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Abstract

Studies of crop coefficients as a function of vegetation indices are reported less often for
sugarcane than other crops because of the variation in crop evapotranspiration (ETc) and
spectral response over the long growth period. In this study, the possibility of correlating
crop coefficient (Kc) and ground based normalized difference vegetation index (NDVI) of
a sugarcane crop was investigated based on 2 years field experiments conducted in 2015
and 2016 in semi-arid India. The Kc values for the full crop season were determined by the
field water balance method and ground NDVI was estimated from spectral reflectance
measurements using a field spectro-radiometer. The sugarcane Kc values for the tillering
(development stage), grand growth (mid-season) and maturity stages (end season) were
0.70, 1.20 and 0.78, respectively. The results found that the Kc was 16.6% less than that
suggested by FAO-56. The sugarcane NDVI ranged from 0.48 to 0.69 at the tillering stage
and 0.69 to 0.93 in the grand growth stage. Unlike other crops, sugarcane NDVI at the
maturity stage did not reduce from 0.85 even at harvest due to the continued production of
fresh green leaves at the top of the plant. Regression equations were developed to estimate
the seasonal distribution of Kc with NDVI as the dependent variables and ratio of days (%)

after planting (t) to the total crop period (T) as the independent variable. The relationship
between crop Kc and NDVI was characterized with 2nd order polynomial regression but
correlation was moderately strong (r=0.75, n=315). Stronger correlations between Kc
and NDVI were obtained by splitting growth period into the growth phase (r=0.98,
n=245) and decline phase (r = 0.99, n = 70). The estimated Kc will be helpful for correct-
ing irrigation scheduling of sugarcane in semi-arid conditions. The Kc-NDVI relationships
for sugarcane investigated in this study are important for potential real time irrigation water
management in the future.
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Introduction

Sugarcane is a major agro-industrial crop and plays a vital role in the economy of India.
India ranks 2nd after Brazil among sugarcane producing countries of the world and
contributes 18.4% and 19% in area and production volume for the world, respectively
(CACP 2019). However, a large proportion of Indian sugarcane is cultivated in semi-
arid regions where irrigation is practiced but water availability can be a major limita-
tion. This necessitates the need for continued improvements in sugarcane water use with
a greater emphasis on the determination of actual crop evapotranspiration (ETc) during
the growing period. Numerous approaches have been used to measure sugarcane evapo-
transpiration around the world (Thompson and Boyce 1971; Omary and Izuno 1995;
Allen et al. 1998; Chabot et al. 2005; Silva et al. 2012; Win et al. 2014; Anderson et al.
2015; Cardoso et al. 2015). However, the crop coefficient (Kc)-based estimation of crop
evapotranspiration (FAO-56 model) is one of the most commonly used methods for irri-
gation water management. Allen et al. (1998) suggested Kc values of 0.4, 1.25 and 0.75
for establishment, mid-season and at harvest for sugarcane; however, these values are
based on global averages of Kc and thus, it is necessary to determine crop coefficient
values for local conditions (Jagtap and Jones 1989).

Many studies have shown that remotely sensed spectral reflectance may provide an
indirect estimate for Kc (Heilman et al. 1982; Bausch and Neale 1987; Bausch 1995).
The similarities between the Kc and normalized difference vegetation index (NDVI)
have potential for modelling Kc as a function of NDVI as both of them show a definite
trend and are good indicators of the water stress at the canopy surface (Jackson and
Huete 1992; Choudhury et al. 1994; Moran et al. 1995; Gontia and Tiwari 2010; Kam-
ble et al. 2013).

