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ABSTRACT

Effective water management is essential to enhance productivity of wheat and to improve input use
efficiency, particularly in the present resource-limited scenario. Unmanned aerial vehicle (UAV)-based
remote sensing has emerged as an advanced technology for real-time monitoring of crop water status.
To understand the applicability of Simplified Crop Water Stress Index (CWSIy), an index derived from
UAYV thermal imagery for assessing water status of wheat crop under variable irrigation and nitrogen
application, afield experiment was conducted on wheat (cv HD2967) in a Split plot design having three
irrigation levels (11 to 13) as main plot and six nitrogen levels (N1 to N6) as sub plots. UAV thermal
and multispectral imageries were collected concurrently with biophysical measurements of relative leaf
water content (RWC), stomatal conductance (Gs), and transpiration rate (Tr) during reproductive stage.
Background soil pixels were removed from thermal images using NDVI co-registration method and
CWSl4 were calculated from the derived canopy temperature information. Analysis was performed to
study the variation of water status as well as the correlation among the index and biophysical
observations. Canopy temperature derived through NDVI co-registration method showed robust
correlation with ground-truth data (R? = 0.92). The CWSlIy, derived from canopy temperature distribution
in thermal imagery, showed good linear relationships with RWC (R? = 0.73), Gs (R?2 = 0.63), and Tr (R?
= 0.73) during the reproductive stage. Significant negative correlations were observed between CWSI
and RWC (r = - 0.855), Gs (r = - 0.793), Tr (r = - 0.857). Simplified crop water stress index approach
using UAV thermal imaging may help in rapid, real-time monitoring of water status of crops, assisting
efficient water and nutrient management to obtain optimum input use efficiency and yield. However,
this method needs further works under different crops and conditions before large scale application.
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Introduction global food and nutritional security. India is the
world’s second-largest wheat-producing country
whereit is primarily grown during the Rabi season.
Irrigation is applied throughout the wheat growing
* Corresponding author, Email: rajeev4571@gmail.com  period to meet the crop water requirement. Irrigation

Wheat (TriticumaestivumL.) isone of the most
important cereal crops, contributing significantly to




210 Journal of Agricultural Physics

isavailablefor over 94% of thewheat fieldsin India
(MAFW, 2017). Due to limited water resources,
anomalous precipitation, climate change and
increased demand for water from other sectors, it is
essential to manage available water resources
efficiently for crop production in irrigated areas.
Besidesirrigation, nitrogen is ancother key input for
wheat crop growth and productivity. Crop nitrogen
and water status are often related to availability of
each other which is known as co-limitation. It
determines the biomass output (Sadras, 2004).
Efficient water management requires timely crop
water status monitoring. It helps to reduce the loss
of both water and applied nitrogen increasing their
use efficiency. It also avoidsirreversible losses due
to prolonged water stress by timely detection.

Recent advances in unmanned aerial vehicle
(UAV) technol ogy along with suitable sensorsenable
rapid, real-time, non-destructive ways to monitor
crop biotic and abiotic stresswith more detailed data
with higher spatial and temporal resolution than the
conventional soil moisture measurement,
meteorological methods, physiological measure-
ments, or other ground-based and space-borne remote
sensing approaches (Gago et al., 2015). A portable
thermal camera on board a UAV can capture the
whole field's temperature information. Canopy
temperatureinformation can be obtained fromit after
removing the soil background pixelsthrough proper
image processing techniques (Zhou et al., 2021).
Crop water stress index (CWSI), a canopy
temperature-based index proposed by |dso et al.
(1981), has been utilized for decades in different
forms for quantifying plant water status or water
stress. CWSI has various forms depending upon the
approaches of calculating the minimum and
maximum value of canopy-air temperature difference
which are affected by various environmental factors
such asvapour pressure deficit (VPD), net radiation,
and wind speed (Jackson et al., 1977; Idso et al.,
1977). Empirical, theoretical or artificial reference
surface approachesof CWSI cal culation have severa
limitations being data-intensive, complex to cal culate
and dependent on several other meteorological
parameters. Bian et al. (2019) proposed aSimplified
crop water stress index (CWSlIy) to evaluate cotton
water stress, which only requires parameters from
the canopy temperature histogram. It showed a better
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correlation with stomatal conductance and
transpiration rate than the empirical CWSI, statistical
CWSI and selected spectral indices. Although CW Sl
showed good performancein water stressmonitoring
of cotton crops over other CWSI approaches and
spectral indices, till it is not evaluated enough in
major cereal crops having a different canopy
structure. Different nitrogen application scenarios
were also not considered in those studies. Thisstudy
aimsto evaluate the applicability of CWSI 4 to assess
the crop water status of wheat under varying
irrigation and nitrogen application by studying the
correlation among CWSIg and biophysical
observations of water status e.g. relative leaf water
content (RWC), stomatal conductance (Gs) and
transpiration rate (Tr).

