotic black color, and (b) abortion of pistachio
kernels due to sunburn.

2.2. Experimental Design

Four experimental plots were established within a 3 ha sub-area of the pistachio or-
chard. In an initial experiment (08/04/2020), several rows of pistachio trees in one of these
plots (plot A) were sprayed with amorphous gypsum plaster (calcium sulfate, CaSOy). It is
used to act as a control for estimating temperature and evapotranspiration changes under
constant conditions (Figure 3). In the main experiment (20/08/2020), the remaining plots
were foliar sprayed with gypsum (plot B), sulfur (mineral sulfur, S) (plot C), and NAX-95
(calcium-based suspension coating) (plot D), following the technical recommendations.
Each plot had the same density and number of trees. The position of the plots within the
orchard is shown in Figure 4. The location of the plots was determined by the existent
placement of pistachio varieties (only one variety was used in this study), and the con-
straints associated with using large agricultural machines for foliar spraying, which do not
allow for a randomized plot selection.

2.3. Compilation of Landsat 8 and UAV Images

The images used were Landsat 8 satellite data and RGB (red, green, blue) images from
an UAV, both collected on 08/04 /2020 (after the first spraying in plot A) and 20/08/2020
(after spraying different products in all plots). Landsat 8 carries two sensors, called OLI and
TIRS. The OLI sensor provides data with spatial resolution of 30 m. It covers eight bands
within the visible spectrum, near-infrared, short-wavelength infrared, and a panchromatic
band with spatial resolution of 15 m. The TIRS sensor has two spectral ranges, 11.2-10.6 pm
and 11.5-12.5 pum, for bands 10 and 11, respectively, and can record thermal infrared
radiation with spatial resolution of 100 m [22]. The UAV images, obtained using a drone in
the present study, consisted of RGB color images with spatial resolution 20 cm, with the
selected shooting dates in early season (plot A) and in summer, at the peak of vegetation
greenery (plots A-D). The drone flew over the study site at an altitude of 900 m, with an
overlap of 80 x 70. The technological specifications of the drone used in this study are
presented in Table 1.
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Figure 3. (a,b) Foliar spraying of pistachio trees, and (c,d) close-up views of the leaves of after spraying.

S3°430E i 53°44'0"E 53°43'0"E 53°43'30"E 53°44'0"E
r N T b N
(a) 2 (b)
/ A
/ i
- z
=
L= i
] 1
' -
i
i .
2
z
e
= L
=
Legend
| | Unchanged
I Sulfur
4
Legend < | I Gypsum ~ .
Unchanged r= [ sunGard < ©OT515 03 045 06 [
I Gypsum e O raters = | B Previously sprayed with Gypsum S —— ilometers
' 53°43'0"E 53°43'30"E 53°44'0"E ' 530430 E 53°43'30"E 53°44'0"E
Figure 4. (a) Position of the plot (A) foliar-sprayed with gypsum as a control and (b) plots foliar-
sprayed with gypsum (A, B), NAX-95 (calcium-based suspension coating) (SunGard) (C), and sulfur
(D) in the main experiment.
Table 1. General specifications of the camera used in the UAV to collect RGB images in the study site.
Sensor Sensor Aperture Maximum Effective Sensor Optical Minimum Normal
. . Focal Length Photo Sensor . .
Type Dimensions Range R . Accuracy Zoom Focusing Distance
esolution Accuracy
F3.5-6.3 i
22.3 x 149 mm F22-40 15-45 mm 4000 x 6000 24.7 MP 242 MP 3 times 25 cm

A flow chart of the work is shown in Figure 5.



Remote Sens. 2022, 14, 6153 6 of 18

First Date Second%Date

o | I

Landsat 8

oy WONISIIZ gy HGh:05)
L Low: 036  ow:00

Hgh 1742
Low:ers

o low:0

Figure 5. Outline of the research steps showing the images used and the generated images for
estimating transpiration and evaporation, based on SEBAL algorithm.

