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Abstract
Canopy temperature is generally accepted as an indirect but rapid, accurate, and large-scale indicator of crop water status 
and is, therefore, proposed to monitor irrigation needs. Crop Water Stress Index (CWSI) is the most widely used among the 
existing thermal-based indicators, and its links with water stress have been demonstrated. When calculating CWSI using 
the empirical approach, the differential between canopy and air temperature is normalized by two thresholds, also known as 
baselines. The Non-water stress baseline (NWSB) in the empirical approach is calculated as the relationship between Tc–Ta 
(°C) and the vapor pressured deficit (VPD, kPa) for well-irrigated crops. The baselines display different slopes depending 
on the species, which have a significant impact on the computed CWSI. This study analyzed the resulting errors on CWSI 
due to the measurement errors of critical inputs needed for its calculation. Six crop species were selected according to their 
NWSB with slopes that range from − 0.5 to − 3 °C·kPa−1 and used for this analysis, assuming measurement errors ranging 
0.2–1 °C for Ta, 0.25–2 °C for Tc, and 5–10% for relative humidity (RH). It was concluded that the effects observed on CWSI 
are heavily dependent on the slope of the NWSB and therefore vary across species. The calculation was very sensitive to the 
bias in air and canopy temperature. These errors were maximal as the slope of the NWSB was less steep. When the VPD 
ranged from 2 to 6.6 kPa, an error of 1 °C in measuring the air temperature affected CWSI between 28 and 83% in orange, 
which is the species displaying the minimum slope (− 0.5 °C  kPa−1). On the contrary, crops with steeper baseline slopes such 
as squash (− 3 °C  kPa−1) showed errors ranging between 2 and 8% for the same VPD interval. This differences among the 
different crops species considered in this study may be related to the contrasting coupling of the species to the atmosphere, 
that determines the influence of vapor pressure on the transpiration rate. This study highlights the importance of reliable 
climatic data and the need for accurate calibrated thermal sensors to calculate CWSI accurately.

Introduction

It is well accepted that canopy temperature is a sensitive 
indicator to estimate and monitor water status (Jackson et al. 
1977). The relationships between heat dissipation, transpira-
tion rate, and canopy temperature are well established (Gates 
1968). The process of evaporation of water in the leaves 
consumes part of the energy from solar radiation and results 
in the cooling of transpiring leaves (Gates 1965). Water 

stress causes partial stomatal closure and the reduction of 
plant transpiration rate (Jones 1999). As a consequence, the 
reduced evaporative cooling raises the leaf temperature in 
relation to ambient temperature. For this reason, canopy 
temperature has been used since the 1970s to assess crop 
water status (Jackson et al. 1977). Soon after the first stud-
ies dealing with canopy temperature, it was observed that it 
requires normalization according to the prevailing weather 
conditions. A given canopy temperature value as an indica-
tor of water stress might differ depending on the concurrent 
ambient temperature. As a result, initial works dealing with 
the canopy temperature as an indicator of water stress identi-
fied the canopy-air differential (Tc–Ta) as an estimate of crop 
water status and, therefore, potentially useful for irrigation 
scheduling (Jackson et al. 1977).

In 1981, the group led by Idso and Jackson developed 
the Crop Water Stress Index (CWSI), which is the most cur-
rently used thermal-derived indicator to assess water status 
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(Idso et al. 1981). In this index, the (Tc–Ta) of a crop is 
normalized by two thresholds identified as the (Tc–Ta) of 
a well-watered crop (lower limit, i.e., the NWSB) and a 
canopy where the stomata are entirely closed (upper limit, 
the line of maximum stress). As a result of this normali-
zation, the index ranges from 0 (well-watered crops) to 1 
(fully stressed crops). There are several ways to estimate 
CWSI, either empirical or analytical. For a complete review, 
see Maes and Steppe (2012). In the empirical approach, the 
lower limit is calculated from the Non-water-stressed base-
line (NWSB), given by the linear relationship between the 
(Tc–Ta) of a well-watered crop and the vapor pressure defi-
cit (VPD; kPa). This relationship has been demonstrated to 
be stable for a given combination of crop and environment 
(Idso et al. 1984; Maes and Steppe 2012). Multiple NWSBs 
have been reported in the literature; see Idso (1982) for a list 
of some NWSBs for the most important crops and Maes and 
Steppe (2012) for an updated list. In their work published in 
1981, Idso and coworkers developed a methodology to esti-
mate the upper limit based on the NWSB, which is currently 
used for the CWSI calculation (Irmak et al. 2000; Testi et al. 
2008; Taghvaeian et al. 2012). In conclusion, the data input 
of the CWSI calculation using the empirical approach is 
limited to Tc, Ta, VPD, and the coefficients of the NWSB. 
Alternative methodologies to estimate the CWSI include 
the assessment of the temperature of dry and wet references 
that can be measured either directly from leaves (Jones et al. 
2002; Leinonen and Jones 2004) or from reference surfaces 
(Maes et al. 2016; Apolo-Apolo et al. 2020).

