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Abstract

Unmanned aerial vehicle (UAV) equipped with RGB (colored image), multispectral and thermal camera, has excellent potential
for making a revolution in the field of agriculture for determining water stress, nitrogen status, and fertilizer application for
different crops in different climatic conditions. The main objective of this study is to develop relationships between vegetation
indices obtained from RGB camera mounted on drone and ground truth data for assessment of nitrogen status in wheat crop. For
this purpose, field experiments for wheat crop are conducted at Agricultural Research Farm, IIT Kharagpur, West Bengal, India.
Two cultivars of wheat crop, namely Sonalika and PBWB-343, are used for the experiment. To determine the ground truth data,
soil plant analysis development (SPAD) meter and Greenseeker are used to measure chlorophyll content and normalized
difference vegetation index (NDVI), respectively. An RGB (red, green, blue) camera mounted on an UAV is flown over the
Agricultural Research Farm at 20-m altitude to capture images of wheat field in Rabi season. The fuzzy ¢ mean clustering method
of image analysis is employed to determine 13 spectral indices (R, G, B, R/(R+G+B) (normalized R), G/(R+G+B) (normalized
G), B/(R+G+B) (normalized B), normalized green-red difference index (NGRDI), ExG, ExR, ExGR,) from RGB image of wheat
crop. This method consists of segmentation and successive analysis of the foreground color, i.e., only green plant parts.
Relationships are developed using linear regression method between SPAD and NDVI, spectral indices and SPAD, and spectral
indices and NDVI for wheat crop. Results show that NGRDI is highly correlated with NDVI and SPAD values. Coefficients of
determination (R?) for NDVI and SPAD value, NGRDI and NDVI, and NGRDI and SPAD value are estimated as 0.55, 0.68, and
0.31 for PBWB-343 variety and 0.51, 0.49, and 0.43 for Sonalika variety of wheat.
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Introduction poor households in the world (Ngoune Tandzi and Mutengwa

2020). Meanwhile, population growth was predicted to be 9.7

Agriculture is a key activity of human being since it provides
basic needs such as food, clothing, and shelter. It has been
demonstrated that every 1% increase in agricultural yield
translates into a 0.6—1.2% decrease in the numbers of absolute
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billion by 2050, and this will require an increase of about 70%
in food production to meet the demand (Ngoune Tandzi and
Mutengwa 2020). Rainfed agriculture is projected to produce
one-third or more of the food increase in global food output
for the coming decades. Unfortunately, agricultural productiv-
ity depends on various factors such as climate, water, nutri-
tion, and soil conditions. Plant nutrition refers to a plant’s need
and use of basic chemical elements. Plants need 17 elements
for normal growth. Three of them—carbon, hydrogen, and
oxygen—are found in air and water. The rest are found in
the soil. Six soil elements are called macronutrients because
they are used in relatively large amounts by plants. They are
nitrogen, potassium, magnesium, calcium, phosphorus, and
sulfur. Nitrogen is one of the important major plant nutrient.
Nitrogen is the most important and essential element for crop
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growth and development, and its accurate assessment in plants
is a key to nutrient management. Plants normally contain be-
tween 1 and 5% nitrogen by weight (Arregui and Quemada
2006). Nitrogen is a major component of the chlorophyll mol-
ecule that enhances photosynthesis (Tumbo et al. 2002).

Application of optimum amount of nitrogen at right time
has substantial importance in the crop life for maintaining its
condition in every stage (Novoa and Loomis 1981). The crop/
plant consumes nutrients up to a certain limit; consequently
over or under application of nitrogen (N) is worthless, reck-
less, and unfavorable for environmental, ecological balance,
and human health (Ju et al. 2009; Tremblay et al. 2011; Parks
et al. 2012). Therefore, optimum application of nitrogen for
different crops and real-time assessment of crop N status in the
field are an effective way to enhance the quality and quantity
of crop yield (Raun et al. 2002).