Due to technological and physical limitations, remote sensing imaging systems cannot
capture thermal images with both high spectral resolution and high spatial resolution, and
in most cases one of these is prioritized at the expense of the other [16]. To obtain data with
high spectral and spatial resolution, and also high accuracy, the technique of compiling
images was applied in this study. Compilation of images is an efficient approach to increase
the spatial resolution of multispectral images by using two images with different spatial,
spectral, and temporal resolution [23]. In early applications, images from different sensors
were merged to better identify natural and artificial features [24]. In the present study,
the compilation of both Landsat 8 and RGB from UVA images was performed following
the methodology by Malamiri et al. [25]. The spatial resolution of Landsat 8 images was
increased by merging with RGB images from the UAV. The advantages of each type of
images (in terms of spectral and spatial resolution) were thus exploited [26]. Merging was
carried out by principal component analysis (PCA) [27], a statistical-numerical method
that converts a number of dependent components of a multispectral image into a smaller
number of non-correlated linear compounds of variables, called principal components
(PC) [28]. This method reduces the number of components by reducing the data dimensions
and focusing on the available information in the multispectral data [29]. The bilinear
interpolation re-sampling technique was used in PCA in this study. For details of the
additional information that can be obtained from compiling Landsat 8 and UAV images, see
Namratha and Raghu [30], Dong et al. [31], and Murugan et al. [32]. In the study site, the
land surface temperature obtained from the remote sensing data was verified in previous
research [33,34].
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2.4. Retrieval of Remote Sensing Indices

Merged Landsat 8 and UAV images were used to estimate land surface temperature
and evapotranspiration in the control plot (A) and in plots with pistachio trees foliar-
sprayed once with sulfur, NAX-95 (calcium-based suspension coating), and gypsum (B-D).
To determine the effect of foliar application on tree temperature and evapotranspiration, a
land cover map was created by dividing the study site into three types of cover (bare soil,
weeds, and pistachio trees). The land cover map was prepared using object-oriented classi-
fication of the RGB images collected with the drone. Areas with bare soil and weeds were
then subtracted from the map, by using a prepared training sample of weed, trees and bare
soil, so that temperature and evapotranspiration calculations were focused only on trees.
The evapotranspiration of pistachio trees was investigated based on daily evapotranspira-
tion using the SEBAL algorithm. To further investigate changes in tree temperature and
daily evapotranspiration in each plot, images of temperature and daily evapotranspiration
taken on the second imaging date were subtracted from images from the first date images
from the first date.

2.4.1. Estimation of Land Surface Temperature

Land surface temperature (LST) was estimated using the split-window algorithm, based
on absorption difference between two adjacent thermal bands in the range 10.0-12.5 um and
the linear radiation transfer equation in terms of temperature or wavelength. The algorithm
estimates the land surface temperature by linear compilation of brightness temperature in
two thermal bands [35]. First, necessary corrections were made on Landsat 8 images. Next,
to compute the brightness temperature in the present study, the digital value of each pixel
was first converted to radiance using given calibration values. The digital value of each
pixel was then converted to spectral radiance in the sensor [36] using Equation (1):

Ly =My X Qca + AL 1)

where L, is spectral radiance in the sensor (W/ m? str. pum), M is a multiplicative conver-
sion factor, Q. is the pixel value, and A; is an aggregation conversion coefficient.

Using the radiance values obtained, the brightness temperature was calculated accord-
ing to Equation (2) [37]:

K>
ETI(CSVIVER

where BT is the brightness temperature recorded on the sensor surface in units, and K; and
Kj are fixed values obtained by dividing the reflection constant by the effective wavelength
(A), which varies for different Landsat images. The values of coefficient K in band 10 and
11 of Landsat 8 satellite images are 774.89 and 480.89 W/(m?. str. um), respectively, and the
values of K; are 1321.08 and 1201.14 K, respectively [38].