Initially, Tc was measured using hand-held thermom-
eters that pointed directly at the vegetation canopy, as 
described in Idso and coworkers’ studies (Idso et  al. 
1981). Currently, different sensors can be used to esti-
mate canopy temperature, being the IRT sensors installed 
over the canopy and thermography, the most widely used 
(Sepulcre-Canto et al. 2006). The IRT sensors are well 
suited to monitor Tc continuously and especially to detect 
the temperature range of well-watered plants needed 
for the NWSB assessment. Thermography has experi-
enced remarkable progress in the last decades related 
to improved technology and sensor development. These 
advances have been particularly relevant when the main 
objective is the assessment of the spatial variability of Tc, 
either within tree crowns (Gonzalez-Dugo et al. 2012) or 
in field crops, as is required in the context of precision 
agriculture (Meron et al. 2010). Remote sensing of tem-
perature enables the monitoring of large surfaces, and its 
incorporation as inputs into energy balance models has 
successfully being used to estimate evapotranspiration 
(Allen et al. 2007). Thermal sensors onboard aircrafts or 
drones are required for the monitoring of discontinuous 
canopies (such as orchard tree crops) due to the high-
spatial-resolution imagery needed to target tree crowns, 

while avoiding soil background and shadow effects. There 
is a wide range of thermal cameras available for this pur-
pose, such as the uncooled thermal cameras widely used 
in agricultural applications because of their lightweight, 
low power consumption, and price (Zhao et al. 2018). On 
the other hand, cooled cameras are more sensitive and 
accurate, although their use is not always feasible due to 
weight, dimensions and power supply restrictions, espe-
cially when installed onboard drones. In most situations, 
miniaturized uncooled thermal cameras are not calibrated, 
or the calibration is generic, and therefore, the range of 
error in the absolute temperature assessment increases. 
Berni et al. (2009b) observed an RMSE before and after 
calibration of about 3.4 and 0.9 K, respectively. Zhao et al. 
(2018) quantified the error in temperature associated with 
stitching during the mosaic generation and observed that 
it remained below 1 °C.

Similarly, the accuracy in measuring the environmental 
conditions used to calculate CWSI (i.e., Ta and RH) or any 
other thermal-derived water stress indicator, such as Ig or 
I3 (Jones 1999), must also be considered. The reliability of 
weather stations and the relevance of accurate data are para-
mount and not always considered. In most cases, weather 
data are collected from available meteorological stations, 
sometimes far from the study site. National agencies usu-
ally display a net of stations covering most of the regions 
of interest, with a variable set of measurements that often 
include air temperature and relative humidity, both inputs 
required to compute CWSI empirically. The World Meteoro-
logical Organization (WMO) publishes a series of guides of 
good practices and procedures in meteorological measures 
that serve as a framework for the standardization of mete-
orological observations. The maximal allowable distance to 
a weather station must be valued for each case, according 
to the landscape. Comparisons performed in Brazil (Lopes 
et al. 2021) and New Zealand (Mason et al. 2017) among 
national and independent weather stations demonstrated 
that, for such climatic conditions, air temperature and solar 
radiation were well correlated within a distance below 
20 km, while relative humidity and rainfall seemed to be 
more affected by local variations. Other climatic conditions 
might differ from these trends. There is an increasing trend 
for growers to install on-site automatic weather stations to 
address the distance issue, which provides more accurate 
localized weather, but these stations need regular calibration 
and maintenance to provide accurate data (Lopardo et al. 
2015).

Because of the increasing interest and ease of use in the 
CWSI calculation to estimate crop water status, it is critical 
to assess the different sources of error yielding inaccura-
cies. The overall objective of this paper was to determine the 
range of error in the CWSI calculation associated with the 
inaccuracies of the three most important inputs required for 
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the empirical model generally used in remote sensing and 
precision agriculture, i.e. canopy temperature, air tempera-
ture and the relative humidity.