The NDVI data can be routinely measured either on the ground from field radiome-
try, by aircraft measurements or by high and low resolution satellite images (Shibayama
and Akiyama 1986; Wooten et al. 1999; Bastiaanssen et al. 2000; Hill and Donald 2003;
Doraiswamy et al. 2004; Kastens et al. 2005; Mkhabela et al. 2005; Simoes et al. 2005;
Raki et al. 2006; Almeida et al. 2006; Wardlow et al. 2007, 2008; Funk and Budde
2009; Becker-Reshef et al. 2010). However, satellite data at a high temporal resolution
are often unavailable because of the satellite revisit time, the presence of cloud cover or
the high costs of images. Hence, NDVI time series can lose their temporal resolution,
sometimes making their use difficult for practical purposes in agriculture (Begue et al.
2010; Ferrara et al. 2010). This limitation can be overcome by the ground-based vegeta-
tion indices estimated from a portable and low-cost spectrometer (Gutman 1999; Huem-
merich et al. 1999; Wang et al. 2004). Good results have been reported using hand-held
radiometers or high resolution ground spectro-radiometers for establishing the irrigation
scheduling of corn (Bausch and Neale 1987; Spiliotopoulos and Loukas 2019), potato
(Jayanthi et al. 2007), Onion (Bhagyawant 2014), wheat (Kadam et al. 2017), grass hay/
pasture (Gautam 2018) cotton and sugar beets (Spiliotopoulos and Loukas 2019).

Sugarcane is a perennial crop which requires a large volume of water to grow so its
yield potential is tightly coupled with proper irrigation water management. Predictions
of sugarcane water requirement using ground canopy reflectance are rarely discussed
in the literature perhaps due to the difficulty in collecting data for a large crop and the
year-long growing period (Simoes et al. 2005).The overall objective of this study was
to estimate NDVI values from ground-based spectral measurements for sugarcane crop
over its entire growth period (1 year) for two different seasons (2015 and 2016) and to
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investigate its relationships with crop coefficient (Kc) in semi-arid climatic conditions
in India. Crop coefficient (Kc) values for sugarcane were determined by the field water
balance method.

Materials and methods
The study area

The study area is located in the western part of Maharashtra, India (latitude 19°48'N; lon-
gitude 19°57'E; altitude 657 m). Agro-climatically, the region is in the semi-arid and sub-
tropical zone with average annual rainfall of 555 mm. About 80% of the total annual rain-
fall falls during the South-West monsoon (June to September), while the rest is received
during the North-East monsoon (October—November). The spatial and temporal distribu-
tion of rain is erratic, unevenly distributed over 15 to 45 rainy days a year. The annual
mean values based on the 50-year average of important weather parameters are given in
Table 1.

The amounts of rainfall received between two successive observations of moisture con-
tent in both seasons are given in Table 2. The total rainfall received during the crop growth
periods of 2015 and 2016 were 313.2 mm in 38 rainy days and 534.3 mm in 40 rainy days,
respectively. The rainfall was 43.6% lower during 2015 and less than average annual rain-
fall in 2016.

Soil characteristics

A trench was dug at the experimental site to a depth of 1.8 m for extracting soil samples at
0.15 m intervals that were used to determine the textural class, bulk density, field capac-
ity and the wilting point. The soil physical and hydraulic properties for 0.15 m layers are
given in Table 3. The textural class of the soil at the experimental site was clay at all depths
down to 1.8 m. The soil was medium alkaline having a pH of 8.36 determined in a 1:2.5
(soil:water) solution by the potentiometer method (Jackson 1973). The electrical conduc-
tivity of the soil was 0.40 dS m~".

The average field capacity and permanent wilting point were 41.4 and 17%, respectively,
with a bulk density of 1.27 Mg m™.

