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Abstract: An experiment of sensible and latent heat flux measurement was conducted in a tea
plantation near the Yangtze River within Danyang of Jiangsu Province, China. High-frequency
(~10 Hz) air temperature measurement with fine-wire thermocouples (2 = 50 pm) was used for the
estimation of sensible heat flux (H), and latent heat flux (LE) was extracted as a residual of the energy
balance equation using additional measurements of net radiation (R,;) and soil heat flux (G). Results
were compared against the eddy covariance (EC) system under unstable conditions only, and days
with high precipitation were excluded from further analysis. Half-hourly datasets of the sensible
heat flux estimated using the surface renewal method (SR) (Hsr) and measured by the EC system
(Hgc) were analyzed. Results showed good agreement with R? =0.80, root mean square error (RMSE)
=27.87 W m~2, relative error (RE) = 9.02%, and a regression slope of 0.68—this slope was used for
the calibration of the uncalibrated Hgg estimated by SR. On the other hand, the half-hourly dataset
of LEsg was regressed against EC, and it showed good agreement with relatively high R? = 0.93,
RMSE =32.99 W-m~2, and RE = 5.67%. Hence, the SR method may estimate the surface fluxes at a
relatively low cost, ultimately improving calculations of evapotranspiration. Thus, the SR method
could provide an economical tool for improving crop water management of tea plantations.

Keywords: sensible and latent heat fluxes; surface renewal method; tea plantation; evapotranspira-
tion; eddy covariance

1. Introduction

Latent heat flux (LE) measurement is very critical in the field of micrometeorology for
the efficient management of available water resources. The precise estimation of LE, also
termed as evapotranspiration (ET), is vital due to its great influence on precipitation, plant
growth, and amount of irrigation water runoff. There is constant pressure on the available
water resources for different crops in arable agricultural areas. Therefore, there is always a
need for accurate estimation of crop evaporation to maximize the available water resources
and crop water use efficiency. Traditionally, crop water evaporation was estimated from
climatic data and reference evapotranspiration methods and by using the crop coefficient
approach [1]. In recent decades, the instrumentation, techniques, and different approaches
for the estimation of ET have been improved a lot. In order to spread scientifically approved
techniques into commercial practice, simpler techniques are preferred. Various micromete-
orological methods have been used for estimating LE (i.e., scintillometer, eddy covariance
(EC), Bowen ratio (BR) [2], lysimeter, surface renewal (SR), and flux variance (FV)) [3]. Use
of a lysimeter is a reliable method for ET measurements, but it is seldom used outside of
experimental stations [4,5]. The Bowen ratio (BR) method requires extensive fetch and
responsiveness to the biases of the instrument used for estimating the air temperature and
water vapor pressure at two levels [2]. The scintillometer method is a high-cost method
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based on the Monin—-Obukhov similarity theory (MOST) and high skills are required for
correct operation. In addition, its estimations are disrupted by optical interception of
rainfall, insects, frost, and vertical air temperature to differentiate between the ascending
and descending directions of sensible heat flux (H) [6]. The EC system allows the direct
measurement of surface fluxes (sensible and latent heat fluxes), and a lysimeter can also
provide estimations of these fluxes with better accuracy. In spite of their many advantages,
these techniques are not easily available for daily usage by farmers due to high cost and
operational complexity; hence, simple and low-cost methods for ET measurement are
required [7]. There are few studies of ET estimation over different homogeneous surfaces
and crops using these methods. Most of these methods are costly and their instrumentation
is sensitive to damage, requiring site homogeneity and relatively wide fetch. The SR
method has been proposed as a reliable alternative to methods such as the EC system,
first proposed by Van Atta in 1977 [8]. The theoretical basics of the SR method have been
reviewed and applied over different crop canopies and surfaces with better results [9-16].
The SR method uses high-frequency (~10 Hz) air temperature measurements obtained
from fine-wire thermocouples for the estimation of the sensible heat flux (H) above the
plant canopy. The SR method has been deployed over natural surfaces with mixed results
and is considered as an attractive replacement for other available meteorological methods
due to its low-cost and relatively simple instrumentation, which makes it easier to apply
close to the canopy surface and with limited fetch [17-19].