Material and Methods

Field Experimentation

The experiment was conducted at the
experimental farm (Main Block 12B) of ICAR-
Indian Agricultural Research Institute, New Delhi,
Indiaonwheat crop (cv HD2967) during Rabi season
of 2023-24. The climate of the site is sub-tropical
semi-arid with hot, dry summer and severe, short
winter. A cumulative of 54.6 mm rainfall was
received during the growing period of wheat in that
season. The soil of the experimental plotswas sandy
loam (Typic Haplustept) of the Gangetic alluvial
origin, neutral to dightly alkaline (pH 7.96), had high
organic carbon (0.76%), phosphorus (51.7 kg ha?)
and potassium (394 kg hat) but low nitrogen content
(197.4 kg hat). The experiment was conducted in a
split plot design with three replications. It had three
irrigation levels (number of irrigations based on
critical growth stages) in main plotsi.e. 11: no
irrigation; 12: irrigationsat crownroot initiation (CRI,
21 daysafter sowing (DAS)) and ear emergence (90
DAYS); I3 irrigationsat CRI (21 DAS), latetillering
(44 DAYS), late jointing (66 DAS), ear emergence
(90 DAS) and milking-soft dough stage (120 DAS).
Ineachirrigation, 50 mm water was applied asbasin
irrigation by measuring through a Starflow doppler
flowmeter (Unidata Pty. Ltd., Australia) attached in
irrigation channel. There were six nitrogen levelsin
the sub plots, i.e., N1: no nitrogen (control), N2: 40
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Fig. 1. Dates and amounts of rainfall, irrigations and dates of data acquisition during wheat growing period

kg N ha? (as basal), N3: 80 kg N ha? (two equal
splits), N4: 120 kg N ha?, N5: 160 kg N ha* and N6:
200 kg N hat (three equal splits). Each subplot area
was of 84 m?(4.2 m x 20 m). Nitrogen was applied
as prilled urea through manual broadcasting
according to treatment wise split doses at the time of
sowing (basal), 25 DAS and 50 DAS. Phosphorus
and potassium were applied as basal in al plots as
single super phosphate @ 60 kg P,O; ha' and muriate
of potash @ 60 kg K,O ha?, respectively. The crop
was sown on 25th November, 2023 at 4-5 cm soil
depth maintaining a row spacing of 22.5 cm by a
tractor-drawn seed drill at a seed rate of 100 kg ha.
It was harvested on 20" April, 2024. Important dates
and quantitiesregarding irrigation, rainfall and data
acquisitions are presented in Fig. 1.

UAYV image acquisition

Thermal and multispectral imageswere collected
from an imaging hexacopter UAV (General
Aeronautics Pvt Ltd, Bengaluru, India) using an
uncooled radiometric thermal camera (model: Vue
Pro R, Teledyne FLIR LLC, USA) and five-band
multispectral camera (model: RedEdge MX,
Micasense, Inc., USA), respectively. The imaging
was done from a height of 30 m, maintaining the
flight speed at 5 m s?, frontal and side overlap at
70% under clear sky and fair-weather conditions.
Radiometric calibration of multispectral imagery was
doneusing acalibrated reflectance panel (Micasense,
Inc., USA) before and after each flight. The UAV,
ground control device, and sensors used are
illustrated in Fig. 2, with the sensors’ specifications

Fig. 2. The imaging system consisting (a) UAV transmitter, (b) hexacopter UAV, (c) thermal camera and (d)
multispectral camera with Downwelling Light Sensor (DLS)
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Table 1. Specifications of the thermal and multispectral sensors used for image acquisition

Multispectral camera (Micasense RedEdge M X)

Thermal camera (FLIR Vue Pro R)

Resolution 1280 x 960 Resolution 640 x 512
Focal length 5.4 mm Focal length 13 mm