Materials and methods

Six species were selected for this study: three orchard tree 
crops (almond, mandarin, and orange) and three herbaceous 
crops (turfgrass, maize, and squash). The NWSB were calcu-
lated experimentally using the relationship between the dif-
ferential of the air and canopy temperature (Tc–Ta, °C) and 
the vapor pressure deficit (VPD, kPa) under well-watered 
conditions. The NWSBs were developed in Spain and USA 

(Table 1). The selection of species was made to account for a 
large range of slopes, ranging from –0.38 °C·kPa−1 in orange 
to –3.09 °C  kPa−1 in squash. The slopes and intercepts of 
the NWSBs used in this study can be observed in Table 1.

Climatic data

The climatic dataset used for this analysis was derived 
from actual pairs of Ta and RH hourly values measured at 
three different locations: Seville (37.8° N, 5.4° W; South-
ern Spain), nearby the location where the citrus and almond 
crops were studied, Maricopa (33.4° N, 112.0° W, Arizona, 
USA), and Griffin (33.1° N, 84.1° W, Georgia, USA). Mean 
1-h values around noon during July on cloudless days were 
used in the three cases. The two variables were related, 
as shown in Fig. 1A–C. The lower and upper boundaries 
were determined by calculating the 5% and 95% quantile 
regression, respectively, and correspond to the thresholds 
containing the typical Ta–RH values observed for each site. 
Using 1 °C Ta and 1% RH steps, every possible combination 
within the boundaries was identified, as shown in Fig. 1D–F 
for the three locations. All the cases analyzed resulted in 
VPD values that ranged from 0.94 to 6.64 kPa in the case of 
Southern Spain, from 1.84 to 7.38 kPa in Arizona, and from 
0.32 to 4.65 kPa in Georgia. The use of CWSI is not recom-
mended for VPDs below 2 kPa, because of the low levels of 
the signal: noise ratio within this range (Testi et al. 2008). 
Therefore, the study was focused on VPD values higher than 
2 kPa.

Table 1  Species considered in this study. The slope (m) and intercept 
(b) of the NWSB are reported, together with the research location and 
the reference

Species m b Location Reference

Orange  − 0.38 4.59 Southern Spain Gonzalez-Dugo et al. 
(2014)

Mandarin  − 0.50 4.06 Southern Spain Gonzalez-Dugo et al. 
(2014)

Almond  − 1.21 3.42 Southern Spain Gonzalez-Dugo et al. 
(2019)

Turfgrass  − 0.86 4.70 Georgia (USA) Carrow (1989)
Maize  − 1.97 3.11 Arizona (USA) Idso (1982)
Squash  − 3.09 6.91 Arizona (USA) Idso (1982)

Fig. 1  Databases of Ta vs. RH for actual values measured in Seville, 
Spain (A), Arizona, USA (B), and Griffin, USA (C). Black lines 
identified the 5% and 95% quantile regressions for each dataset. D–F 

identified the number of cases considered for each study case (526, 
395, and 501 cases for Spain, Arizona, and Georgia, respectively), 
resulting from combining 1 °C Ta and 1% RH steps within boundaries
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Analysis of the sensitivity of CWSI to meteorological 
weather data

According to the Guide to Agricultural Meteorological prac-
tices, published by the World Meteorological Organization 
(WMO 2010), the minimum accuracy recommended for air 
temperature, and relative humidity is ± 0.2 °C and ± 5%, 
respectively. These values were chosen as thresholds to ana-
lyze the sensitivity of the CWSI calculation to the concerned 
meteorological variables. As a result of the combinations of 
the accuracies in both inputs, four cases were evaluated, cor-
responding to the following scenarios (expressed as variation 
in Ta/variation in RH): (i) + 0.2 °C/ + 5%, (ii) + 0.2 °C/ − 5%, 
(iii) − 0.2 °C/ + 5% and (iv) − 0.2 °C/ − 5%. Therefore, for 
each pair of Ta and RH values indicated in Fig. 1D–F, the 
four combinations were calculated, and the average and 
standard deviation were analyzed.

Because the distance to the weather station and differ-
ences in the prevailing environmental conditions might 
increase the range of variation, the error in CWSI associ-
ated with a more significant deviation in the meteorological 
data was calculated. For this reason, the bias was increased 
to ± 1 °C in the air temperature and ± 10% in relative humid-
ity. Therefore, the effect of these biases was computed sepa-
rately for each input.