There have been several commonly used methods for esti-
mating the nitrogen contents such as the traditional destructive
sampling method (DS), simulation models (SM), and remote-
ly sensed vegetation index (VI) (Guo et al. 2020). Destructive
methods for estimating leaf nitrogen content like Kjeldahl
digestion and Dumas combustion are required at regular time

interval to inspect the plant health condition in the field that is
time-consuming (Mufoz-Huerta et al. 2013). In this method, it
is required to collect the leaf samples from multiple plots
which are challenging. Optical properties such as canopy re-
flectance and leaf transmittance (Hansen and Schjoerring
2003; Zhu et al. 2007; Yao et al. 2009) are highly correlated
with N content of the plant and used as one of the N indicators.
However, instruments, which are used to measure the
abovementioned optical properties, have some limiting factors
such as calibration, maintenance, and cost (Yoder and
Pettigrew 1995; Kokaly 2001).

It is also becoming a challenging task to quantify the N
status accurately and quickly at different growth conditions
of different crops in different soil and climate conditions. So,
more applications of remote sensing were explored and used
for determining the N status and are found to be an alterna-
tive to non-destructive method and behave better for real-
time monitoring of crop N status (Zhu et al. 2008). Indirect
sensing of the plant reflectance can be classified as the
ground-based remote sensing, airborne remote sensing, and
satellite-based remote sensing techniques (Gitelson et al.
1997; El-Shikha et al. 2007). Borhan et al. (2004) developed
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Fig. 1. Agricultural Research Farm at Indian Institute of Technology Kharagpur, West Bengal, India. Here green boundary shows the actual field area,

and yellow boundary shows the area which use for image accusation.
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two laboratory-based multispectral imaging systems; the im-
age features from color (red, green, and blue) and multispec-
tral bands (550, 710, and 810 nm) were evaluated in
predicting chlorophyll and nitrate contents of potato leaves
grown in the greenhouse. An exponential gap fraction model
and an ellipsoidal leaf angle distribution are used to deter-
mine leaf area index (LAI) from red-green-blue (RGB) im-
ages of the canopy for analyzing plant density and growth
conditions (Kirk et al. 2009). Unmanned aerial vehicle
(UAV) mounted with RGB camera is used to acquire the
images, and different spectral indices like red (R), green (G),
blue (B), (R-G)/(R+G), and green channel minus red chan-
nel (GMR) are derived from these images. Then these indi-
ces are compared with chlorophyll content measured by soil
plant analysis development (SPAD) meter and chemical
analysis of plant leaves, and regression models are devel-
oped between spectral indices and plant nitrogen status
which show that RGB-based spectral indices have the po-
tential to assess the plant N status (Wang et al. 2013; Tewari
et al. 2013; Wang et al. 2014). The use of drones for crop
condition monitoring in India is still in a nascent stage. This
is primarily because very few studies have been conducted
to develop image-based analytics for different crop condi-
tions for different Indian crops and their varieties.

The main objective of this study is to develop relationships
between remotely sensed vegetation indices obtained from
RGB camera mounted on a drone and ground truth data nor-
malized difference vegetation indices (NDVI) and SPAD val-
ue taken by Greenseeker and SPAD-502 meter, respectively,
for the assessment of nitrogen status at different growth stages
of wheat crop. In this, we use fuzzy ¢ means clustering ap-
proach for analyzing the image. The main benefit of this is we
can use RGB camera instead of destructive method which
required more time and multispectral camera which have high
cost for nitrogen management of crop.

Materials and methods
Study area

Experiments are conducted in the Rabi season (2017-2018) at
the Research Farm of Agricultural and Food Engineering
Department, which is situated at the Indian Institute of
Technology Kharagpur, West Bengal, India (22° 31’ N, 87°
31'E) at an altitude of 48 m above mean sea level (Fig. 1). The
climate of site is subhumid and subtropical, and it receives
mean annual rainfall of about 1600 mm with occurrence of
70-75% of total rainfall in Kharif season (June-November).
The daily average minimum and maximum temperatures
range between 13.3 to 25.9°C and 25.8 to 45°C, respectively.
The soil of the study area is sandy loam texture with low
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Fig. 2. Experimental field layout with application treatment for wheat
crop. Note: X shows that these plots are not considered in image
analysis part

organic content, having high infiltration rate with low water
holding capacity.