This study tests the performance of the surface renewal method for estimating the sur-
face fluxes, including sensible and latent heat fluxes, over a tea plantation in Danyang. Tea
plants grow well all year round in temperate and humid climates. During the last decade,
sprinkling irrigation has been gradually applied to tea plantations and drip irrigation
has been recently adopted with the extension of fertigation technology. Usually, growers
start irrigation based on only soil moisture content, without knowing the exact crop water
requirement [20]. This study was performed with the aim to provide a relatively low-cost
technique for estimation of the crop water requirement of tea plants. The performance of
the SR method was evaluated for the estimation of surface fluxes including sensible and
latent heat fluxes and the results were compared against the measurements of the eddy
covariance system.

2. Materials and Methods
2.1. Study Site and Climate

The experiment was conducted at a tea plantation located in Danyang, Jiangsu, P.R
China (32.026177° N, 119.674201° E), at an elevation of 18.5 m above the sea. The study
site is mainly dominated by homogeneous crops with trees on the boundaries (Figure 1).
The tea plants were 2 years old at the time of experiment and plant height ranged from
0.7 to 0.8 m. The mean air temperature during the experimental seasons ranged from
10 to 15 °C in winter and 25 to 35 °C in summer, with mean annual precipitation of
2.73 mm.day~!. An EC system was installed at the study station, comprising a 3D sonic
anemometer (CSAT3, Sonic anemometer, Campbell Scientific, Logan, UT, USA) and an
open-path infrared gas analyzer (IRGA, EC150, Campbell Scientific, Logan, UT, USA) for
the surface flux measurements. Both the sonic anemometer and infrared gas analyzer were
placed at height of 2.3 m above the ground in the wind dominant direction. The EC system
can measure surface fluxes including H and LE directly. For the additional measurements
of relative humidity and air temperature, a sensor (HC253-L, Campbell Scientific, Logan,
UT, USA) was placed above the ground on a tower along with the EC system.
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Figure 1. A map representing the location of the study area and the eddy covariance (EC) system installed at study site.

All pieces of equipment were supported with batteries connected with solar panels.
A Net radiometer (CNR4-L, KIPP and ZENON) was placed at 2.3 m above the ground
on the same pole with the EC system in the south direction to avoid the shading effect.
For soil heat flux (G) measurement, two soil heat flux plates (HFT-3.1, TEBS, Seattle, WA,
USA) were placed at a depth of 0.08 m. One plate was installed in wet soil between the
plants and the other one was installed along the pathway. To calculate the change in heat
storage (AS), two thermocouples were installed in the soil layer above each plate at a depth
of 0.02 and 0.06 m, respectively. The installation and raw data calculation from these plates
were performed following the instructions of Campbell Scientific, Inc. [21]. The calculation
of soil heat flux was done using the soil properties, including the soil water content, soil
heat capacity, and bulk density of the soil from the soil samples collected during the field
visits, following the procedure recommended by Tanny, Haijun and Cohen (2006) [22]. For
estimation by the SR method, two fine-wire thermocouples (type T), with a diameter of
50 um (COCO-002, Omega Eng., Irlam, Manchester, UK), were placed at a height of 1.8 m
above the ground in predominant wind direction (northwest). The raw data signals from
both systems, eddy covariance and surface renewal, were sampled at a high frequency of
10 Hz because the fine-wire thermocouples cannot handle a higher sampling frequency,
e.g., 20 Hz. Raw signals were stored on a datalogger (CR3000 from Campbell Scientific).
All the recorded data were later analyzed to calculate the turbulence fluxes produced by
the eddy covariance system, e.g., frictional velocity. Raw data of latent heat flux measured
from the EC system were corrected for coordinate system rotation [23], sensor separation
by applying the frequency response correction [24], and path averaging.