Experimental details

Sugarcane seedlings were raised in a nursery and transplanted 35 days after planting in a
6 %27 m field. The sugarcane seedlings were transplanted at a spacing of 1.5 m X 0.6 m. In
the nursery, water was applied every 2 days equal to crop evapotranspiration (ETc) meas-
ured by the climatological method (Allen et al. 1998). This irrigation scheduling was con-
tinued up to 15 days after transplanting until the seedling was established. The value of
the crop coefficient for irrigation was 0.4 (Allen et al. 1998). Other agronomic practices in
relation to weeding, off barring, earthing up, fertigation schedule and operations to prevent
lodging were followed as recommended by the Mahatma Phule Krishi Vidyapeeth (An
Agricultural University), Rahuri, India (Krishidarshini 2014; Pawar et al. 2014).
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Table 2 Effective rainfall (mm) during different growth stages for 2015 and 2016 season

2015 2016
Growth stage Duration Rainfall Total Growth stage Duration Rainfall Total
(DAP) amount (DAP) amount
Tillering 73-83 35.6 53.2  Tillering - - -
84-90 8.8 - -
117-128 8.8 - -
Grand growth 146-155 15.6 243.8 Grand 128-140 71 534.3
166-171 14.3 growth 144-150 19.5
172-189 49.5 151-155 33.6
211-221 12.8 156-164 324
222-227 5 174-191 90
228-233 10 192-202 16.4
261-287 106.8 203-217 48
288-299 29.8 218-226 33.8
- - 241-246 8.6
- - 261-283 118
- - 284-294 63
Maturity 334-341 8 16.2  Maturity - - -
341-352 8.2 - -
Total 313.2 Total 534.4

Table 3 Soil physical and hydraulic characteristics at the experimental site

Soil layer depth (m) Sand (%) Silt (%) Clay (%) Textural class Field Permanent Bulk den-
capacity wilting point  sity (Mg

(%) (%) m™)
0-0.15 7.2 29.7 58.5 Clay 39.1 16.4 1.2
0.15-0.30 7.4 30.7 59.7 Clay 40.3 16.6 1.3
0.30-0.45 8.1 334 63.1 Clay 43.7 17.3 1.3
0.45-0.60 8.6 31.3 61.5 Clay 42.1 17.8 1.3
0.60-0.75 7.5 32.1 61.2 Clay 41.8 16.7 1.3
Average 7.8 31.4 60.8 Clay 41.4 17.0 1.3

Irrigation management

At fifteen days, the seedlings were transplanted into the field, the irrigation schedule
was started using the field water balance method based on available soil moisture con-
tent as measured by the gravimetric method (Reynolds 1970). Soil moisture measure-
ments were made for each 0.15 m layer in the soil profile to the effective rooting depth.
The effective root zone was determined by carefully digging and then uprooting one
healthy plant for every observation day. The depth of water applied for irrigation was
calculated according to the formula (Michael 2010).
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-, FC. - MC.
d=) ———— xBD, xD,,
g, 0 i X D; (1

where FC,; is field capacity in % for ith layer; MC; is the moisture content at the time of
irrigation in %; BD; is the bulk density of the soil, for ith layer in g ccly D; is effective root
zone depth for the ith layer in cm and n is the number of soil layers sampled in the root
zone depth.

Irrigation was scheduled every 810 days by drip irrigation. The drip irrigation sys-
tem was only installed to output irrigation and fertigation applications in an exact manner.
The drip system was configured with the single row planting of sugarcane where distance
between two laterals and emitters was 1.5 m and 0.4 m, respectively.

Estimation of crop evapotranspiration

The simplified soil moisture balance method was used to estimate crop evapotranspiration
(ETc) in the root zone between consecutive soil moisture measurement days. The moisture
balance, expressed in terms of depletion at the end of consecutive soil moisture measure-
ment days, was calculated by the following equation (Allen et al. 1998);

ETc =1+ R, — RO — DP + CR + ASF + AS, 2

where ETc is crop evapotranspiration, / is depth of irrigation applied, R, is effective portion
of rainfall, RO is runoff from the soil surface, DP is deep percolation below the root zone,
CR is capillary rise (in the case of a shallow water table), ASF is horizontal subsurface
flow in or out of the root zone and AS is the change in soil profile water storage, respec-
tively. All parameters were expressed in mm.