Emissivity was calculated based on normalized difference vegetation index (NDVI) [39],
by thresholding on NDVT and estimating fractional vegetation cover index (FVC) (Equation (3)):

@

®)

NDVI — (NlR—RED)

NIR + RED

where NIR and RED are land reflection in the near-infrared and red infrared band, respec-
tively. NDVI values vary between —1 and +1. The NDVI values for areas with dry soil and
areas with dense vegetation were calculated for threshold NDVI values of <0.2 (dry soil
without vegetation, NDVIs) and >0.2 (dense vegetation, NDV1I), estimated for the Yazd
Ardakan plain by Aliabad et al. [33]. FVC was then calculated as (Equation (4)) [40]:

FVC — ( NDVI—-NDVIg )

4
NDVI, — NDVIs @
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The FVC value obtained was used to calculate land surface emissivity (LSE) (Equation (5)):
LSE =e5 x (1—=FVC) +¢, x FVC (5)

where ¢g is a soil diffusion coefficient constant and ¢, is a vegetation constant, with values
in band 10 of Landsat 8 of 0.971 and 0.977, respectively, and in band 11 of 0.987 and 0.989,
respectively [41,42].

After calculating LSE for each of the thermal bands, the mean emissivity (1) and
emissivity difference (Am) of these two bands were calculated as (Equations (6) and (7)):

. _ LSEw g LSEq ©

Am = LSEw - LSEH (7)

where LSEjg and LSE; are land surface emissivity of band 10 and 11, respectively.
Finally, LST was calculated as [42] (Equation (8)):

LSTsy = BTig + C1(BTig — BT11) + Co(BTio — BT11)* + Co + (Ca + Caw) (1 — m)+ ®)

(Cs + Cow)Am
where LSTgyy is land surface temperature obtained from the split-window algorithm, BT
is the brightness temperature recorded on the sensor surface (K°), m is mean emissivity,
Am is the emissivity difference between the bands, Cy—Cy are coefficients obtained by
simulation with different values for atmospheric and surface parameters (see Table 2), and
w is the amount of water vapor in the atmosphere (assumed here to be a constant value of
0.013 g/cm?).

Table 2. Numerical values of coefficients Cy—C¢ used in the split-window algorithm.

Ce Cs Cyq (6] G (6] Co
16.400 —123.200 —2.238 54.300 0.183 1.378 —0.268

2.4.2. Estimation of Evapotranspiration

Evapotranspiration was estimated by the SEBAL algorithm [43], which uses the energy
balance equation (Equation (9)) to calculate the instantaneous flux value of the latent heat
of vaporization for each pixel [44] (Equation (9)):

AETipst = Rn —G—H )

where AETj, is the latent heat flux of evaporation, Ry is net solar radiation, G is soil heat
flux, and H is sensible heat flux, all as Wm?.

2.4.3. Net Solar Radiation (Rn)

The amount of net solar radiation is computed from the balance of four brightness
fluxes at the land surface: short input wavelength radiation (Rs ), short output wavelength
reflection (Rs4), long input wavelength radiation (R |), and long-wavelength radiation
emitted from the surface (R 1). In the present study, net instantaneous radiation per level
unit was calculated as [44] (Equation (10)):

Rn = (1_0‘)RS¢+RL¢_RLT_ (1_£O)RL¢ (10)
where R,, is net solar radiation in W/m?, « is surface albedo and gg is surface emittance.

2.4.4. Soil Heat Flux (G)

Soil heat flux (G) is the rate of heat transfer from soil and vegetation due to molecular
conductivity. It is difficult to calculate soil heat flux using satellite imagery, but many
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studies have demonstrated a relationship between G/R;, ratio and parameters such as
NDVI, surface temperature, and albedo. In the present study, G/R;, ratio for half a day was
calculated as [43,44] (Equation (11)):

R% - % (0.003804 + 0.007408) (1 - 0.98NDV14) (11)

where T is surface temperature in °C, a is surface albedo, and NDVI is normalized
difference vegetation index. The value of G was obtained by multiplying by R;,.