On the other hand, the sensible heat flux measured by the EC system was corrected
for path averaging and coordinate rotation system. The sonic temperature was also con-
verted to the thermodynamic temperature using high-frequency readings of water vapor
concentration obtained through the open-path gas analyzer. Regular maintenance of the
instruments was performed during the whole experimental duration. The net radiometer
was cleared of dust that accumulates on its domes and its position was maintained hori-
zontally. The sonic anemometer was checked regularly and kept safe from spider webs.
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Finally, the thermocouples were checked regularly as they are very vulnerable; broken
thermocouples were replaced with new ones, fortunately only once during the experiment.

2.2. Footprint Analysis

Footprint analysis was conducted for estimating the relative contribution of the up-
wind surface to the fluxes measured by the EC method [13]. In many agricultural practices,
surfaces are limited in their area or surrounded by some trees or buildings. Therefore,
estimation of the footprint for turbulent fluxes is crucial for proper and reliable execution
of EC measurements. The following were input variables for the footprint analysis: mea-
surement height (z;), displacement height (d), mean wind speed (m-s~1), Obukhov length
(L), standard deviation of horizontal wind speed (m-s~1), friction velocity (u*), and wind
direction (o) [25-28]. The footprint model used for the estimation of the distance from
which 90% of the measured flux originated, or the ratio of this distance to measurement
height, is expressed as Equation (1) [29]:

X 2 x 9.491
— = T Xpeak 1)

Za Za
where x is the horizontal distance along the fetch from the EC system, z, is the measurement
height, and x,, is the peak location of the footprint distribution function, expressed as
Equation (2):

1-P
et = 22 @
pea 2k2

Here, D and P are similarity parameters, and z, is calculated as Equation (3):
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where z, is surface roughness length.

2.3. Surface Renewal (SR) Method

The SR method is based on the turbulent exchange of the sensible heat between the
plant canopy and the atmosphere, caused by the instantaneous replacement of an air parcel
interacting with the surface (Figure 2). The air parcel exchanges energy between air and
canopy elements; then, the parcel is detached from the surface, and a new air parcel swings
in to renew the removed air. Thus, understanding the features of this turbulence mechanism
is vital for correct operation and analysis of this method. The signals of air temperature
display well-managed coherent structures which resemble ramp events [30-32]. The SR
method is constructed on the investigative energy budget of the coherent structures that
exist within the crop canopy [31,32]. The exchange of air parcels between the surface and
atmosphere is established as ramp-like shapes in the turbulence temperature; Hgg can be
estimated as Equation (4):

Hsgr = aHg = ocz(pcp)% 4)
where « is the calibration coefficient obtained through the slope of regression between
Hgpg (calibrated sensible heat flux) and the H'sg (uncalibrated sensible heat flux); z is
the measurement height (m), p is the specific air density (kg-m ), ¢, is the specific heat
capacity (J-kg~1-K™1), a is the ramp amplitude (K) and T is the ramp period (s). The SR
estimations require calibration against any independent method (i.e., EC and BR).
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Figure 2. The concept of the surface renewal theory.

The calibration factor («) is obtained as the slope of the linear regression forced through
the origin, between the estimations of Hsg and the Hgc; the value of the calibration coeffi-
cient depends on the measurement height, canopy height and architecture, atmospheric
stability, turbulence characteristics, and sensor dynamic response characteristics [9]. The
structure—function analysis is calculated by Equation (5) [8]:

Si(r) = 12{(]‘,(—1}(_]-)"} 5)

m—j

where S denotes the structure function, # is the order of the structure function (2nd, 3rd,
or 5th in this case), r is the order of function, m is the total number of data points, j is the
sample lag, and T is the kth element in the calculated temperature data. The structure—
function values are used to determine the coefficient in the following cubic polynomial
expressed as Equation (6) [8]:
3 —
>+ pa+q =20 (6)

where p is obtained as Equation (7) [8]:

S5
p = [1052(,)— (”1 @)

Here, g is obtained as Equation (8) [8]:
q = 108% ®

These equations can be solved analytically to obtain the ramp amplitude. The ramp
period is calculated from the ramp amplitude, time lag, and third-order structure function
using Equation (9) [8]:

Py
3
)

©)

The shortened energy closure was used for the estimation of LE above the plant canopy
using Hgg and the remaining parameters, including R, and G, using Equation (10) [8]:

LESR =Rn - G — HSR (10)
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The performance of the SR method was analyzed by linear regression analysis against
the EC system with statistical errors including root mean square error (RMSE), the slope of
regression, intercept, coefficient of determination, and relative error (RE), which indicate
the performance of the SR method for estimating H and LE. The SR method overcomes
the issues related to the fetch, leveling, orientation, and instrument placement, which can
overcome the potential uncertainties in the EC system [33-37].

