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ABSTRACT: A sustainable future requires efficient water use in irrigated agriculture to ensure food and water security. The crop water stress
index (CWSI) is aremote sensing tool that can help achieve this goal. In typical CWSI experiments, infrared sensors focus on the canopy to
measure its temperature. This study evaluated this methodology for crop beans (Phaseolus vulgaris L.) with low canopy coverage. In this
scenario, the temperature measurement is significantly affected by the presence of straw mulch. The study also proposed a procedure that
uses supplementary data to estimate canopy coverage and straw mulch temperature. Then, the canopy temperature is finally estimated
from the infrared sensor measurement. The procedure was successfully implemented for low canopy coverages. Without it, the baseline
slope was inconsistent with the CWSI theory. This was particularly true during the earlier phenological stages. The lowest observed canopy
coverage was 0.17 for the baseline and 0.26 when estimating the CWSI. The CWSI showed a clear relationship with soil water content.

Key words: Phaseolus vulgaris L., phenological stages, straw mulch, canopy temperature, canopy coverage.

INTRODUCTION

Irrigated agriculture plays a crucial role in ensuring food and nutritional security. It improves yield and product supply,
generates employment, and increases producer income. Irrigation also reduces production risks by mitigating the impacts
of climate change. However, efficient water use is essential (Siyal et al. 2023).

Irrigated agriculture is fundamental to achieving the Sustainable Development Goals in the United Nations’ 2030
Agenda. This is particularly true for the agricultural sector. Among the United Nations’ goals, zero hunger and sustainable
agriculture stand out (United Nations 2016). Food production requires a substantial volume of water, which must come
from rainfall or irrigation.

Irrigation is also vital to the Brazilian agricultural economy. Brazil has 8.2 million hectares of irrigated land, ranking
sixth globally in area. In contrast, this represents less than 1% of the Brazilian territory. Brazil has the potential for irrigation
growth, unlike other leading countries in the ranking. The prospect by 2040 is a 76% increase in irrigated areas in Brazil
(ANA 2021).

Nowadays, agriculture faces numerous challenges and opportunities. Thus, precision irrigation tools must be developed
to promote water use efficiency. Remote sensing can enhance the monitoring of irrigated areas, improving spatial resolution
and scale. In this context, the crop water stress index (CWSI) is an excellent alternative for assessing plant water status.
CWSI normalizes the difference between canopy and air temperature. Its values range from 0 to 1, representing a plant’s
well-watered status and severe water deficit, respectively.

The canopy temperature can be measured using handheld infrared thermometers (Idso et al. 1981), stationary infrared
radiometer (IRR) sensors (Han et al. 2018, Gonzalez-Dugo et al. 2020), or thermal cameras (Katimbo et al. 2022, Sanchez-Pifiero
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etal. 2022). CWSI correlates well with stem water potential and leaf conductance (Bellvert et al. 2016, Sanchez-Pifiero et al.
2022). It has also been correlated with relative transpiration (Gonzalez-Dugo et al. 2020), leaf photosynthetic activity (Luan
et al. 2021), crop yield (Gonzalez-Dugo et al. 2019), and soil water content (Katimbo et al. 2022).

Earlier studies on CWSI assessed crops such as squash, alfalfa, and soybeans (Idso et al. 1981), as well as sorghum, corn,
beans, and cotton (O’Toole and Hatfield 1983). These studies measured only the canopy temperature and took precautions
to avoid interference from the soil surface temperature. Since then, CWSI has been successfully applied to trees and other
perennial crops, such as pistachio (Testi et al. 2008), persimmon (Ballester et al. 2013), citrus (Gonzalez-Dugo et al. 2014),
peach (Bellvert et al. 2016), grapevine (Poblete-Echeverria et al. 2017), almond (Gonzalez-Dugo et al. 2020), and olive
(Sanchez-Pifero et al. 2022). In those cases, measuring only the canopy temperature was more straightforward. Han et al.
(2018) calculated the CWSI for maize. They adjusted the IRR sensor position several times during the plant cycle to ensure
the canopy coverage was above 0.8.