Analysis of the sensitivity of CWSI to inaccuracies 
in Tc determination

The overall effect of inaccuracies in the Tc determina-
tion on the calculation of the CWSI was evaluated. The 
selected Tc deviation ranged between 0.25 and 2 °C, using 
a 0.25 °C-step for each pair of Ta and RH values shown in 
Fig. 1D–F. Special attention was paid to a value of 1 °C, as 
it is the threshold often considered admissible in operational 
applications.

Analysis of the sensitivity of CWSI to the combined 
inaccuracies of Tc and climatic data

Finally, the combined effect of inaccuracies in weather inputs 
and Tc in the CWSI calculation was evaluated. The same val-
ues analyzed in the previous sections were used in this study 
(i.e., 1 °C and 10% error in Ta and RH, respectively, and 1 °C 
in Tc). The combination of the three values resulted in eight 
cases evaluated for each crop (+ Ta/ + RH/ + Tc, + Ta / − RH
/ + Tc,  + Ta/ − RH/ − Tc,  + Ta/ + RH/ − Tc,  − Ta/ + RH/ + Tc
,  − Ta/ − RH/ + Tc,  − Ta/ − RH/ − Tc,  − Ta/ + RH/ − Tc). The 
objective of this analysis was to combine the results assessed 
before quantifying the overall inaccuracy expected when all 
errors were combined.

A final assessment using real data was carried out with an 
almond dataset obtained from 2014 to 2015 to analyze the 

influence of these errors in CWSI inputs on the relationship 
with physiological measures. Temperature data over well-
watered and water-stressed almond trees were registered 
continuously using four IRT sensors with an angular field of 
view of 44° (Model IRR-P, Apogee Instrument Inc., Logan, 
Utah, USA) mounted on masts installed over the trees, tar-
geting the crowns in a 45° zenith angle and 0° azimuth (i.e., 
facing the canopy exposed to south). The temperature values 
acquired over well-watered trees were used to derive the 
NWSB, which serves as a basis for calculating the CWSI 
in the four monitored trees. In addition to this, in eight days 
during the 2014 and 2015 field campaign, the stomatal con-
ductance was measured using a porometer (model SC-1, 
Decagon Devices, Washington DC, USA). More informa-
tion can be found in Gonzalez-Dugo et al. (2019).

Results

Assessment of the CWSI uncertainty due 
to atmospheric characterization

When the accuracy levels provided by the WMO in air 
temperature and relative humidity measurements were 
combined, the error in the calculation associated with the 
accuracy of weather station data ranged between 0 and 17% 
(Fig. 2A, B). The dataset was split between trees (Fig. 2A) 
and herbaceous crops (Fig. 2B). It can be observed that the 
percentage of variation was maximal for orange which dis-
played mean values ranging between 17 and 6% when the 
VPD increased from 2 to 6.6 kPa, respectively. In the case 
of mandarin and almond, mean values for a VPD equal to 2 
were 12% and 6%, respectively (Fig. 2A). As happened in 
the case of orange, the relevance of the accuracy in mete-
orological data decreased as VPD increased. In the case 
of herbaceous, the error associated was smaller than 10% 
and displayed similar behavior to what was observed for 
the tree crops (Fig. 2B), i.e., a decreasing relevance of the 
error associated as the VPD increased. Squash was the crop 
showing minimum values. The range of variation oscillated 
between 1.8 and 2.7% for the VPD values considered in this 
study. The differences among the species considered were 
related to the slope of the NWSBs, as observed in Fig. 3. 
The coefficient of the power adjustment (corresponding with 
the %variation for a VPD value equal to 1) was closely cor-
related with the slope of the NWSB (detailed in Table 1).

Assessment of the uncertainty in CWSI associated 
with micro‑climatic variability

The distance and representativeness of any standard weather 
station for a given crop affecting the accuracy of the CWSI 
calculation were evaluated. The spatial variability of air 
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temperature and relative humidity depends on multiple fac-
tors, such as topography, orientation and prevailing wind 
direction. As observed before, the relevance of the errors 
in the determination of Ta and RH was species depend-
ent. When the two errors were computed separately, it was 
observed that the effect of inaccuracies in air temperature 
was more significant compared to the relative humidity 
(Figs. 4 and 5). Moreover, the effect associated with Ta 
diverged across species, according to the slope of the NWSB 
(Fig. 4). The relevance of the CWSI value on the % variation 
associated with Ta was moderate; therefore, values plotted 
in Fig. 4 averaged all the CWSI. Figures S1A to S1F in the 
supplementary material showed the %variation for each crop 
identifying the CWSI-family curves.