The effective rainfall was computed using the method mentioned in FAO Document
No. 25 (Dastane 1974). Surface runoff, deep percolation and capillary rise were considered
zero under flat topography with a deep water table (3 m). Capillary rise was assumed to be
zero because the water table was more than 1 m beneath the root zone. To prevent entry of
subsurface flow, a 1 m deep interceptor drain was dug around the entire periphery of the
experimental plot.

Reference evapotranspiration

Daily air temperature, wind speed, solar radiation and relative humidity for estimating ref-
erence evapotranspiration (ETo) as well as rainfall data were measured using an automatic
weather station, situated in the experimental field from 12 December 2014 to 23 Decem-
ber 2015 and 24 December 2015 to 31 December 2016 to get information for the 2015
and 2016 growing seasons. The reference evapotranspiration (ETo) was obtained using the
Penman—Monteith approach (Allen et al. 1998).

0.408A(R, — G) +yu(e, - e,)

A+y(1+0.34u,)

ETo = , 3

where ET, is reference evapotranspiration (mm day™~!); R, is net radiation at the crop sur-
face (MJ m~2 day™!); G is soil heat flux density (MJ m~2 day™"); T is mean daily air tem-
perature at 2 m height (°C); u, is wind speed at 2 m height (m s™'); e, is saturation vapour
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pressure (kPa); e, is actual vapour pressure (kPa); A is slope of vapour pressure curve (kPa
°C~1) and y is psychrometric constant (kPa °C™").

Crop coefficients of sugarcane

The crop coefficients were computed for different growth stages of sugarcane. The
growth period was divided into four stages: establishment (045 days after planting),
tillering (60-135 DAP), grand growth (135-300 DAP) and maturity (300 to 360 DAP).
These four growth stages correspond to those defined in FAO-56 (Allen et al. 1998)
respectively as initial, development, mid-season and end of season. In this investigation,
the later three stages were considered. The initial stage was skipped with considering
that all the farmers in this region essentially raise seedlings in a nursery to attain good
germination at the initial stage.

Crop evapotranspiration values were obtained by monitoring the soil moisture bal-
ance in the crop root zone and ET, values estimated using climatic data for specified
periods. The crop coefficients (Kc) were computed as the ratio of crop evapotranspira-
tion and reference evapotranspiration (ETc/ET,) for the respective period (7-10 days
interval). The polynomial equation was fitted with Kc, as the dependent variable and
(t/T) for the three development stages as the independent variables.

1\° ! 1\?

ke=a(z) +a(z) +a(z) @
where, Kc, is the crop coefficient of tth day; a,, a;, a, are regression coefficients; t is day
considered; T is total period of crop growth from planting to harvesting (days). The regres-
sion coefficients were estimated and tested for their significance to decide on the validity
of the particular equation. Using the best fit equation, the daily Kc values were estimated
for both seasonal and average daily Kc values [starting from 50 days after planting (DAP)]
were determined and represented in the form of polynomial equations.

Spectral measurements

In both seasons, sugarcane canopy spectral reflectance was recorded using a ground
spectro-radiometer (HR-1024, multispectral radiometer manufactured by Spectra Vista
Corporation, New York, USA) at 10 day intervals (except on rainy days). The HR-1024
spectro-radiometer is capable of measuring the spectra of different light reflected from
the target between 350 and 2500 nm. In both seasons (2015 and 2016), spectral signa-
tures were categorized during the entire growth period namely, the tillering (45-135
DAP), grand growth (135-300 DAP) and maturity stages (300-360 DAP). Initially five
sugarcane plants from each replication were selected randomly, labelled with pegs and
red cloth and subsequently used for recording spectral observations. Spectral signatures
were obtained from these five locations for the entire crop season. Spectral reflectance
observations commenced 50 days after planting. Early observations were taken directly
by holding the spectro-radiometer over the canopy. However, later in the season (> 120
DAP) when the canopy was high, a portable folding ladder was used. Ten readings were
taken for each observation day.
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Data analysis