Table 1 Nitrogen treatment according to growth stage of wheat crop

Treatments N application (kg/ha) N application at different crop
growth stages (kg/ha)

Sowing CRI Booting Flowering

SIN1 80 40.0 400 0 0
SIN2 100 50.0 500 0 0
SIN3 120 60.0 60.0 0 0
SIN4 150 75.0 75.0 0 0
S2N1 80 26.6 26.6 26.6 0
S2N2 100 333 333 333 0
S2N3 120 40.0 40.0 40.0 0
S2N4 150 50.0 50.0 50.0 0
S3N1 80 26.6 266 0 26.6
S3N2 100 333 333 0 333
S3N3 120 40.0 40.0 0 40.0
S3N4 150 50.0 500 0 50.0
S4N1 80 20.0 20.0 20.0 20.0
S4N2 100 25.0 250 25.0 25.0
S4N3 120 30.0 30.0 30.0 30.0
S4N4 150 37.5 375 375 37.5
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Fig. 3. Quadcopter UAV

Propeller

RGB Camera

Experimental layout

Field plot experiments are conducted for determination of ni-
trogen status of wheat crop (Sonalika and PBWB-343 varie-
ties normally grown in this region) grown in Rabi season of
2017-2018 (Fig 2). The sowing of wheat crop is done on 8
Dec. 2017, and it is harvested on 28 March 2018. Row-to-row
spacing is 20cm. The sowing of wheat is done by simple
raking method. The field experimental area consists of 68
plots (Fig. 1, green boundary) of Sm % 5m size. The random-
ized block design is used to design the experimental layout.
Different nitrogen doses such as N1-80 kg/ha, N2-100 kg/ha,
N3-120 kg/ha, and N4-150 kg/ha are applied at different
growth stages of the crop as shown in Table 1. S1, S2, S3,
and S4 refer to how the N doses are equally split for the
different growth stages of the crop. Here, SIN1, S2NI1,
S3N1, and S4N1 represent that 80 kg/ha (N1) is applied at
sowing and crown toot initiation (CRI) stage (41 days after
sowing (DAS)) (S1); sowing, CRI, and booting stage (56
DAS) (S2); sowing, CRI, and flowering stage (76 DAS)
(S3); and sowing, CRI, booting, and flowering stage (S4),
respectively. Similar pattern of nitrogen application is

Table 2 UAV specifications

UAY specification Performance
Wingspan 9 inches

Nominal air speed 5-10 m/s

Max flight duration 10-12 min

Max battery capacity 8000mAh or 14.8v
Payload capacity Upto 1 kg

@ Springer
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followed for other nitrogen doses, i.e., 100 kg/ha (N2), 120
kg/ha (N3), and 150 kg/ha (N4). However, due to waypoint
constraint, drone could not cover the entire field; therefore
only 47 plots (Fig. 1, yellow boundary) are used for this study.
Out 0f 47 plots, 28 and 19 plots were used for PBWB-343 and
Sonalika varieties, respectively. Consequently two treatments
such as SIN4 and S3N3 of Sonalika variety could not be
covered by drone. In this study, the CRI stage comes after
41 DAS because of poor germination of seed and climatic
condition of Kharagpur region. Irrigation is applied when
the maximum allowable deficit (MAD) of soil reaches 40%.