This study used data from beans (Phaseolus vulgaris L.) planted with no-tillage and straw mulching. This technique
promotes greater water retention in the soil surface and reduces the need for irrigation during the cultivation cycle (Cunha
et al. 2015, Yin et al. 2023). This study evaluated the feasibility of obtaining the CWSI for canopy coverages below 0.8. It
also proposed a procedure for estimating canopy coverage and straw mulch temperature. This study also correlated the
CWSI with soil water content.

MATERIALS AND METHODS

The study was conducted in an experimental area in Campinas, Sdo Paulo, Brazil. ‘Carioca’ beans (P. vulgaris L.)
were planted in two cultivation cycles. The cultivar TAC1850° was planted in the first cycle, on August 7, 2023, and the cultivar
TAC2051’ in the second cycle, on February 6, 2024. The first cultivation cycle lasted 91 days, whereas the second lasted
82 days. Each cycle comprises five phenological stages: vegetative, development, flowering, grain-filling, and maturation.

Center-pivot irrigation was used on both cultivation cycles. Throughout the first cycle, the bean plants were kept well-
watered. Twelve irrigations were carried out, totaling 131 mm of water; the recorded rainfall was 340 mm. In the second
cycle, a severe water deficit occurred during flowering, while a mild one occurred during grain-filling and maturation. The
total rainfall reached 256 mm, and 10 irrigations were performed, totaling 100 mm of water. The field capacity and the
permanent wilting point were determined from the soil-water retention curve (Van Genuchten 1980).

The automatic meteorological station gathered data every 20 minutes. This station was located approximately 700 m
from the experimental area. In addition to rainfall, it recorded air temperature, relative air humidity, solar radiation, and
wind speed at 10 m above ground. Tables 1 and 2 show the average values of the meteorological data for each cycle. To
estimate the net radiation every 20 minutes, a calculation tool (Mariano et al. 2011) provided daily net radiation values for
each cycle. Then, the average ratio of net radiation to solar radiation was applied to the meteorological data.

Two SIL-411 IRR from Apogee Instruments measured the canopy temperature. They were installed 0.8 m above the soil
surface with a 30° viewing angle, pointing in the east-west planting direction. Additionally, two TEROS 12 sensors were
installed at a depth of 0.20 m to monitor soil water content. All sensors were connected to a data logger that recorded data
every 5 minutes.

In both cultivation cycles, the sensors were installed after the vegetative phase on August 30, 2023, and February 21,
2024. Moreover, the leaves gradually wilt during maturation. Therefore, this study analyzed only development, flowering,
and grain-filling data.

The plants were cultivated using no-tillage with straw mulching. Moreover, the bean plants have a small canopy in
the early phenological stages. These factors combined interfered on the straw mulch temperature in the IRR sensors’
measurements. To solve this issue, a handheld infrared thermometer, model GM320, was used to measure the temperatures
of the leaves and the straw mulch. Measurements were taken at 9 a.m. and noon, two or three days a week. They began
on September 12, 2023, for the first cycle, and February 19, 2024, for the second cycle. Also, crop height was measured
during the second cycle.
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Table 1. Meteorological data on the first cultivation cycle at each phenological stage. Average values: minimum and maximum air temperature,
relative air humidity, solar radiation, and wind speed at 10 m above ground.

Vegetative Development Flowering Grain-filling Maturation
. Aug7 Aug 18 Sep 8 Sep 24 Oct 19
Period (2023) Aug 17 Sep7 Sep 23 Oct18 Nov 6
Days after planting 0-10 11-32 33-47 48-72 73-91
Maximum 299 290 322 314 300
temperature (°C)
Minimum | 158 167 179 195 190
temperature (°C)
Maximum relative
air humidity (%) 95.6 92.8 94.4 981 98.5
Minimum relative air
humidity (%) 475 50.5 429 59.2 61.0
Solar radiation
(MJ-m2day™) 70 9.4 149 119 13.8
10mwind speed 0.4 13 22 2.8 27

(m-s?)

Table 2. Meteorological data on the second cultivation cycle at each phenological stage. Average values: minimum and maximum air
temperature, relative air humidity, solar radiation, and wind speed at 10 m above ground.