In the case of the RH, the % of error was significantly 
smaller and ranged from 0 to 12% (Fig. 5). In contrast with 

the finding in Ta, the range of errors was similar for all the spe-
cies considered. Because of the contrasting behavior displayed 
by orange and squash in the previous section, these species 
are presented in Fig. 5A, B. The effect of the CWSI value in 
the % variation associated with an error in RH was significant 
(Fig. 5); maximum values were observed for low CWSI and 
decreased as the index increased from 0.1 to 0.9. When CWSI 
was equal to 1, the error was 0. The complete dataset for the 
six species can be found in Figures S2A to S2F.

Fig. 2  Analysis of the error in the CWSI calculation associated with 
a combined inaccuracy of ± 0.2 °C in Ta and ± 5% in RH for the tree 
crops (orange, mandarin, and almonds, A) and herbaceous crops (tur-

fgrass, maize, and squash, B). The six species were computed sepa-
rately. For each species, the line represented the average value, and 
the shaded area indicated the standard deviation
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Fig. 3  Relationship between the coefficients of the power functions 
described in Fig. 2 (a; %) adjusted for each crop and the slope of the 
NWSB (− m). The crop was identified for each point

Fig. 4  Analysis of the CWSI calculation error associated with an 
inaccuracy of ± 1 °C in Ta. The six species are computed separately. 
For each species, the line represents the average value, and the shaded 
area indicated the standard deviation
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Assessment of the uncertainty in the CWSI 
calculation associated with inaccurate canopy 
temperature measurements

The effect of inaccuracies in determining Tc was of the same 
order of magnitude as Ta. Figure 6 plots the % of error for 
each species according to the VPD value and the error in the 
estimation of Tc, from 0.25 to 2 °C. White horizontal lines 
identified the effect in the CWSI calculation associated with 
an error in the Tc estimation of 1 °C. As happened before, 
errors were species-dependent and increased as the slope of 
the NWSB decreased. Therefore, orange displayed the larg-
est errors among all the species considered in this study. For 
a bias in Tc determination of 1 °C, the error ranged between 
29 and 88% for VPD values considered. Squash was the 
species displaying minimal errors, ranging from 3 to 8%.

Assessment of the uncertainty in CWSI due 
to the combined effects of ambient conditions 
and canopy temperature retrieval

The combined effects of ambient and canopy temperature 
were considered due to the confounding interaction of both 
inputs under real conditions. The inaccuracy associated with 
the climatic variables is wide if the influence of distance 
and topography is considered on the representativeness of 
the weather station for a given plot. Eight cases were tested 
for each species, resulting from combining ± 1 °C Tc, ± 1 °C 
Ta, and ± 10% RH variations. As expected, the crops ranked 
according to the slope of the NWSB (Fig. 7). For each crop, 
two families of curves can be observed. The first family of 
curves was dominated by Ta and Tc combinations with addi-
tive effects. As these two variables enter the calculation as 
Tc–Ta, the additive errors corresponded to + Ta/− Tc and 
−Ta/ + Tc combinations. In comparison, the effect of RH was 

relatively small. The second set of curves displayed values 
close to 0 and related to the cases where the error in Tc and 
Ta compensated each other.

In the case of orange, maximum values ranged from 150 
to 200% for VPD equal to 2 kPa, and 60–70% for VPD value 
equal to 6.6 kPa (Fig. 7A). Again, squash displayed mini-
mum values lower than 25% for any curve and VPD consid-
ered (Fig. 7F). The rest of the crops showed intermediate 
behaviors between these two extremes.