Field data collection
Ground truth data collection

SPAD meter (SPAD-502, Minolta Camera Co., Osaka, Japan)
and Greenseeker are used for measuring chlorophyll content
and NDVI, respectively. SPAD value and NDVI are measured
for wheat crop on 29, 36, 43, 54, 61, 68, 75, 83, and 90 DAS.
SPAD values (chlorophyll content of leaf) of fifteen leaves per
plot (3 at each corner at 3 at center) were measured randomly
exempt the 2 rows from boundary to make it free from bound-
ary effect. Third and fourth fully expanded leaves from the top
of the plant were taken for measuring the SPAD value (Yuan
et al. 2016). The Greenseeker handheld crop sensor is an ac-
tive light source optical sensor that is used to measure plant
biomass and display as NDVI (normalized difference vegeta-
tion index). When the Greenseeker held at 2030 ¢cm above
the crop surface, the trigger is press, and the measured NDVI
reading appears on the LCD display immediately (Pacurar
etal. 2019).
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Table 3 List of different color

indices used in this study Color indices

Color space

Formula References

R

G

B
R/(R+G+B)
G/(R+G+B)
B/(R+G+B)
NGRDI

ExG

ExR

ExGR
MRBVI
Normalized R
Normalized G
Normalized B

RGB

RGB & HIS

Mean of R channel
Mean of G channel
Mean of B channel

Wang et al. (2014)
Wang et al. (2014)
Wang et al. (2014)
Wang et al. (2014)
Wang et al. (2014)
Wang et al. (2014)

(G-R)/(G+R) Wang et al. (2014)

2*G-R-B Woebbecke et al. (1995)

1.4*R-G Meyer and Neto (2008)

3*G-2.4R-B Meyer and Neto (2008)
R*-B»)/(R*+B?Y Guo et al. (2020)
[(R/3)/1]#255 Tewari et al. (2013)

[(G/3)1]*255 Tewari et al. (2013)

[(B/3)/1]*255 Tewari et al. (2013)

The data collected from SPAD meter and Greenseeker are
used as ground truth data for this study. An average value of
15 and 5 readings per plot is considered measured SPAD
value and NDVI value, respectively.

Aerial data collection

The quadcopter UAV (Fig. 3), developed by SWAN (Smart
Wireless Application & Networking) lab, CSE Department,
Indian Institute of Technology, Kharagpur (details of UAV
are shown in Table 2), is used to collect the aerial data. It
has a maximum payload capacity of 2 kg and maximum flight
range of 100 m along with flying potential up to 8 to 25 min
duration depending on battery charge and payload.
Quadcopter UAV also has the features of GPS-based geo-
fencing which ensure avoidance of potential security risks in
no-fly zones. A high-resolution RGB camera (SOOCOO
S20WS RGB camera with 170-degree FOV, 12 Mega Pixel

resolution) mounted on quadcopter UAV is used to capture
the images. The UAV flight operation is performed at 20-m
altitude under clear sky between 11:00 and 14:00 local time on
the same day when ground truth data are collected. Mission
Planner, an open source software, is used to configure, con-
trol, and calibrate the quadcopter system.

Image processing

The raw images acquired by RGB camera are first undistorted
by removing the fish eye distortion property. The lens distor-
tion correction is performed by GML (Graphics and Media
Lab) Undistorter software by setting the focal length at 1.5
mm. The image pixels are segmented as vegetation and non-
vegetation pixels using fuzzy ¢ means clustering approach
(Choy et al. 2017). Pixels are clustered based on pixel values
or intensity. This clustering process is performed by develop-
ing a program in MATLAB2017a. The result of the

Fig. 4. a RGB image of wheat
plot. b Segmented binary image
of wheat plot after 36 DAS

@ Springer
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NDVI VS DAS for different nitrogen practice with different treatment for PBWB-343 variety of wheat
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Fig. 6. Variation of NDVI for different nitrogen fertilizer applications with DAS for A PBWB-343 and B Sonalika varieties of wheat with (a) S1
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treatment, (b) S2 treatment, (¢) S3 treatment, and (d) S4 treatment
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SPAD Value VS DAS for different nitrogen practice with different treatment for PBWB-343 variety of wheat
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segmentation is shown in Fig. 4. Subsequently, the segmented
images are used to calculate 13 different types of color indices
(R, G, B, R/(R+G+B), G/(R+G+B), B/(R+G+B), normalized
green-red difference index (NGRDI), ExG, ExR, ExGR, nor-
malized R, normalized G, and normalized B) (Table 3) based
on RGB color space for each plot.