Vegetative Development Flowering Grain-filling Maturation
. Feb 6 Feb 17 Mar7 Mar 23 Apr13
Period (2024) Feb 16 Mar 6 Mar 22 Apr 12 Apr 28
Days after planting 0-10 11-29 30-45 46-66 67-82
Maximum 325 326 340 302 313
temperature (°C)
Minimum 205 205 216 198 191
temperature (°C)
Maximum relative
air humidity (%) 99.7 99.8 99.4 98.3 981
Minimum relative air
humidity (%) 53.9 58.9 574 59.6 513
Solar radiation
(MJ-m?-day-) 179 15.6 16.4 121 142
10 m wind speed 17 17 17 20 22

(m-s?)

Canopy coverage

According to Apogee Instruments, the IRR sensor temperature measurement is a weighted average of canopy and soil contributions

in the IRR field of view. The canopy coverage viewed by the sensor can be estimated as Eq. 1 (Campbell and Norman 1998):
fc =1 — glAIK (1)

where K: the extinction coefficient; LAI: the leaf area index.

For beans (P. vulgaris L.), the extinction coeflicient is 0.8 and varies negligibly with the angle of incident radiation
(Monteith 1969). During the growth period, bean plants have an LAI value similar to that of soybeans (Glycine max)
(Laing et al. 1984). Moreover, the LAI can be obtained from the canopy height (h), and for soybeans, it is given by Eq. 2
(Anderson et al. 2004):
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LAI = exp(2.38 In(4.17h)) (2)

The techniques presented in Egs. 1 and 2 were used for the second cycle. In the first cycle, the canopy height was only
measured a few times. Nevertheless, RGB images documented the crop growth throughout the cycle. Therefore, the following
index was employed to separate foliage from other elements (Eq. 3) (Arantes et al. 2021):

I, = -25.838(VR + B>NG) + 2.354 3)

R, G and B are the red, blue, and green values divided by 255. Then, a threshold was arbitrarily chosen to create a binary
mask. The purpose was to distinguish between foliage and non-foliage pixel values (Li et al. 2020, Li et al. 2023). Finally,
the canopy coverage was estimated as the number of foliage pixels divided by the total number of pixels.

Straw mulch temperature
In the presence of straw mulch, the temperature measured by the IRR sensors is (Eq. 4):

TIRR =f; ’ TL + (1 _f;) T;tmw (4)
where: f: the canopy coverage; T': the canopy temperature; T,  : the straw mulch temperature.
Although T is the variable of interest, determining T, was necessary, even more so in the early phenological stages when

the bean canopy coverage was low (f, < 1). However, T, was not estimated directly to avoid a division by f. Instead, the
temperature difference AT =T

straw

- T was determined using the data from the handheld thermometer. Then, an estimation
model was obtained through linear regression of AT as a function of the net radiation and the air vapor pressure deficit
(VPD). Finally, T was calculated by Eq. 5:

T =T~ 1-fAT (5)

when f = 1, the canopy temperature equals the temperature measured by the IRR sensor. In the following sections, canopy
temperature refers only to the one calculated using Eq. 5. Leaf temperature refers to measurements taken with a handheld
thermometer.

Crop water stress index

The CWSI normalizes the difference between the canopy temperature (T)) and the air temperature (T) (Eq. 6):

_ (Tc - Ta) - (Tc - Ta)L
CWSI = T~ Ty, —(T,=T,), (6)

The lower limit (T, - T)), represents a well-watered condition (no stress). The upper limit (T, - T ) corresponds to no
transpiration (severe water deficit).