Analysis of the effect of the error in CWSI inputs 
on the relationship with physiological variables

An almond dataset obtained from 2014 to 2016 (Gonzalez-
Dugo et al. 2019) was used to observe whether the errors in 
CWSI described in this study affect the relationships with 
physiological variables. VPD values for this dataset ranged 
from 1.93 to 4.22 kPa, with a mean value of 2.92 kPa. Fig-
ure 8 shows the relationship between CWSI and the stomatal 
conductance for the original dataset, the CWSI considering 
an error of + 1 °C in Tc, or + 10% in RH. The effect associ-
ated with Ta was not included as it was similar to Tc. It can 
be observed that a good correlation was maintained and that 
the R2 never decreased below 0.86. As the effect of increas-
ing 1 °C in Tc was only slightly affected by the actual CWSI 
value (as shown in Figure S1), the relationship showed a 
lateral displacement, meaning that the main change was 
related to the absolute values. The relationship with stoma-
tal conductance was maintained, but the shift showed that 
a given CWSI value corresponded to a change of approxi-
mately 70 mmol/m2/s. On average, this error in Tc resulted 
in the increase of CWSI in 0.18 compared to the original 
values. In the case of a + 10% error in RH, the effect was 
more significant for low CWSI and close to 0 for high CWSI 
values, which agreed with results presented in Figs. 5 and 

Fig. 5  Analysis of the CWSI calculation error associated with an inaccuracy of ± 10% in RH in orange (A) and squash (B) identifying the values 
for each CWSI. For each CWSI, the line represented the average value, and the shaded area indicated the standard deviation
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S2. On average, the resulting CWSI was 0.08 lower than the 
original value.

Discussion

Species strongly differ in transpiration response to environ-
mental constraints, even under well-watered conditions. It 
has been demonstrated that citrus display low transpiration 
rates, even under well-watered conditions (Veste et al. 2000; 
Villalobos et al. 2009). However, when different experiments 
and locations are compared, the NWSBs might differ, even 
for the same species. This difference is related to the cultivar 
selection and the prevailing environmental conditions. Previ-
ous works demonstrated the difficulty of monitoring water 
status in citrus using canopy temperature (Gonzalez-Dugo 
et al. 2014). The limitations were associated with tempera-
ture oscillations probably related to stomatal fluctuations 
(Dzikiti et al. 2007) and the contrasting behavior of new 
leaves in the vegetative flush growth. In citrus, canopy tem-
perature readings must be handled thoroughly for monitoring 
the water status.

Previous studies have shown the sensitivity of thermal-
derived indices to other weather variables, such as solar 
radiation or wind speed (Jones 1999; Agam et al. 2013). 
Maes and Steppe (2012) analyzed the variation in climatic 
inputs on the transpiration rate and the canopy temperature. 
This study focused on the effect of the inaccuracies in deter-
mining the variables included in the empirical formulation 
of CWSI. It is conceived as a theoretical analysis based on 
the systematic variation of the identified inputs.

It can be concluded that the slope of the NWSB severely 
determines the overall effect of inaccuracies in the input 
values on the overall CWSI calculation. This effect can be 
related to the differences among the crops in the coupling to 
the atmosphere. The Penman–Monteith equation describes 
how the evaporation is affected by the climatic and crop fac-
tors and is expressed as follows:

where LE correspond to the latent heat flux, Δ is the slope 
of the saturation vapor pressure vs temperature relationship, 
Rn and G are the net radiation and soil heat flux respectively, 
ρ is the air density, Cp is the specific heat of air at constant 
pressure, ra and rc are the aerodynamic and canopy resist-
ance, respectively, and γ is the psychrometric constant.

The crops with low height, large leaves and smooth 
closed canopies (such as squash) are decoupled from the 
atmosphere, and the aerodynamic resistance is very high. 
Under these circumstances, the evaporation is close to 

(1)LE =

Δ
(

R
n
− G

)

+
�Cp

ra

VPD

Δ + �

(

1 +
rc

ra

) ,

the equilibrium rate and is related, mainly, to the radia-
tion receipt, at least until severe water stress intervenes 
(Jarvis 1985). Therefore, the effect of VPD is of much 
lesser importance than in the case of very coupled cano-
pies, because of the feedback between the transpiration 
rate and the local saturation deficit around the leaves. Tall 
and rough canopies, on the contrary, have negligible aero-
dynamic resistance (compared to the canopy resistance). 
In this case, the transpiration is close to the imposed evap-
oration, where the transpiration is largely set by the VPD 
values (Jarvis 1985). In conclusion, the higher coupling 
to the atmosphere, the larger the effect of VPD and, there-
fore, the larger the effect of its inaccuracies. Turfgrass was 
the only species that seems to not follow this premise. The 
NWSB chosen for this study (Tc–Ta = 4.70 − 0.86·VPD) 
displayed a smoother slope compared to other turfgrass 
species studied in the same experiment, and elsewhere (see 
the list gathered by Maes and Steppe 2012). In this list, 
the slopes for turfgrass varied between − 1.25 and − 2.46, 
which seemed to better align with the hypothesis presented 
here. In any case, we have disregarded the effect of the 
different climatic conditions on the slope, which may also 
have an influence on the absolute values of the contrasted 
formulations for the same crop that can be found in the 
literature.