Results and discussion
Relationship between NDVI and SPAD value

Seasonal variation of SPAD values with DAS for PBWB-343
and Sonalika varieties for different stage treatments (S1, S2,

Fig. 7. SPAD value vs. NDVI for
different nitrogen applications for 60
PBWB-343 variety of wheat for a

S3, and S4) is shown in Fig. 5 A and B. Results show that
there is an increase in SPAD value with increase in DAS up to
75 DAS and subsequently it decreases. This reduction in
SPAD value after 75 DAS is due to the ripening stage of the
crop. At this stage, plant leaves are subjected to a stress con-
dition which results in photosynthetically active radiation
(PAR) reduction. The SPAD values of N3 (120 kg/ha) and
N4 (150 kg/ha) application are higher compared to N1 (80 kg/
ha) and N2 (100 kg/ha) because of higher dose of N fertilizer,
wherein plant uptakes more N and it increases the ability of
absorption of radiation in the red region. Variation in NDVI
with respect to DAS is given in Fig. 6 A and B for both the
varieties for different stage treatments. It also shows an in-
crease in NDVI with increase in DAS up to 75 DAS and
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Fig. 8. SPAD value vs. NDVI for SONALIKA
different nitrogen applications for 60
Sonalika variety of wheat for a all
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Table 4 Correlation coefficients ]
of relationships between the RGB Indices/DAS 34 41 53 60 67 74 82 88
indices and NDVI measured at
ground for PBWB-343 variety of R -0.37 ~0.66 ~0.4 -0.72 -0.74 -0.91 ~0.84 -0.7
wheat crop G -0.39 ~0.65 -0.38 ~0.65 -0.68 -0.87 -0.77 ~0.6
B —0.45 —0.74 —0.4 —0.68 —0.7 —0.84 —0.73 —0.56
R/(R+G+B) 0.24 0.72 0.54 0.31 0.61 -0.42 0.37 0.23
G/(R+G+B) 0.24 0.74 0.55 0.62 0.74 0.55 0.61 0.39
Nor R 0.31 0.75 0.34 0.04 0.48 —0.54 0.23 0.17
Nor_ G 0.31 0.76 0.37 0.26 0.65 —0.06 0.43 0.26
Nor B 0.3 0.75 0.37 0.21 0.65 0.02 0.43 0.27
NGRDI 0.35 0.55 0.37 0.74 0.76 0.91 0.79 0.73
ExG 0.28 0.44 0.17 0.79 0.66 0.72 0.44 0.38
ExR 0.17 0.67 0.05 —0.49 -0.14 —0.87 —0.33 —0.13
ExGR -0.15 —0.63 0.01 0.72 0.46 0.91 0.42 0.28
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Table 5 Correlation coefficients
of relationships between the RGB
indices and NDVI measured at
ground for Sonalika variety of
wheat crop

Fig. 9. NDVI vs. NGRDI for
different nitrogen applications for
PBWB-343 variety of wheat for a
all plots, b S1 treatment, ¢ S2
treatment, d S3 treatment, and e
S4 treatment

@ Springer
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subsequently it decreases. The SPAD value and NDVI both
depend on reflectance and health of plant. This is also in
agreement with the studies performed by Dreccer et al.
(2000 )and Bertheloot et al. (2008),who showed that N con-
centration in wheat plants follows the luminic gradient within
the canopy, thus reinforcing the idea that a decrease in chlo-
rophyll concentration and, therefore, in N reduces the ability
of the canopy to absorb radiation in the red region, and this
reduces the NDVI.

The coefficient of determination (R*) between NDVI and
SPAD value is found to be 0.55 and 0.51 for PBWB-343 and
Sonalika varieties, respectively (Fig. 7a and Fig. 8a). For in-
dividual treatments with different nitrogen dose applications
(Fig. 7b, c, d, e and Fig. 8b, c, d, e), the R? values are

reasonably good for both the varieties. The N3 (120 kg/ha)
shows good R? for both varieties.