The CWSI was first proposed by Idso et al. (1981). They observed an interesting behavior that occurs from two to three
hours after sunrise until two to three hours before sunset. For well-watered crops, the temperature difference between the
canopy and the air (T - T ) decreases linearly with VPD. Thus, the linear regression of (T - T') as a function of VPD defines
the lower limit, which is often called the non-water-stress baseline (NWSB) (Eq. 7):

(I.-T),=a+bVPD 7)

where: a: the intercept of the linear regression; b: the slope of the linear regression, with b < 0.
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The upper limit is derived by extrapolating the NWSB into the negative VPD region until no transpiration occurs. At
this point, the vapor pressure gradient between the leaf and the air equals 0 (Idso et al. 1981). Thus, the upper limit can be

calculated from the saturated vapor pressure evaluated at temperatures T’ and (T, + a) (Han et al. 2018) (Eq. 8):
(T-T),= a+b[SVP(T)-SVP(T +a)] (8)

The intercept must be non-negative (a > 0) so that (T - T) > a.
The lower and upper limits were obtained with data from the first cycle (Eqs. 7 and 8). Then, the CWSI was calculated

with data from the second cycle (Eq. 6). Finally, the relationship between CWSI and water content was assessed.
Data analysis

The data were analyzed using Microsoft Excel Analysis ToolPak and MATLAB R2018b. Data from the data logger were
averaged every 20 minutes to match the recording interval of the meteorological station. Data from different phenological
stages were compared using analysis of variance (ANOVA). The aim was to decide whether to perform the linear regressions
together or separately. The goodness of fit was assessed using the root mean square error (RMSE) and the coefficient of
determination (R?). Data trimming or data averaging was employed to enhance the goodness of fit when necessary. All

statistical analyses were performed with a 5% significance level (p < 0.05).

RESULTS AND DISCUSSION
Canopy coverage

In the second cultivation cycle, the crop height remained constant at 16 cm during the first days of the development
phase. Then, it grew gradually until it stabilized at ~52 cm at the end of flowering (Table 3). Correspondingly, the canopy
coverage (Egs. 1 and 2) started with a constant value of 0.26, increased linearly, and then saturated at ~1 (Fig. 1). The
trend line that best fitted the data had a linear phase between 20 days after planting (DAP) and 34 DAP, presenting
R?=0.97 and RMSE = 0.04.

Table 3. Crop height and width measurements on different days after planting (DAP) in the second cultivation cycle (2024).

DAP Date Height (cm) Width (cm) DAP Date Height (cm) Width (cm)
17 Feb 23 16 18 iy Mar 18 53 48
20 Feb 26 16 19 43 Mar 20 54 48
22 Feb 28 16 20 48 Mar 25 50 50
24 Mar1 24 32 50 Mar 27 54 52
27 Mar 4 27 36 55 Aprl 54 53
29 Mar 6 34 36 57 Apr3 54 53
31 Mar 8 35 37 59 Apr5 52 51
34 Mar 11 40 37 62 Apr8 51 50
36 Mar 13 47 46 64 Apr10 50 50
38 Mar 15 40 47 66 Apr12 50 50
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Figure 1. Canopy coverage as a function of days after planting (DAP) for the second cycle: calculated values (dots) and trend line (dashed).

For the first cycle, an alternative approach was adopted based on the available data. Figure 2 shows the RGB images and
their corresponding binary masks for five days: August 30, September 20, September 25, October 2, and October 4, 2023.
The threshold to separate foliage from other elements was equal to 1. It was chosen arbitrarily after inspecting the values
of the RGB index (Eq. 3). If more images are used, an optimization technique is recommended to establish a threshold (Li
et al. 2023).

Aug 30 Oct 4

Figure 2. From top to bottom: RGB images and binary masks. From left to right: August 30, September 20, September 25, October 2, and
October 4, 2023.

The canopy coverage derived from the binary masks also exhibited a linear behavior (Fig. 3). It began at 0.17 on August 30
(23 DAP) and reached 0.96 on October 4 (58 DAP). The trend line was adjusted to minimize both the RMSE of the regression
and the IRR temperature RMSE. The IRR temperature RMSE represents the error between the IRR sensor measurements and
temperature calculated using Eq. 4 (weighted mean of leaf and straw mulch temperatures, with canopy coverage as the
weighting factor). The linear phase of the resulting trend line went from 23 to 57 DAP (Fig. 3). The regression RMSE was
0.03, and the IRR temperature RMSE was 2.3°C.
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Figure 3. Canopy coverage as a function of days after planting (DAP) for the first cycle: values obtained with the binary masks (dots) and
trend line (dashed).