3. Results and Discussion
3.1. Energy Balance Closure

The energy balance closure is a typical method for evaluating the reliability of the EC
system’s measurements. A half-hourly linear regression analysis was performed between
the available energy fluxes (R, — G) and the turbulent fluxes (LE + H) measured from the

EC system (Figure 3).
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Figure 3. Half-hourly regression analysis between (R, — G) and (LEgc + Hgc).

In this study, measurements of the EC system were used to evaluate the performance
of the SR method. Although the shortage of energy balance was within the accepted range,
the estimation of LE using the SR method was based on the energy balance Equation (11):

LEgc + Hgc =0.64 (Rn — G) (11)

The overall results showed that both fluxes were in good agreement, with rela-
tively high R2=0.85,a slope of regression of 0.64, and statistical errors RMSE and RE of
25.13 W-m~2 and 3.72%, respectively. The energy balance slope was within the acceptable
range related to the EC system application in the literature [38,39]. Hence, measurements
of the EC system including the sensible heat flux and latent heat flux were used to calibrate
the performance of the surface renewal method in this study.

The coherent movements of the fluxes cannot be justified by either the surface renewal
or the eddy covariance method, and their role in the post-field data processing involving
both of these methods remains unknown. However, this issue can play a critical role for
elucidating the surface energy balance closure when the SR method is used.

3.2. The Footprint of EC Flux Measurements

A footprint model was applied to analyze the relative contribution of the windward
distance to surface fluxes measured by the EC system. The footprint model was estimated
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by Equations (1)—(3), which provide the ratio between 90% flux footprint and measurement
height; Equation (1). The analysis was performed mostly for the daytime (unstable condi-
tions) [27]. Two days with different climatic conditions were selected from the experimental
duration: One partly cloudy (27 November 2018) and the other one (18 October 2018) a
sunny day. Diurnal variations of footprint/height ratios for these two days are shown in
Figure 4:

® Sunny day
® Partly cloudy day

2 a o
[ 2 o o |
[ T
L
L

[ ]

w
o
1

|

90% footprint to measurement height ratio

n n

_ ]

20 5 - [}
n ||
10 4 u [ ] [ ]
0 n u
¥ T T " T L T L T % T ” T H T
8 <] 10 11 12 13 14 15 16

Local time

Figure 4. Variation of half-hourly 90% footprint measurement height ratio of two different days [23].

The results in Figure 4 show that the ratio during the sunny day was in the range
0-30, significantly lower than the ratio determined during the partly cloudy day which
ranged between 50 and 60. This difference is presumably because during the sunny day;
the surface was warmer, and the boundary layer was more unstable than during the partly
cloudy day. This larger instability resulted in a shorter 90% flux footprint during the sunny
than the partly cloudy day. Besides, Figure 4 shows that on both days, the ratio was smaller
than the common 100:1 fetch/height ratio. This indicates that under the conditions of this
experiment, most of the flux measured by the EC system originated from within the tea
field under study. Hence, the EC data are reliable and can be used for the calibration of the
SR method [13].