2.4.5. Sensible Heat Flux (H)
The amount of sensible heat flux (H) was estimated as [44] (Equation (12)):

_ pxCpxdT

H
Rah

(12)

where p is the density of air (kg/m?), Cp is the specific heat of air (J/kg/k), dT is the
difference in air temperature of the near-surface (°K), and R, is the aerodynamic resistance
for heat transfer (s/m). The solution to Equation (12) is rather complicated due to the
presence of two unknowns, dT and R,;. To overcome the problem of two unknowns, the
first two hot and cold pixels were selected based on SEBAL instructions, and a corrected
value of sensible heat flux was obtained in a repetitive process [44].

After correcting the amount of sensible heat flux based on weather conditions, the
instantaneous amount of latent heat flux of evaporation was calculated according to
Equation (9) for each pixel. Evapotranspiration moment was then calculated according to
Equation (13):

AE Tinst
A

where ETj,;, is instantaneous evapotranspiration (mm/h), A is latent heat of vaporization
(J/kg), and the value 3600 is a time conversion factor from seconds to hours.

Evapotranspiration was calculated based on the energy balance relationship at the
moment of satellite transit. The value obtained was converted to daily evapotranspiration
based on the evaporation fraction for each pixel of the image:

ETjnst = 3600 (13)

AET R,—G-H
= A= — —
R,—G R,—G

A (14)
Assuming a constant evaporation fraction A over 24 h, the 24-h evapotranspiration

was calculated as:
86400A (R, — Gog)

A

where the evaporation fraction during the day is assumed to be constant, R, is net daily radi-
ation (W/m?), A is latent heat of evaporation (J/kg), and Gy is daily soil heat flux (W/m?).

ETyy =

(15)

3. Results
3.1. Impact of Foliar Spraying on Pistachio Tree Temperature

The land cover in each plot and the temperature of pistachio trees in plot A and
plots B-D are shown in Figure 6. The temperature of pistachio trees was mapped in
categories with 0.5 °C increments, to reveal any changes. The quantitative comparison of
the tree temperature in each plot is presented in Figure 7. In plot A (control), which was
sprayed with gypsum at the first and second imaging dates, tree temperature remained
constant between the two sprayings and the area occupied by the different tree temperature
categories did not change. This indicates that the environmental conditions were similar
between the two dates and that the temperature change seen in other plots was due solely to
the foliar application. Both before and after foliar spraying of gypsum in plot A, more than
45% of pistachio trees in the study area were located in the temperature band 47.5-48.5 °C.
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Before foliar spraying of gypsum in plot B, more than 90% of trees in that plot were in the
temperature category > 49 °C, while after spraying the temperature decreased to 4748 °C
in more than 50% of the area and tree temperature exceeded 49 °C in only 0.5% of the plot
area. Before foliar application of NAX-95 (calcium-based suspension coating) in plot C, 80%
of tree area had temperature > 49 °C, while after spraying 40% of tree area had temperature
47.5-48.5 °C, and 10% of the area had temperature > 49 °C. Before foliar application of
sulfur in plot D, more than 65% of pistachio trees were in the temperature category > 49 °C,
while afterwards the temperature was in the range 47.5-48.5 °C for 41% of the tree area,
and it was above 49 °C for only 9% of the tree area.

In general, on comparing the percentage area of temperature classes in each of the
plots it was apparent that gypsum gave the greatest reduction in tree temperature among
the three materials studied (Figure 7).

3.2. Impact of Foliar Application on Pistachio Tree Evapotranspiration

Figure 8 presents the land cover maps and daily evapotranspiration by pistachio trees
at 1 mm intervals in each of the plots. In plot A, where the trees were foliar-sprayed twice
with gypsum, daily evapotranspiration was similar on both dates, as found for temperature.
For example, trees with evapotranspiration of 0.4-0.5 mm/day occupied the highest per-
centage of tree area on the first spraying date (36%), and the second date (38%). In plot B, in
which the trees were sprayed once with gypsum, the largest percentage area was occupied
by trees with evapotranspiration of 0.3-0.4 mm/day (35%) and 0.4-0.5 mm/day (28%).
Trees in the two highest daily evapotranspiration categories (0.4-0.5 and 0.5-0.6 mm/day)
occupied 31% and 30% of total tree area, respectively.