The cultivar TAC2051” was some centimeters taller than the cultivar TAC1850. Therefore, canopy coverage reached
values close to 1 earlier for the second cycle (Fig. 1) than for the first cycle (Fig. 3). For instance, on October 9, 2023 (63
DAP), the crop height was 38 cm, and the crop width was 54 cm. Compared with the values of Table 3, the height was

lower, but the width was similar.
Straw mulch temperature

ANOVA was applied to three phenological stages of interest: flowering and grain-filling in the first cycle and
development in the second cycle. In these stages, the crop was well-watered, and measurements were taken with a
handheld thermometer. ANOVA indicated that the difference between straw mulch and leaf temperatures (AT) did
not vary significantly across the stages of interest (p = 0.65). Therefore, only one estimation model was derived for AT,
resulting in 47 observation points.

The correlation coefficients between AT and VPD and between AT and net radiation (R ) were 0.7 and 0.75, respectively.
Thus, a two-variable linear regression model was used to fit the data. The first attempt produced an R* of 0.62 and an RMSE
of 5.6°C. To improve the goodness of fit, the data were averaged over intervals of 0.3 kPa in VPD and 40 W-m™ in Rn. The
new values of R2 and RMSE were 0.80 and 3.8°C, respectively (Table 4). Except for the intercept, all the coefficients were
statistically significant (p < 0.05).

Table 4. Statistics of the linear regression model using averaged values: the difference between straw mulch and leaf temperatures (AT) as
a function of vapor pressure deficit (VPD) and net radiation (R,).

Coefficients p-value Lower 95% Upper 95% R? RMSE
Intercept 21 0.3 -6.0 17
VPD 5.6 0.004 20 9.2 0.80 38
R 0.035 0.0002 0.018 0.052

n

RMSE: root mean square error.

Figure 4 compares the estimated canopy temperature (Eq. 5) with the measured leaf temperature. The estimated values
were produced by combining the AT model (Table 4) and the canopy coverage curves (Figs. 1 and 3). The RMSE decreased
as canopy coverage increased. The RMSE values were 10°C on the development phase (second cycle), 3°C on flowering
(first cycle), and 2°C on grain-filling (first cycle). The overall RMSE was 7°C. After disregarding the four outliers (Fig. 4),
the RMSE reduced to 5°C on development and 4°C overall.
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Figure 4. Comparison between the measured leaf temperature and the estimated canopy temperature (Eq. 5). The circled outliers belong
to the second cycle development phase.

Non-water-stress baseline

Figure 5 plots the difference between the IRR sensor measurement and the air temperature (T,

VPD. It shows only data from the first cycle, from 9 a.m. to 2 p.m., with wind speed lower than 6 m's* and no rainfall. The

- T) as a function of

development slope was positive, while the flowering slope was nearly 0. Only the grain-filling phase had a negative slope,
which is the expected behavior for a well-watered crop (Idso et al. 1981). The abnormal behavior during development and

flowering occurred due to the interference of the straw mulch temperature.

Development Flowering Grain-filling
20 - 20 - 20 -
15 - ,4'4 15 -
O 10 A O 10 A
K ° K>
HB 5 7 *’ :o "U 5 h o
I S o |
HE 0 R é 0 *
L] 04 *
5 -5 M‘io,.
-10 ——T—T -10 ——T—T -10 ——T—T
01 2 3 45 01 2 3 45 01 2 3 45
VPD (kPa) VPD (kPa) VPD (kPa)

Figure 5. Infrared radiometer sensor temperature minus air temperature (T, - T_) as a function of vapor pressure deficit: development,
flowering, and grain-filling (first cycle). Data from 9 a.m. to 2 p.m. with wind speed and rainfall filters.

The canopy temperature was adjusted by incorporating canopy coverage and straw mulch temperature (Eq. 5). Figure 6
displays the resulting scatter plots. Since the AT model was derived with a limited amount of data, two additional filters
were applied to avoid data extrapolation. The net radiation was set between 71 and 534 W-m™, and VPD values greater than
3 kPa were filtered out. As a result, all three phenological stages presented negative slopes. This outcome indicates that the
procedure presented in this study was successful.