Field of view 47.2° H x 35.4° V Field of view 45° H x 37° V
Output 12 bits GSD at 30 m 4 cm/pixel
Ground sampling distance (GSD) at 30 m 2 cm/pixel Spectral band 7.5-135pum
Spectral bands(central wavelength, bandwidth) Blue (475nm, 20nm), Accuracy *+ 5%

Green (560nm, 20nm),
Red (668nm, 10nm),
NIR (840nm, 40nm) and
Red Edge (717nm, 10nm)

listed in Table 1. Image datawere collected on three
different dates at the reproductive stage: 95 DAS,
102 DAS, and 109 DAS, between 12:00 PM and 2:00
PM. A malfunction of the thermal camera caused
some missing plots in the imagery of 109 DAS.
However, at least one plot from each treatment
combination was captured and used for further
analysis.

I mage processing and simplified crop water
stressindex (CWSI ) calculation

The methodology of image processing and the
index calculation is presented in Fig. 3. The
individual thermal and multispectral images were
mosaiced using Pix4Dmapper software (Pix4D,
Switzerland) and Normalized Difference Vegetation
Index (NDVI) maps were generated. Subsequent
processing steps were conducted in ArcMap 10.3
software (ESRI, Inc., USA). TheNDV I imageswere
utilized to isolate pure canopy pixelsfrom soil pixels
present in the thermal imagery through a co-
registration approach. NDV I images (initial pixel size
2 cm) were resampled to 4 cm pixel size using the
nearest neighbour method to match the thermal
imagery’spixel sizeand image-to-imageregistration
was performed using first-order polynomial (affine)
transformation. To separate vegetation and non-
vegetation pixels, abinary raster was generated from
the NDVI image using ISODATA unsupervised
classification. The binary raster was overlaid on co-
registered thermal image to extract only the
vegetation pixels. Non-target vegetationsinirrigation
channels and bunds were removed using manually
created polygons of the experimental plots. This

process resulted in the retrieval of thermal imagery
containing pixels representing wheat crop canopy
only. Average canopy temperaturesfor each plot were
calculated. The temperature distribution tables and
histograms for the thermal images were generated
in MS Excel (Microsoft Corporation, WA, USA)
using the unique temperature values and
corresponding pixel counts or frequency. The
simplified crop water stress index (CWSI4) was
calculated and mapped using the Eq. (1) (Bianet al.,
2019):

CWSlg = (Teanopy = Twed) / (Tary — Tower) ....Eq. (1)

where, Ty, IS pixelwise canopy temperature, T,
isthe average of thelowest 5% and T, isthe average
of the highest 5% of the canopy temperature
histogram (Liuetal., 2024). The T, and T, values
for each day were calculated from the canopy
temperature distribution table and were normalized
between 0 to 1 using minimum-maximum
normalization where 0 and 1 indicates non-stressed
and maximum stress, respectively.

Ground truth canopy temperature and
biophysical observations

Ground truth canopy temperature, relative leaf
water content (RWC), transpiration rate (Tr) and
stomatal conductance (Gs) were measured or
sampled (for RWC) on the same days concurrently
with image acquisition. Ground truth canopy
temperature was measured using ahandheld infrared
thermometer (model: AGRI-THERM 111 - 6110L,
Everest Interscience, Inc., USA) to evaluate the
canopy temperature extracted from thermal imagery



2024

Image to image
registration with

N \
O W

Evaluating Simplified Crop Water Stress Index 213

ﬁ(\\ \
@ N\
s \w \@$\
Overlay \ Q@ \ \\\\\\\tt\\\\\

NDVI (4cm) iy

\\\\\\ — temperature

N Canopy temperature *{Tcl (4 cm)
Qs Y
Image acquisition \\g\@:\ \\:::3\{\\\ p 'Y ooy temoers
\\\\\\\\\ NDVI ::n::; Mask ‘
1SO-cluster Toer & Ty, determination

unsupervised from histogram

Image
preprocessing

classification

Nearest
neighbour
resampling

Max-min normalization l

N\
N

—wgn i1 W\ Simplified CWSI
0 \:\ {cwsig) Map

Fig. 3. Steps of image processing and simplified crop water stress index (CWSlIy) calculation

through the NDVI co-registration method. The
instrument operates at aspectral range of 8to 14 um
and has the accuracy of + 0.25°C for 0 to 50°C
measurement range. Emissivity was set to 0.98 for
the canopy temperature measurement of wheat crop
(Bashir et al., 2008). Canopy temperature was
measured from a height of 1.5 m above the ground
(Nielsen and Halvorson, 1991) at 45° angle with the
horizon (Balotaet al., 2007) immediately following
UAV image acquisition.