Before foliar application of gypsum in plot B, 80% of the tree area showed daily
evapotranspiration of <0.5 mm/day, while after application this proportion decreased to
50% of tree area and the remaining tree area showed increased evapotranspiration. Before
foliar application of NAX-95 (calcium-based suspension coating) in plot C, 62% of the
pistachio tree area showed daily evapotranspiration of <0.5 mm/day, while after application
the proportion was 54%. In general, foliar application of NAX-95 (calcium-based suspension
coating) led to an increase in evapotranspiration in 0.8% of the tree area, as its temperature
reduction effect was less than that of gypsum. Before foliar spraying with sulfur in plot
D, trees in the highest daily evapotranspiration categories of 0.4-0.5 and 0.5-0.6 mm/day
occupied 28% and 26%, respectively, of the pistachio tree area, while after spraying the
corresponding values were 22% and 29%, respectively. In that plot, 42% of the tree area was
initially occupied by trees in the daily evapotranspiration category <0.5 mm/day, while
after sulfur application evapotranspiration increased in 12% of the tree area (Figure 9).
It should be noted that valid data regarding actual amount of evapotranspiration were
not available to validate the results of the SEBAL algorithm, although various studies have
evaluated the accuracy of the SEBAL algorithm for Iran and have found good accuracy [45,46].

Figure 10 shows the differences in tree temperature and daily evapotranspiration in
each plot, by subtracting the second imaging date from images from the first date. In
plot A (control), the temperature of pistachio trees showed no significant change from the
first to the second date, with the maximum temperature change for pistachio trees being
0.1 °C and the minimum —0.7 °C. Consequently, daily evapotranspiration by trees in this
plot increased by a maximum of 0.6 and a minimum of 0.05 mm/day. In plot B, which
was foliar sprayed once with gypsum, the temperature of the pistachio trees decreased
by 2.8-3.65 °C between the first and second imaging dates, and daily evapotranspiration
increased by 0.3-0.49 mm/day. In general, gypsum gave a greater temperature reduction
than the other two materials tested. In plot C, foliar spraying with NAX-95 (calcium-based
suspension coating) caused the temperature of pistachio trees to decrease by 0-2.79 °C, and
also resulted in a decrease in daily evapotranspiration of 0.85-0.86 mm/day. Considering
that evapotranspiration is not dependent solely on tree temperature of the trees, and
including parts of plots A and C where tree temperature showed no significant change
between the imaging dates, evapotranspiration increased by between 0.6 and 0.8 mm/day.
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Therefore, the maximum increase in evapotranspiration of e.g., 0.49 mm/day in plot B
represented a decrease in evapotranspiration compared with the control situation. In plot
D, foliar spraying with sulfur decreased tree temperature by 0.9-6 °C, and increased daily
evapotranspiration by 0.03-0.6 mm/day.

Land Cover First Date Second Date

e

Legend
- Pistachio Tree
:] Soil 0255 20

B Weed

Figure 6. Comparison of the surface temperature of pistachio trees after foliar application of gypsum
on the first imaging date (plot (A) only) and of gypsum again, gypsum, NAX-95 (calcium-based
suspension coating), and sulfur in plots (A-D), respectively, on the second date.



Remote Sens. 2022, 14, 6153

12 0f 18

m>45 80

mas-455 70

455-46 O 60

© 50

46-465 %5,

46.5- 47 %30
8

47-475 §20

475-48 510 |I| ||
&y _ l A

m48-485 = _ = =
s 12 s 2 s 12 s 12
W 48.5-49 S 5 < & o S < s
W 49< 2 ! < ! < e = !
i 2 5 a i 2 I 2
e - - -
A B C D