The most relevant input was the temperature, either Tc 
or Ta. For example, for an error of ± 1 °C in Ta, the effect 
in orange ranged between 28 and 82%, depending on the 
VPD value; while it reached between 2 and 8% in squash. 
The impact of the relative humidity was of lesser impor-
tance and the same order among all the species considered 
(1–15%). There are two reasons for this effect. First of all, 
the propagation of errors in RH in the VPD calculation is 
of lesser importance, compared to errors in Ta. The analysis 
of varying Ta and RH within a range of ± 4 °C and ± 4%, 
respectively, can be observed in Figure S3. A deviation of 
1% in RH resulted in a change of VPD between 1 and 2%. 
Nevertheless, a deviation of 1 °C in Ta resulted in a change 
between 5 and 6%.

The second reason is associated with the calculation of 
the CWSI. Figure 9A, B shows the magnitude of the devia-
tions in 1 °C Ta, 1 °C Tc, and 10% RH for a single point, as 
example in orange and squash. In the case of orange, the 
magnitude of the changes was significant compared to the 
difference between the upper and lower limits. On the con-
trary, these variations were minor compared to the thresh-
olds established for squash.

The relevance of correct calibration procedures cannot 
be overemphasized. Comparing one IRT sensor and two 
thermal cameras, Aragon et al. (2020) observed that meas-
urement bias and vignette effects were greatly reduced in 
both imagers, resulting in a RMSE of 1 °C or less. Although 
the imagers displayed significant differences between them 
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before calibration, the method developed in this work ena-
bled more accurate surface temperature retrievals.

Moreover, the pattern of change of the three inputs con-
sidered can be observed. The error in the estimation of the 
relative humidity was associated with a lateral displacement 
of the value compared to the original departure point. This 
movement slightly affects the distance between the two 
thresholds. The error of 1 °C in the estimation of canopy 
temperature resulted in the vertical displacement of the 
value. According to the difference between the upper and 
the lower limits, this can be very relevant (as observed in 
Fig. 9A for orange) or not (as in the case of squash, Fig. 9B). 
Finally, the error of 1 °C in the determination of Ta produced 
a diagonal displacement due to its implication in both, Tc–Ta 
and VPD calculations. In any case, the effect is dominated 
by vertical displacement. Similar results were observed by 
Poirier-Pocovi and Bailey (2020) when the sensitivity of 
the temperature of a leaf wet (Twet, a simplification method 
to calculate the lower limit) to weather conditions was 
assessed.

In a previous paper, Idso et  al. (1990) analyzed the 
influence of site location for air temperature and rela-
tive humidity measurements for estimating the NWSB 
in the case of bell pepper. They used an NWSB equal to 
(Tc–Ta) = 2.35 − 1.87·VPD and compared the differences 
among the slope and intercept values when the weather data 
were obtained from several psychrometers placed in four 
different locations, inside and outside the canopy, close to 
the study site and 4 km away. They found minor variations 
in the NWSB definition when the four weather locations 
were compared. To analyze the generality of their results, 
they related the behavior of bell pepper with synthetic 
NWSBs built using maximum and minimum values pub-
lished elsewhere (Idso 1982). They observed that the dif-
ferences among the different locations were minimal for a 

slope coinciding with that of bell pepper (− 1.9 °C  kPa−1) 
and increased for lower and higher values. They argued that 
this slope value was very similar to the slope of the relation-
ship between VPD and air temperature for these locations, 
which might explain the slight difference observed in the 
case of bell pepper. Although their analysis was focused on 
the NWSB computation while this study is focused on the 
CWSI calculation, a similar behavior might be expected as 
the theoretical background is closely related. On the con-
trary, their result contrasted with this study. In this case, 
the pattern was a continuous decreasing trend as the slope 
increased, as is depicted in Fig. 3. The use of synthetic 
crops instead of actual values might be at the origin of this 
discrepancy.

This study quantified the relevance of these errors in com-
puting CWSI in absolute terms. In any case, the relationship 
with physiological measures was significant when system-
atic errors were introduced and still yielded good results.