Relative leaf water content (RWC) was
determined following the standing rehydration
method (Arndt et al., 2015) using disease-free flag
leaf samplescollected from each plot just before UAV
flight. RWC valueswere calculated using the Eq (2).

(leaf fresh weight - leaf dry weight)

RWC (%) = - - — X
(leaf turgid weight - leaf dry weight)

....EQ. (2)

Stomatal conductance (Gs) and transpiration rate (Tr)
were measured using L1-6400 portable photo-
synthesissystem (LiCOR Biosciences, Lincoln, NE,
USA) (Evansand Santiago, 2014) between 11.30 am
and 12.30 pm from clean, healthy flag leaveswithin
each plot.

100

Statistical analysis

Analysisof variance (ANOVA) for split-plot was

performed for the values of different parameters
using SPSS Statistics software (version 26.0, IBM
Corporation, USA) to assess the significance of
treatment effects. The CW Sl values of missing plots
at 109 DASwerereplaced by meansimputation. To
compare the means of main factors and perform all
pairwise comparisons, Duncan’sMultiple Range Test
(DMRT) was applied at 5% significance level. The
coefficient of determinations (R?) was calculated to
examine the linear relationship of CWSIy with
biophysical parameters of water status. Additionally,
Pearson’s correlation coefficient (r) was computed
to assess linear correlations among the various
parameters. The workflow of the study is presented
inFig. 4.

Results and Discussion

Evaluation of canopy temperature extracted
from UAV thermal imagery

A strong linear relationship was observed
between the canopy temperature extracted from the
UAV thermal imagery and the corresponding ground
truth data, with an R? of 0.92 for treatment wise
average values across the three dates, as presented
in Fig. 5. Notably, the ground truth canopy
temperatureswerefound to be generally higher than
those extracted from the UAV thermal imagery,
which may be attributed to more incoming soil
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background effect in handheld IR thermometer
measurementsthan the UAV thermal imageries after
soil background removal through NDVI co-
registration. Liu et al. (2024) found similar linear
relationship (with R? = 0.94) between the wheat
canopy temperature from the two sources where soil
pixels were removed using a similar NDVI- Otsu
method. However, they found higher temperature
values form thermal imagery than the ground truth.

Table 2 clearly shows significantly higher
canopy temperature in non-irrigated treatments
compared toirrigated treatments dueto stressinduced
by water deficiency. However, there was no
significant difference of canopy temperature between
twotimes(12) and fivetimes(13) irrigation treatments
at 95 and 102 DA S asbath received 50 mmiirrigation
at 90 DAS and 11 mm rainfall at 99 DAS. It also
showed the significant decrease of canopy
temperature with increasing levels of nitrogen dose
uptoN4i.e. 120 kg N ha' except for non-irrigated
treatments (11) where it increased from N4 to N6
significantly. Studies have shown that nitrogen
application can lead to reduced canopy temperature
under well-watered conditions (Penuelas et al ., 1996;
Foiset al., 2009), supporting the positiverel ationship
between nitrogen supply and canopy cooling. Mon
et al. (2016) also reported cooling in canopy

Evaluating Simplified Crop Water Stress Index 215

temperature with nitrogen application in water-
limited conditions in durum wheat. The increasein
canopy temperature from 120 kg N ha (N4) to 200
kg N ha! (N6) under non-irrigated conditions
indicates that excessive nitrogen application under
water stress can lead to reduced plant water uptake.

Variation of CWSI ;, relative leaf water
content (RWC), stomatal conductance (Gs)
and transpiration rate (Tr)

The Table 3 represents the variation CWSl and
concurrent measurementsof RWC, Gsand Tr values
averaged over three dates of observation, as
influenced by variable irrigation and nitrogen
applications. A significant decreasein CWSIg (at p
=0.05) was observed from non-irrigated to irrigated
treatments. CWSIy also decreased with higher
nitrogen doses, significantly up to N4, except in non-
irrigated treatments (11), whereit increased from N5
toN6. The highest CWSI 4 valueswerefoundin | IN1
and 11N2, with average values of 0.422 and 0.416,
respectively, while the lowest values ranged from
0.168 to 0.184, occurring in 12N6 and 13N4—N6.

RWC exhibited a significant increase with a
greater number of irrigations, in the order of 11 <12
< 13 when averaged across variable nitrogen doses.