Figure 7. Percentage area of different pistachio tree temperature (LST, °C) classes before and after
foliar application of gypsum (plot (A)) and of gypsum again, gypsum, NAX-95 (calcium-based
suspension coating), and sulfur in plots (A-D), respectively.
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Figure 8. Daily evapotranspiration by pistachio trees after foliar application of gypsum on the first
imaging date (plot (A) only) and of gypsum again, gypsum, NAX-95 (calcium-based suspension
coating), and sulfur in plots (A-D), respectively, on the second date.
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Figure 9. Percentage area of different pistachio tree evapotranspiration classes (mm/day) before and
after foliar application of gypsum (plot (A)) and of gypsum again, gypsum, NAX-95 (calcium-based
suspension coating), and sulfur in plots (A-D), respectively.
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Figure 10. Changes in pistachio tree temperature (LST, °C) and daily evapotranspiration (ET,
mm/day) after foliar application of gypsum in plot (A) and of gypsum again, gypsum, NAX-95
(Calcium-Based Suspension Coating), and sulfur in plots (A-D), respectively.
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The maximum, minimum, and mean pistachio tree temperature and daily evapo-
transpiration difference between the first and second imaging dates are shown in Table 3.
Comparison of the mean surface temperature change values showed that the greatest
decrease in tree temperature was related to foliar application of gypsum, which caused the
mean temperature of the trees to decrease by 3.3 °C. The trees foliar-sprayed with gypsum
also showed less daily evapotranspiration change, although mean daily evapotranspiration
increased by 0.18 mm/day. Additional benefits of applying gypsum are that it can improve
soil structure and help to overcome soil salinity problems [47].

Table 3. Maximum, minimum, and mean difference in tree temperature (LST) and evapotranspiration
(ET) by pistachio trees between the first (1) and second (2) imaging dates after foliar application
of gypsum on the first date (plot A only) and of gypsum again, gypsum, NAX-95 (calcium-based
suspension coating), and sulfur in plots A, B, C, and D, respectively, on the second date.

LST2-LST1 (°C) ET2-ET1 (mm/day)

Plot Max Min Mean Max Min Mean
A 0.01 —0.72 —0.14 0.64 0.05 0.40
B —-2.82 —3.65 —3.33 0.49 —-0.37 0.18
C 0.00 -2.79 —0.68 0.85 —0.86 0.22
D —-0.97 —1.62 —1.38 0.62 0.03 0.36

Foliar spraying with sulfur reduced mean tree temperature by 1.3 °C and caused mean
evapotranspiration to increase by 0.3 mm/day. Foliar spraying with NAX-95 (calcium-
based suspension coating) had very little effect in reducing the temperature of pistachio
trees (mean decrease 0.6 °C) and increased mean daily evapotranspiration by 0.22 mm/day.

4. Discussion

High temperatures and drought periods are common in arid regions. In the Yazd
province, one of the major difficulties in many pistachio orchards is very high temperatures
in summer, particularly in drought years, when the damage to trees and fruit is more severe.
Although pistachio trees are extremely resistant to arid conditions and can grow in soil and
salt water, the fruit is very sensitive to sunburn during the initial stages of growth. The
destructive effects of high temperatures in pistachio orchards are reduced quantity and
quality of the commercial product, and the general weakness of the trees [48]. One of the
methods to reduce the effect of sunburn on trees is foliar spraying. Various materials are
used for foliar spraying [8-10]. The present study investigates the effect of three substances,
including gypsum, sulfur, and NAX-95 (calcium-based suspension coating) on the reduction
of pistachio sunburn. The results revealed that gypsum solution had the greatest effect
on the reduction of the temperature of pistachio trees. On average, foliar spraying with
gypsum decreased the temperature of pistachio trees by 3.3 °C, whereas foliar spraying
with NAX-95 (calcium-based suspension coating) and sulfur reduced the temperature
of pistachio trees by 1.3 and 0.6 °C, respectively. These results are consistent with others
investigating the impact of foliar spraying on trees and showing a temperature reduction up
to 3 °C using kaolin (a white substance of aluminum silicate mineral, AL45i4019[OH]g) [8,9].
Light-reflecting colored mulches have been also used and were proven to reduce canopy
temperature by 2-6 °C, but they are high in cost [10]. Other methods for reducing tree
temperature include tree-top sprinkler irrigation system but their high cost and limited
water availability [5] makes it less suitable. However, previous studies have examined the
effect of different substances on foliar spraying of different trees such as pomegranate and
apple [49,50] and a limited number of studies investigated foliar spraying on the reduction
of pistachio tree sunburn [51]. Furthermore, our study shows that trees sprayed using
gypsum and sulfur decreased evaporation and transpiration by 0.18 and 0.36 mm per
day, respectively, and in the areas sprayed by NAX-95 (calcium-based suspension coating)
transpiration evaporation decreased by 0.22 mm per day. Therefore, although the use of
gypsum in foliar-spraying pistachio trees reduced the temperature of the trees more than
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other substances, NAX-95 led to higher decreases in evaporation of transpiration. In farms
where water consumption is considered, apart from the temperature reduction, it should
be noted that in foliar spraying, the complete coating of the leaves and reduction in the
temperature of the pistachio tree increase the seed size, reduce porosity, control sucking
pests, and prevent pistachio fall [3,4].