3.3. Sensible Heat Flux

The sensible heat flux was estimated using Equation (4), using high-frequency air
temperature measurements of fine-wire thermocouples [34]. A linear regression analysis
was performed between the half-hourly datasets of Hsg and Hgc under unstable conditions
(Figure 5). Overall estimations of the SR method were in better agreement with the EC
system with a coefficient of regression R? = 0.80. This performance was evaluated for the
time-lag of 0.5 s, keeping in view the results of previous studies using the same time-lag and
frequency for the estimation of surface fluxes using the SR method and sampling frequency
(~10 Hz) [10,18]. The uncalibrated H'sg was corrected using the calibration coefficient of
0.68 obtained from the slope of regression between the uncalibrated and calibrated sensible
heat fluxes obtained from the SR and EC systems, respectively, as shown in Table 1 for the
same duration under unstable conditions. The comparison was performed to assess the
performance of the SR method in tea plants.
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Figure 5. Half-hourly regression analysis between Hgr and Hgc.
Table 1. The regression statistics between the half-hourly dataset.
z Time-Lag Slope 2 RMSE RE
Fluxes (m) ®) () R (W-m-2) (%)
Hsg vs. 18 0.5 0.68 0.80 27.87 9.02
Hec
LEsg vs. 1.8 0.5 1.21 0.93 32.99 5.67
LEgc
Rn — G)
vs. (LE + 2.3 0.5 0.64 0.85 25.13 3.72
H)

The overall results showed good agreement between the estimations by the SR method
and the EC system, with R? = 0.80, RMSE = 27.87 W-m~2, and RE = 5.67% (Table 1).
Diurnal variation of the half-hourly estimations of Hgg, Hrc, and R, were observed for
two randomly selected days from the experiment duration, one being a clear day (day of

year 125, 2019) (Figure 6a) and one being a day with variable clouds (day of year 101, 2019)
(Figure 6b).
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(a) Clear day (day of year (DOY) 125, 2019).

Day of Year

(b) Cloudy day (day of year 101, 2019).

Figure 6. Diurnal variation of the half-hourly Hsr, Hrc, and R, (a,b).
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On the clear day, the estimations were better correlated with the measurements of the
EC system in the morning and in the later part of the day (evening). The overall estimation
was relatively good throughout the day. On the other hand, the estimation of Hgg was
changing all day, corresponding to the values of Rj;. In the morning, Hsg was close to zero
and it increased steadily with the increase in R;; the estimation of Hgg was varied with the
measurement of R,;, and same trend was observed throughout the day (Figure 6a).

This showed that the air temperature fluctuations present a ramp pattern. The ramps
are different for the different climatic conditions and have a direct impact on the measure-
ments of the net radiation.

3.4. Latent Heat Flux

Latent heat flux was extracted as a residual of the energy balance closure using the
estimated Hgg, including the R, and G measured separately. A linear regression analysis
was performed between the half-hourly estimations of LEgg and LEgc under unstable
conditions, and only positive estimations of LE were compared during the analysis because
only positive LE corresponds to evapotranspiration, which mainly arises under unstable
conditions [40].

The Hgg estimated by the SR method yielded a good estimate of the LEgg using a
time-lag of 0.5 s for every half-hourly dataset. The results were in good agreement with
relatively high R? = 0.93 as shown in Figure 7. The performance of the SR method for
estimating LEgg was evaluated using statistical tools including RMSE and RE. The best
result of LEgg was obtained at a height of 1.8 m above the ground, with slope of regression
of 1.21. The statistical errors including RMSE and RE were obtained as 32.99 W-m~2 and
5.67%, respectively. These results represent the performance of the SR method for the
estimation of LEgg. The RMSE values were greater between the linear regressions of LEgg
vs. LEgc as compared to those of Hgg vs. Hrc. This was observed due to the fact that the
errors were related to the measurements of R, and G in both the SR method and the EC
system (Table 2).

600 5

400

LEss(Wm?)
1
T

#
T

100 - R*=0.93
RMSE=32.99 Wm
RE = 5.67 %
i 1tl.‘rﬂ Zf.IZIIZI 3-60 4I:I]I} 5;30 EEtD
LEze(Wm?)

Figure 7. Half-hourly estimated LEgg vs. LEgc under unstable conditions.

A diurnal comparison was made of LE with the SR estimations and the measurements
by the EC system at time-lag of 0.5 s and a measurement height of 1.8 m above the ground
under unstable conditions. For the comparison, two different days were selected: one with
a clear sky (day of year 125, 2019) and the other with variable clouds (day of year 101, 2019).
The diurnal variation of LEgg and LEgc was observed with respect to the net radiation
throughout the day, mainly in the daytime, usually from 8:00 to 16:00. The diurnal variation
of LEgc and LEgg was observed throughout the day with respect to Ry, for on a clear day;,
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R, was relatively high, with a maximum value of more than 700 W-m~2, and the variation
of LEgg and LEgc was in relatively strong agreement, mainly in the mid-day (Figure 8a).