ANOVA was used to compare the difference between the canopy and air temperatures (T.- T,) in the datasets
presented in Fig. 6. The test indicated that (T_-T,) varied significantly (p < 0.05) between any possible combination.
Therefore, the NWSB was derived separately for each phenological stage (Fig. 7). Data averaging was also used to
improve the goodness of fit. After sorting the VPD from the lowest to the highest value, a five-point moving average

was applied to each dataset.
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Figure 6. Canopy temperature (Eq. 5) minus air temperature (T - T,) as a function of vapor pressure deficit: development, flowering, and
grain-filling (first cycle). Data from 9 a.m. to 2 p.m. with wind speed, rainfall, net radiation, and vapor pressure deficit filters.

Development Flowering Grain-filling
5

T.-T,(°C)

& o
T.-T,(°C)

& o
T.-T,(°C)
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15 A e ™ 15 A
20 —T—T——— 20 —T—T———
0o 1 2 3 4 0 1 2 3 4 0 1 2 3 4
VPD (kPa) VPD (kPa) VPD (kPa)

VPD: vapor pressure deficit.
Figure 7. Non-water-stress baseline: development, flowering, and grain-filling (first cycle). A five-point moving average was applied to the data.

Table 5 presents the statistics for each NWSB illustrated in Fig. 7. Flowering and grain-filling had similar slopes
but different intercepts. Both phenological stages exhibited an R2 value close to 0.8 and an RMSE of less than 0.9°C.
Also, all their coefficients were statistically significant (p < 0.05). Regarding the development phase, the R* value
was close to 0.7, and the RMSE was 1.2°C. The intercept was not statistically significant (p = 0.7), and its confidence
interval contained zero.

Table 5. Statistics of the non-water-stress baseline for each phenological stage (first cycle).

Phe:toal gglcal Coefficients p-value Lower 95% Upper 95% R? RMSE
a 0.10 0.7 -0.51 0.72
Development 0.71 12
b -371 <0.00001 -4.12 -3.30
a 0.37 0.03 0.05 0.70
Flowering 0.79 0.88
b -2.50 <0.00001 -2.67 -2.33
a 176 <0.00001 1.59 193
Grain-filling 0.78 0.87
b -271 <0.00001 -2.85 -2.56

RMSE: root mean square error.

The upper limits of the difference between canopy and air temperature (T - T') , were obtained using the NWSB
coefficients (Eq. 8). Figure 8 shows (T - T))  as a function of VPD for each phenological stage. A comparison of Fig. 8 and
Table 5 reveals that the upper limit increased with the NWSB intercept.
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5Y Bragantia, Campinas, 84, €20240235, 2025 9


https://creativecommons.org/licenses/by/4.0/deed.en

J.A.Goes et al.

Development Flowering Grain-filling
- 4 - 4 -
3 3 3 _ﬁ‘
o o o
< < e
e 2 e 2 7 e 2 A
| | |
R R I
| o s
[ Cwwoostas cora ]
O T T T T 1 0 T T T T 1 0 T T T T 1
01 2 3 4 5 01 2 3 4 5 01 2 3 4 5
VPD (kPa) VPD (kPa) VPD (kPa)

VPD: vapor pressure deficit.
Figure 8. The upperlimit (T - T ) , calculated with the non-water-stress baseline coefficients: development, flowering, and grain-filling (first cycle).

Crop water stress index

In the second cycle, the canopy coverage and straw mulch temperature were only considered for the development phase.
The canopy coverage saturated at ~1 on the fifth day of flowering (34 DAP). After that, the canopy temperature was nearly
equal to the temperature of the IRR sensor. The same wind speed and rainfall filters were applied to the second cycle data.
However, the net radiation and VPD filters were only applied to the development data because of the AT model.