What are the implications of these results in the prac-
tical application of the CWSI? In most crops, especially 
those with a steeper NWSB, the error associated with the 
inputs was relatively small, although the range of uncer-
tainty observed in this study must be considered. Special 
attention must be paid especially to those crops with a least 
steep slope, such as citrus, or other crops well adapted to 
drought, such as olives (Berni et al. 2009a). In those cases, 
the proximity of well-calibrated weather stations and accu-
rate canopy temperature measurements becomes essential 
to developing any practical application of CWSI. Strong 
efforts must be invested to optimize data quality when the 
thermal-derived indices are used concerning climatic data 
and accurate calibrated thermal sensors.

Conclusions

This study quantified the magnitude of the effect of errors in 
data input on the CWSI calculation is crop-dependent, and 
demonstrated that it depends on the slope of the NWSB. In 
this study, those crops displaying a less steep slope, such as 
citrus, show more significant effects on the overall CWSI 
computation. These are species coupled to the atmosphere 
where the transpiration is largely affected by the VPD val-
ues. In contrast, this effect was moderate in those species 
displaying a steeper slope, such as squash, as differences 

Fig. 6  Contour plot representing the overall effect on the CWSI cal-
culation for VPD ranging from 2 to 7 kPa (X-axis) and an error in Tc 
calculation ranging from 0.25 to 2 °C (Y-axis). White horizontal lines 
identify the results obtained for an error in Tc estimation of 1  °C, 
which is the common efficiency goal in most scientific studies (Berni 
et  al. 2009b; Aragon et  al. 2020). The two values in white for each 
figure indicate the variation in CWSI associated with an error in Tc of 
1 °C and for VPD values of 2 and 7 kPa, respectively. It is important 
to stress that scales are different for each row; left and right figures 
share the same legend
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between the upper and lower limits are often large. These 
species are decoupled to the atmosphere, and therefore, the 
transpiration is mainly determined by the radiation load.

From the three data inputs understudy, Ta, Tc, and RH, 
the air temperature was the variable that displayed more 
significant effects, as it is involved in both, Tc–Ta and VPD 
calculations. In squash crop, the studied error resulted in a 
variation of CWSI smaller than 10%, while it yielded 90% in 
orange. Inaccuracies in canopy temperature estimation also 
resulted in significant effects on the calculated CWSI. Rela-
tive humidity was the input that affected less to the overall 
calculation. For the three inputs, the effect was maximum 
for the minimum VPD considered in this study (2 kPa) and 
decreased as VPD raised.

The actual CWSI value slightly affected the magnitude of 
the error in the case of the temperature data (either air or 
canopy). Although of smaller absolute values, the effect of 
the relative humidity was dependent on the CWSI value. The 
magnitude of this error was maximal when the CWSI was 
close to 0, and it was equal to 0 for CWSI values of 1. Con-
sequently, the relationship with physiological measures was 
not severely affected in relative terms, and the level of signifi-
cance was maintained, but with contrasted absolute values.

This study highlights the relevance of accurate values of 
Ta and RH for the calculation of CWSI, and calibrated ther-
mal sensors providing accurate canopy temperature in abso-
lute terms. Errors of stomatal conductance close to 70 mmol/
m2/s can be obtained in the relationships between CWSI and 
Gs when the air temperature is obtained with 1 °C error.

Fig. 7  Analysis of the error in the CWSI calculation associated with 
an inaccuracy of ± 1  °C in Ta and Tc, and ± 10% in RH, for orange 
(A), mandarin (B), turfgrass (C), almond (D), maize (E) and squash 
(F). The continuous line represented the average value, and the 
shaded area indicated the standard deviation. For each species, the 
eight cases resulting from the combination of the three factors consid-
ered are included
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Fig. 8  Relationship between the CWSI and stomatal conductance 
for the original dataset (continuous line), and considering an error 
of + 10% in RH (dotted line) and + 1 °C in canopy temperature (dis-
continuous line)

Fig. 9  Example of the displacement in actual values within the rela-
tionship between Tc–Ta (°C) and VPD (kPa) associated with an error 
of + 1 °C Ta, + 1 °C Tc, and + 10%RH, in orange (A) and squash (B). 

Lower and upper limits are plotted for both species. The value used 
as illustration corresponded with a VPD equal to 4 kPa and a CWSI 
of 0.5
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