General relationship between NDVI and spectral
indices

A general relationship is developed between NDVI and 13
RGB spectral indices for both PBWB-343 and Sonalika vari-
eties, and correlation coefficients () between NDVI and spec-
tral indices are shown in Tables 4 and 5. From the tables, it is
clear that there is high correlation between the normalized
green-red difference index (NGRDI) and NDVI for both the
varieties of wheat crop. R and G indices also show good
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correlation with NDVI. The remaining RGB indices weakly
correlate with NDVI.

Relationship between NGRDI and NDVI

The R? between NGRDI and NDVI for PBW-343 and Sonalika
is found to be 0.68 and 0.49, respectively (Fig. 9a and Fig. 10a).
For individual treatment with different nitrogen dose applica-
tions (Fig. 9b, c, d, e and Fig. 10b, c, d, e), N3 and N4 show
good correlation compared to N1 and N2 treatments. It is due to
less development of canopy cover for low levels of nitrogen
treatment. Both NGRDI and NDVI indices depend on green
cover and biomass, and both of them consider red reflectance.

Relationship between NGRDI and SPAD value

The SPAD meter measures the chlorophyll concentration on
the basis of the red light absorbed by the leaf. The chlorophyll
concentration in the leaf depends on the amount of absorbed
red light by leaf. NGRDI is the ratio of (G —R)/(G+R), where
the difference between the green (G) and the red (R) band
reveals the canopy-soil fraction, and the sum of the green
and the red band normalizes the index. Therefore, both
NGRDI and SPAD value increases as a result of increment
in nitrogen content of leaf. NGRDI is one of the indices to
show the green vegetation (Hunt at el. 2011), and nitrogen is
one of the nutrients which affect greenness. The R? between
NGRDI and SPAD meter readings is found as 0.31 and 0.43
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for PBWB-343 and Sonalika varieties (Fig. 11a and Fig. 12a).
For individual treatment with different nitrogen dose applica-
tions (shown in Fig. 11b, ¢, d, ¢ and Fig. 12b, ¢, d, ¢), N3 and
N4 show good correlation compared to N1 and N2 treatments.
It may be due to less canopy cover development for the N1
and N2 treatments.

Conclusions

Different methods (Kjeldahl digestion, Dumas combustion,
etc.) of measuring nitrogen status are laborious and time-con-
suming, for assessing N distribution in the field. Therefore, in
this study, aerial data (NGRDI) are correlated with ground

Fig. 12. SPAD value vs. NGRDI

data (SPAD value and NDVI) for capturing the current N
status of wheat crop. For this purpose, RGB camera mounted
on UAV is used for estimating current N status of wheat crop.

From this study, it can be concluded that SPAD value and
NDVI increases till ripening stage, and after that, it reduces.
The correlations of linear relationship (R?) between SPAD
value and NDVI are 0.55 and 0.51 for PBWB-343 variety
and Sonalika variety of wheat, respectively. N3 (120kg/ha)
shows good correlation between SPAD value and NDVI com-
pared to other nitrogen applications. Out of 13 spectral indi-
ces, NGRDI shows the best correlation with NDVI for both
varieties of wheat as compared to other spectral indices. The
correlations of linear relationship (R?) between NGRDI and
NDVI are 0.68 and 0.49, and between NGRDI and SPAD
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value are 0.31 and 0.43 for PBWB-343 variety and Sonalika
variety of wheat, respectively. This study concludes that the
proposed RGB index (NGRDI) obtained from RGB camera is
a reliable and efficient one for assessing nitrogen status of
wheat crop. More studies are needed to be carried out with
different varieties of crops under different climatic conditions
and with additional cameras (multispectral and thermal)
mounted on UAVs for development of accurate and robust
generic relationships for assessment of nitrogen status.