In previous studies, ground measurements were used to investigate the impact of foliar
spraying on trees. In our study, however, remote sensing was successfully used to determine
the effects of foliar spraying on tree leaf temperature and daily evapotranspiration. The use
of remote sensing always involves two criteria: spatial and spectral resolution. The spatial
resolution in Landsat 8 satellite images from the thermal band receiver is not sufficient
for examining the trees. Therefore, it was not possible to use these images to examine the
temperature change of trees and their transpiration evaporation at the field level because
the pistachio farm lacks dense coating, and there is soil among the trees, which creates
impure pixels. For this reason, the spatial resolution ability of satellite images was enhanced
by using drone images. The UAV images have very high spatial resolution but do not
include the thermal band, and drones that are capable of providing this band are very
expensive [52]. Thus, Landsat 8 satellite images and drone images were integrated so
that images with high spectral and spatial power can be created. The temperature and
transpiration were estimated using integrated images. Since this study only addressed the
temperature of the tree surface and the evaporation of tree transpiration, and the difference
in weed density in different rows might cause errors, pistachio farm coatings, weeds, and
soil were segregated using the supervised classification. Likewise, some studies have
addressed the separation of weeds from trees using drone images, and the ability of drone
images to separate these land coatings has been confirmed [53,54]. The surface temperature
images were evaluated using the separate window method, which was validated in a
previous study by the researchers and could estimate the Earth’s surface temperature with
an accuracy of more than 5 °C [33]. Thus, integrating images from satellite and UAVs seems
to provide an efficient methodology to improve agricultural management practices and
support precision agriculture.

5. Conclusions

Pistachio is a recommended agricultural crop for arid regions of Iran due to its potential
for adaptation to adverse environmental conditions, such as soil salinity, water scarcity,
and drought. However, sunburn and heatstroke can cause much damage to the pistachio
crop and measures to mitigate this problem are needed. Foliar application of different
compounds can reduce the temperature of pistachio trees and prevent sunburn, and this
method is popular with farmers due to its relatively low cost and perceived lack of impacts
of the compounds on soil quality after wash-off by rain. In this study, we merged Landsat
8 and UAV images to obtain images with high spatial and spectral resolution, and used
these to estimate tree temperature and evapotranspiration in experimental plots. Therefore,
foliar application of gypsum can have beneficial impacts in areas with hot summers which
are susceptible to drought periods. However, foliar application of NAX-95 (calcium-based
suspension coating) gave lower evapotranspiration, which may be interesting considering
the increasing water scarcity problems in the region. Future studies should use the remote
sensing approach to examine the effect of foliar application of other compounds, e.g.,
kaolin, to pistachio trees, and the effect of foliar application of gypsum to other tree species.
Combining the high spatial resolution images from UAV with the thermal band data
from Landsat 8 provided information relevant for determining the impact of spraying
light-reflecting products on tree temperature and evapotranspiration.
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