Table 2. Experiment instruments and installation.

Observations Notation Unit Installation Height (m) Instruments
3D wind velocity, sonic wowT m-s~! 23 CSAT3, Sonic anemometer, Camp-bell
temperature 7P s °C ’ Scientific, Logan, Utah, USA
Hzo and COZ -3 . g
. - pumol-m 2.3 EC150, Campbell Scientific, Logan, Utah, USA
concentrations
. o TCAV-L, Campbell Scientific, Logan,
Soil temperature Tsoil C 0.02-0.06 (Depth) Utah, USA
Air temperature for SR o Fine-wire thermocouple, COCO-002, Omega,
. T, C 1.8
analysis Eng., UK
. g o HC2S3-L, Campbell Scientific, Logan,
Relative humidity RH Jo 2.1 Utah, USA
Soil heat flux G W-m—2 0.08 HFP01, Hukse flux plate sensor
Net radiation R, W-m—2 2.3 CNR4-L, KIPP and ZENON
. . TE525MM, Campbell Scientific Inc., Logan,
Liquid precipitation - mm 2.1 Utah, USA
(CS655, Campbell Scientific Inc., Logan,
: 3.3 ’ p , Logan,
Soil water content 0y m°-m 0.04 (Depth) Utah, USA
Datalogger CR3000 Campbell Scientific Inc., Logan, Utah, USA.
800 600
700 - 500 |
—_— g Rn —a— R.
7 —e— LEEC —— .
; A —a— LLESR P“E e e~ tf::u
2 5004 Z 300 - ‘
= g
=
Z 400 | & 200 -
< g
= 300 - Z 100 -
=
200 0 -
100 ' T T . . . -100 +
125.0 125.2 125.4 125.6 125.8 126.0 : ; ' . : : . . g : ;
Day of Year 101.0 101.2 101.4 101.6 101.8 102.0
Day of Year
(a) Clear day (DOY 125, 2019). (b) Cloudy day (DOY 101, 2019).

Figure 8. Variation of the Ry, LEgc, and LEgg,

On the other hand, the diurnal variation was in good agreement in the day with vari-
able clouds and the estimations were directly influenced by the amount of R;, (Figure 8b).
Overall, good correlation was observed throughout the day between the measurements of
the EC system and the SR estimations.

4. Conclusions

The performance of the classical surface renewal method was examined in a tea
plantation located in Danyang, PR China. The conventional SR method was applied for
the estimation of sensible heat flux using high-frequency air temperature measurement by
fine-wire thermocouples, under unstable conditions only, and the results were compared
against the measurements of the EC system. Analysis of both these methods showed that
the estimated Hggr corresponded well with Hrc with R? = 0.80, RMSE = 27.87 W-m~2,
and RE = 9.02%, the slope of regression forced through the origin was (« = 0.68), and this
slope was used for calibrating the uncalibrated sensible heat flux estimated through the SR
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method. The estimated LEgg was in strong agreement with the latent heat flux measured
by the eddy covariance system, with a relatively high coefficient of regression. Based on
the results, the surface renewal method can provide simple and relatively inexpensive
estimations of H and LE above tea plantations and, hence, evapotranspiration, which can
help in improving the per capita production of tea plants with better irrigation application.
In the future, this study can help in adopting this method for obtaining low-cost information
about crop water requirements; furthermore, the SR method can be used independently in
case the eddy covariance system is not available—for instance, in fields where the fetch
requirement is very limited, and application of the EC system is not easy at the corner of
the field. On the other hand, the SR method can be installed in a more appropriate way to
obtain complete information of wind direction and other climatic factors, which can help
growers to manage available irrigation resources at a relatively low cost. The results of this
study were in good agreement with some previous studies performed for different crops
and in different climatic conditions [5,11,17,18].
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