Table 2. Influence of different levels of irrigation and nitrogen on wheat canopy temperature

N1 N2 N3 N4 N5 N6 Avg.

Average Canopy temperature (°C) at 95 DAS
11 30.80? 30.02° 27.90 ¢ 26.66 © 26.69 © 27.34¢ 28.24 A
12 24471 23.31" 23.07 22.32 1 22,23 Km 22.07m 22918
13 24.09¢ 23.49" 2286 22471 22.37 K 22.10'm 22,908
Avg. 26.46 ~ 25.61°® 24.61°¢ 23.82° 23.77° 23.84°

Average Canopy temperature (°C) at 102 DAS
11 23.024 22.8° 21.03¢ 20.52¢ 20.92¢ 21.53¢ 21.64 A
12 19.55¢ 18.52 19.34" 18.971 18.44 18.19m 18.83°
13 19.31" 19.81° 18.797 18.29'm 18.59 18.18 18.83°
Avg. 20.63 4 20.37¢® 19.72 ¢ 19.26 P 19.32° 19.28 P

Aver age Canopy temperature (°C) at 109 DAS
11 27.09° 27.282 24.80° 24.18¢ 2281 24.42 ¢ 25.104
12 22.94 ¢ 22.19" 22,751 21.66' 21.69' 21.081 22.05°8
13 23.03¢ 22479 21.86' 21.171 20.87 ¢ 20.48'! 21.65°¢
Avg. 24.354 23.98°® 23.14 ¢ 22.34° 21.99E 21.79F

#Values for each DAS followed by the same letters are not significantly different at P = .05 as per DMRT. The
uppercase and lowercase letters are used for main effects and interaction effects, respectively.
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Table 3. Variation of average CWSl, relative leaf water content (RWC), stomatal conductance (Gs) and
transpiration rate (Tr) of wheat under different irrigation and nitrogen levels

Treatments CWSly RwWC Gs Tr
(%) (mol H,O m2s?) (mmol H,0 m?2s?)
Irrigation
11 0.347 A 87.414 0.198 # 3.66 4
12 0.210°® 91.29°® 0.250 & 5.018
13 0.201°¢ 91.74 ¢ 0.306 © 5.92¢
Nitrogen
N1 0.304 A 88.354 0.189 4 3.714
N2 0.284°® 89.52¢B 0.209 & 428°®
N3 0.255 ¢ 90.13 ¢ 0.251°¢ 485¢
N4 0.229° 90.89° 0.281° 5.34°
N5 0.220° 91.18° 0.288 PE 5.49°
N6 0.223° 90.80° 0.292 F 5.50°P
Irrigation x Nitrogen
11 N1 0.4222 85.392 0.1532 2854
N2 0.416 2 86.70 ° 0.1702 3112
N3 0.331° 88.04 ¢ 0.197° 3.56°
N4 0.302°¢ 88.35°¢ 0.223 e 4,13«
N5 0.285¢ 88.75¢ 0.228 & 4,25
N6 0.326° 87.23° 0.219 « 4,05
12 N1 0.247¢ 89.57 ¢ 0.194° 3.91¢%
N2 0.215 90.91°¢ 0.207 ™ 4.40¢
N3 0.227 d 90.93¢ 0.242 ¢ 491¢
N4 0.200 9" 91.88 1 0.2779 5.42 19
N5 0.192 " 92.03 9" 0.2859 5.63 1
N6 0.176'1 92.40 9" 0.295 9" 5.76 9"
13 N1 0.243 % 90.10 ¢ 0.220 « 4.36¢
N2 0.222 9 90.96 © 0.249°f 5.32f9
N3 0.206 fon 91.41¢ 0.312" 6.06 "
N4 0.184 hi 92.44 o 0.345 6.491
N5 0.182'1 92.76 " 0.350'1 6.61"
N6 0.168 92.77" 0.363' 6.68'

#Values for each column followed by the same letters are not significantly different at P = .05 as per DMRT.
The uppercase and lowercase letters are used for main effects and interaction effects, respectively.

With increased nitrogen, RWC rose significantly upto
N4, beyond which there was no further significant
difference except in non-irrigated (11) conditions,
where it decreased significantly from N5 to N6 by
1.52 %.