Acknowledgements The authors also acknowledge the contribution of
Dr. Damodar Rao Mailapalli, Prof. Ashok Mishra, and Prof. Narendra
Singh Raghuwanshi of Agricultural and Food Engineering Department,
IIT Kharagpur, which certainly improved the manuscript.

Funding This work is financed under the scheme of IMPacting Research,
INnovation and Technology ((IMPRINT), project no. 5682) and spon-
sored by a national initiative of the Ministry of Human Resource
Development (MHRD) under Government of India (Gol) and also sup-
ported by Ministry of Agriculture & Farmers’ Welfare under Gol.

Declarations

Conflict of interest There authors declare no competing interests.

References

Arregui LM, Quemada M (2006) Drainage and nitrate leaching in a crop
rotation under different N-fertilizer strategies: application of capac-
itance probes. Plant Soil 288(1-2):57-69

Bertheloot J, Martre P, Andrieu B (2008) Dynamics of light and nitrogen
distribution during grain filling within wheat canopy. Plant Physiol
148:1707-1720

Borhan MS, Panigrahi S, Lorenzen JH, Gu H (2004) Multispectral and
color imaging techniques for nitrate and chlorophyll determination
of potato leaves in a controlled environment. Trans ASAE 47(2):599

Choy SK, Lam SY, Yu KW, Lee WY, Leung KT (2017) Fuzzy model-
based clustering and its application in image segmentation. Pattern
Recogn 68:141-157

Dreccer MF, Van Oijen M, Schapendonk AHCM, Pot CS, Rabbinge R
(2000) Dynamics of vertical leaf nitrogen distribution in a vegetative
wheat canopy. Impact on canopy photosynthesis. Ann Bot 86(4):
821-831

El-Shikha DM, Waller P, Hunsaker D, Clarke T, Barnes E (2007)
Ground-based remote sensing for assessing water and nitrogen sta-
tus of broccoli. Agric Water Manag 92(3):183-193

Gitelson AA, Kaufman YJ, Merzlyak MN (1997) Remote sensing of
pigment content in higher plants- principles and techniques. In: In
International Airborne Remote Sensing Conference and Exhibition-
Development, Integration, Applications & Operations, 3rd,
Copenhagen, Denmark

Guo Y, Wang H, Wu Z, Wang S, Sun H, Senthilnath J, Wang J, Robin
Bryant C, Fu'Y (2020) Modified red blue vegetation index for chlo-
rophyll estimation and yield prediction of maize from visible images
captured by UAV. Sensors 20(18):5055

@ Springer

Hansen P, Schjoerring J (2003) Reflectance measurement of canopy bio-
mass and nitrogen status in wheat crops using normalized difference
vegetation indices and partial least squares regression. Remote Sens
Environ 86(4):542-553

Hunt ER, Daughtry CST, Eitel JU, Long DS (2011) Remote sensing leaf
chlorophyll content using a visible band index. J Agron 103(4):
1090-1099. https://doi.org/10.2134/agronj2010.0395

Ju XT, Xing GX, Chen XP, Zhang SL, Zhang LJ, Liu XJ, Cui ZL, Yin B,
Christie P, Zhu ZL, Zhang FS (2009) Reducing environmental risk
by improving N management in intensive Chinese agricultural sys-
tems. Proc Nat Acad Sci USA (PNAS) 106:3041-3046

Kirk K, Andersen HJ, Thomsen AG, Jergensen JR, Jergensen RN (2009)
Estimation of leaf area index in cereal crops using red—green images.
Biosyst Eng 104(3):308-317

Kokaly RF (2001) Investigating a physical basis for spectroscopic esti-
mates of leaf nitrogen concentration. Remote Sens Environ 75:153—
161

Meyer GE, Neto JC (2008) Verification of color vegetation indices for
automated crop imaging applications. Comput Electron Agric 63(2):
282-293

Mufioz-Huerta RF, Guevara-Gonzalez RG, Contreras-Medina LM,
Torres-Pacheco I, Prado-Olivarez J, Ocampo-Velazquez RV
(2013) A review of methods for sensing the nitrogen status in plants:
advantages, disadvantages and recent advances. Sensors 13(8):
10823-10843