From the soil retention curve, the field capacity was 0.382 m*m?, and the permanent wilting point was 0.273 m*m~.
Additionally, the soil water availability factor is 0.45 for common beans (ANA 2019). Thus, in the second cycle, water management
was adequate during development, as shown in Fig. 9. However, water stress occurred during the other phenological stages of
interest. It was severe during flowering and mild during grain-filling. Figure 9 also shows the box plots for the corresponding
CWSI values. As expected, the CWSI average was the lowest for development and the highest for flowering.

000 - 03 4 o
000 1 gi T .
7 °
000 - 02
E 000 4 M Development ~ 014
b M Flowering 01+
E 000 4 & 0-
@ M Grain-filling
000 A -014 .
° -014 ° °
000 - 024 s ]
H °
000 1 -02 . 1

Figure 9. Soil water content (8) and crop water stress index (CWSI): development, flowering, and grain-filling (second cycle).

On the other hand, the CWSI values were not limited to the [0, 1] interval (Fig. 9). In fact, 18% of the CWSI values were
negative and divided almost equally between development and grain-filling. Additionally, 24% of the CWSI values exceeded 1,
with two-thirds corresponding to flowering. Negative values may indicate that the lower limit was too high, and values
above 1 may indicate that the upper limit was too low. One possible reason was that the NWSB was derived using data from
August to October, whereas the CWSI assessment used data from February to April.

The soil water content was averaged daily, and the data were organized into bins of 0.02 m*-m™ (Table 6). The soil water
content remained close to field capacity for seven days during development. In contrast, the soil water content came close
to the permanent wilting point for six days during flowering. For 17 days during grain-filling, the water content remained
between 0.30 and 0.34 m*m?
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Table 6. Number of days and crop water stress index (CWSI) quartiles corresponding to different soil water content values, organized into
bins of 0.02 m3-m-.

Soil water content Number of days cwsli

(m*m?) Development Flowering Grain-filling Q1 Q3
[0.28, 0.301] 0 6 1 0.44 1.35
(0.30, 0.32] 0 10 0.36 0.92
(0.32,0.34] 0 2 7 0.49 1.06
(0.34,0.36] 3 1 2 0.33 0.98
(0.36, 0.38] 7 0 0 -0.11 0.6
>0.38 3 0 0 -0.79 0.2

Table 6 also displays the first and third quartiles of the CWSI for each water content bin. Those quartiles were used to
trim the data before applying daily averages for the CWSI. Finally, the averaged soil water content was plotted against the
trimmed and averaged CWSI (Fig. 10). The dashed line shows a clear trend, with an RMSE of 0.02 m*-m~ and an R? of 0.75.
Figure 10 also shows the field capacity and permanent wilting point for reference.
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FC: field capacity; PWP: permanent wilting point.
Figure 10. Soil water content (8) against crop water stress index (CWSI): development, flowering, and grain-filling (second cycle). Data
trimming and data averaging were applied.

CONCLUSION

This study evaluated the feasibility of obtaining the NSWB and CWSI for bean phenological stages with low canopy
coverage. The proposed procedure for adjusting canopy temperature produced interesting results. This procedure considers
the IRR sensor measurement as the weighted mean of canopy and straw mulch temperatures, with the canopy coverage as the
weighting factor. The canopy coverage was estimated using RGB images (first cycle) and the leaf area index (second cycle).
The straw mulch temperature was estimated indirectly to avoid a division by the canopy coverage (f < 1). In future works,
an IRR sensor shall be dedicated to measuring the straw mulch temperature to obtain a more robust estimation model.

Without the proposed procedure, the behavior of the scatter plots of the temperature difference against VPD did not
correspond to the CWSI theory. The slope was positive in the development phase and null in flowering. After applying the
proposed procedure, all scatter plots showed negative slopes, as expected. Thus, the proposed procedure was successful in
adjusting the canopy temperature.

Quantitatively, the calculated CWSI produced points outside the expected range between 0 and 1. However, the result
was promising qualitatively. After trimming and averaging the data, a clear trend was evident when the soil water content was
plotted against the CWSI. In future works, CWSI maps shall be drawn using a thermographic camera once the upper and
lower limits are established. Then, a map of estimated water content shall be derived from the CWSI.
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