Stomatal conductance (G,) showed minimum
valuesin I1IN1 (average 0.153 mol H,O m?s?) and
I1N2 (average 0.170 mol H,O m2s?), and maximum
valuesin I3N4, I3N5, and I3N6 (averaging 0.345to

0.363 mol H,0 m2s?). Average Gs values showed
significant differencesby irrigation level in order of
11<12<13. When averaged acrossirrigation levels,
Gsincreased significantly with nitrogen dose, with
al levels showing significant differences except
between N5 and N6. Under non-irrigated conditions,
a non-significant decrease in Gs was observed
between N5 and N6. Similar effect was observed in
case of transpiration rate (T,) as well, where it was
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Fig. 6. Relationship between CWSI and (a) relative leaf water content (RWC), (b) stomatal conductance (Gs),
(c) transpiration rate (Tr) of wheat under different irrigation and nitrogen levels

lowest in 1IN1 and I1N2, averaging 2.85 and 3.11
mmol H,O m2s?, respectively. The highest Tr values
were recorded in I3N4, I3N5, and 13N6, averaging
between 6.49 and 6.68 mmol H,O m2s?. The RWC,
Gsand Tr werefound to beincreasing withincreasing
nitrogen doses (significantly up to N4) asfertilizers
stimulate the growth of transpiring vegetative surface
and it may also encourage deeper root devel opment,
resulting in better soil moisture extraction (Shimshi
and Kafkafi, 1978). However, under non-irrigated
conditions (11), the values reduced from N5 to N6
(RWC decreased significantly but changesin Gsand
Tr were not statistically significant). Yang et al.
(2018) similarly observed that supplemental
irrigation and nitrogen boosted stomatal conductance
and transpiration rate in winter wheat except at later
stage where those decreased with large applications
of nitrogen under water deficit treatments. Reduction
in these biophysical parameters under water deficit
but high nitrogen application (beyond 160 kg N hat)
can possibly be attributed to higher osmotic
concentration of nitrogen in soil solution.

Correlation among CWSI , relative |leaf water
content (RWC), stomatal conductance (Gs)
and transpiration rate (Tr)

The relationship between CWSI, with
biophysical parameters of crop water status (RWC,
Gs and Tr) are presented in Fig. 6. Results showed
negativelinear relationships between the CWSI 4 and
biophysical parameterswith R? of 0.73, 0.63and 0.73
for relative leaf water content (%), stomatal
conductance (mol H,O m? s?) and transpiration rate

(mmol H,O m2s?), respectively. Theserelationships
suggest that those water status parameters can be
determined based on the CWSI approach under
variousirrigation and nitrogen regimes, thusenabling
determination of water status of the crop through the
CWSl, values. Pearson’s correlation coefficient (r)
was calculated among CWSl,, RWC, Gs and Tr.
Average CWSl4isstrongly negatively correlated with
crop water status (r = - 0.793 for Gs, - 0.855 for
RWC, and - 0.857 for Tr). It signifiesthat increased
water stressreducesrelative water content, stomatal
conductance and transpiration rate asthe plantstends
to conserve water by limiting stomatal exchanges.
Thesefindingsare consistent with Bian et al. (2019),
who reported similar correlations with stomatal
conductance (R2=0.66) and transpiration rate (R2 =
0.59) in cotton under variable irrigation treatments.
Notably, their study found CWSI4 to outperform
empirical CWSI, statistical CWSI, and multispectral
indices(NDVI, TCARI, OSAVI, TCARI/OSAVI) in
terms of correlation strength. The findings are also
corroborated by the studies of Ramos-Fernandez et
al. (2024) and Wang et al. (2024), confirming the
reliability of the CWSly.

Conclusion

Thisstudy highlightsthe potential of application
of UAV thermal imagery for water status assessment
under diverse irrigation and nitrogen management
inwheat crop. The strong correlation between CWSI g
and biophysical water status parameters such as
RWC, transpiration rate and stomatal conductance
suggeststhat it can serve asareliable, real-timetool
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to optimize irrigation and nitrogen management by
timely detection of water stress. However, these
correlations and empirical relationships are proneto
be affected by crop types, growth stages, soil types,
pest and disease infestations etc. Thefutureresearch
may be conducted on different other cereals,
commercia and high value field crops throughout
their growing period. Application of multi-sensor
approaches such as utilizing thermal imaging with
hyperspectral data acquisition may address those
limitations and can help to devel op ascalable model
for wide adaptation of UAV remote sensing
technology by farmers and other stakeholders for
sustainable water and nutrient management.
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