Ngoune Tandzi L, Mutengwa CS (2020) Estimation of maize (Zea mays
L.) yield per harvest area: appropriate methods. Agronomy 10(1):29

Novoa R, Loomis R (1981) Nitrogen and plant production. Plant Soil 58:
177-204

Pacurar AD, Ranta O, Molnar A, Marian O, Duda M, Sabo RA, Petrut G
(2019) Green Secker, an automatic control system for variable rate
fertilizer application. A Bibliographic Study. ProEnvironment
12(38):116-120

Parks SE, Irving DE, Milham PJ (2012) A critical evaluation of on-farm
rapid tests for measuring nitrate in leafy vegetables. Sci Hortic 134:
1-6

Raun WR, Solie JB, Johnson GV, Stone ML, Mullen RW, Freeman KW,
Thomason WE, Lukina EV (2002) Improving nitrogen use efficien-
cy in cereal grain production with optical sensing and variable rate
application. Agron J 94:351-815

Tewari VK, Arudra AK, Kumar SP, Pandey V, Chandel NS (2013)
Estimation of plant nitrogen content using digital image processing.
Agric Eng Int CIGR J 15(2):78-86

Tremblay MS, LeBlanc AG, Kho ME, Saunders TJ, Larouche R, Colley
RC, Connor Gorber S (2011) Systematic review of sedentary behav-
iour and health indicators in school-aged children and youth. Int J
Behav Nutri Phys Act 8:98

Tumbo SD, Whitney JD, Miller WM, Wheaton TA (2002) Development
and testing of a citrus yield monitor. Appl Eng Agric 18(4):399

Wang Y, Wang D, Zhang G, Wang J (2013) Estimating nitrogen status of
rice using the image segmentation of GR thresholding method. Field
Crop Res 149:33-39

Wang Y, Wang D, Shi P, Omasa K (2014) Estimating rice chlorophyll
content and leaf nitrogen concentration with a digital still color cam-
era under natural light. Plant Methods 10(1):36

Woebbecke DM, Meyer GE, Von Bargen K, Mortensen DA (1995)
Color indices for weed identification under various soil, residue,
and lighting conditions. Trans ASAE 38(1):259-269

Yao X, Zhu Y, Tian Y, Feng W, Cao W (2009) Research of optimum
hyperspectral vegetation indices on monitoring the nitrogen content
in wheat leaves. Sci AgricSin 42(8):2716-2725


https://doi.org/10.2134/agronj2010.0395

Arab J Geosci (2021) 14: 1739

Page 150f 15 1739

Yoder BJ, Pettigrew RE (1995) Predicting nitrogen and chlorophyll con-
tent and concentrations from reflectance spectra (400-2500 Nm) at
leaf and canopy scales. Remote Sens Environ 53:199-211

Yuan Z, Cao Q, Zhang K, Ata-Ul-Karim ST, Tian Y, Zhu Y, Cao W, Liu
X (2016) Optimal leaf positions for SPAD meter measurement in
rice. Front Plant Sci 7:719

Zhu Y, Tian Y, Yao X, Liu X, Cao W (2007) Analysis of common
canopy reflectance spectra for indicating leaf nitrogen concentra-
tions in wheat and rice. Plant Prod Sci 10(4):400-411

Zhu Y, Yao X, Tian Y, Liu X, Cao W (2008) Analysis of common
canopy vegetation indices for indicating leaf nitrogen accumulations
in wheat and rice. Int J Appl Earth Obs Geoinf 10(1):1-10

@ Springer



	A...
	Abstract
	Introduction
	Materials and methods
	Study area
	Experimental layout
	Field data collection
	Ground truth data collection
	Aerial data collection

	Image processing

	Results and discussion
	Relationship between NDVI and SPAD value
	General relationship between NDVI and spectral indices
	Relationship between NGRDI and NDVI
	Relationship between NGRDI and SPAD value

	Conclusions
	References