The data recorded at the time of field measurement were stored in the form of an ASCII
file in a personal digital assistant (PDA) provided with the instrument. The data were then
transferred to a computer for further processing in a 32-bit data processing software with
Graphic Interface Application developed by manufacturer Spectra Vista Corporation, New
York, USA. The overlay matching of data was performed and the data were subsequently
exported to an Excel spreadsheet and average spectral signatures were calculated. This
procedure was performed for each observation day. The NDVI was calculated using the
standard formula of Rouse et al. (1974). The near infrared (NIR) band ranges from 700 to
1300 nm and red (IR) band ranges from 620 to 699 nm.

NDVI values were calculated by averaging the observed reflectance values. The
observed NDVI values were further used to develop temporal NDVI functions over the
growth period to estimate daily NDVI values. Polynomial equations of different orders
were fitted as a function for the relationship between NDVI and ratio of day since planting
(t) to total crop growth period (T). The best fit equation was selected on the basis of the
coefficient of determination (R?), root mean square error (RMSE), Chi square and mean
absolute relative error (MARE). The average daily NDVI values were then estimated by
taking the average of daily estimated NDVI values for 2015 and 2016. The NDVI val-
ues were related to crop coefficient values by examining the relationship between Kc and
NDVL

Results and discussion
Crop evapotranspiration

On an annual basis, the total reference evapotranspiration (ETo) ranged from 1318 to
1426 mm. The total irrigation water applied, effective rainfall and sugarcane evapotran-
spiration observed for 2015 were 1173, 313 and 1387 mm, respectively whereas the cor-
responding values for 2016 were 808, 534 and 1291 mm, respectively. The 2-year aver-
age crop evapotranspiration for sugarcane was 1339 mm including 991 mm of irrigation
water and 424 mm effective rainfall. The moisture remaining in the soil as soil moisture
storage was 76 mm. Sugarcane evapotranspiration (ETc) varies considerably from place
to place depending on weather conditions, texture of soil and age of the crop. Depending
on the approach used, sugarcane evapotranspiration is reported to range between 1000 and
1800 mm for different locations in the world (Carr and Knox 2011). Therefore, the sugar-
cane evapotranspiration of 1339 mm derived by the field water balance approach in this
study seems to be appropriate for semi-arid conditions.

Crop coefficient of sugarcane

The temporal pattern of crop coefficient values derived from field soil water balance
curves showed good agreement with the Kc-FAO in both growing seasons. However,
some variations were observed among growth stages in both seasons (Figs. 1 and 2).
In both seasons, the Kc ranged between 0.34 and 1.33. In the first year, Kc consistently
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Fig. 2 Daily sugarcane Kc values for 2015, 2016 and 2-year average

increased from 0.34 to 0.98 (54-128 DAP) but in the second season it increased to
1.13. This is due to the rapid crop development in the form of tillering which caused an
increase in ETc and hence resulted.

in an increase in the Kc value. Win et al. (2014) reported the Kc value for the sugar-
cane during the development stage as 0.81 estimated from lysimeters in Myanmar. Kc
showed rapid increase due to crop development (cane elongation) in the grand growth
stage (mid-season stage). During 2015 (129-299 DAP), Kc increased and remained
in the range of 1.19-1.30 with a peak value of 1.33 (189 DAP). In 2016, the range
was 1.24-1.15 with a peak value of 1.32 at 217 DAP. Inman-Bamber and McGlinchey
(2003) found a Kc value of 1.25 for sugar cane using the Bowen ratio energy balance
(BREB) method in Australia and Swaziland; while, Silva et al. (2012) estimated it to be
1.43 in Brazil.
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The Kc of the 2015 decreased gradually from 1.10 to 0.58 during the maturity stage
i.e. end of season (300-360 DAP). The corresponding range obtained for 2016 was 1.15
to 0.63 (305-360 DAP) but the rate of decrease was lower than in the first season. For
the decline phase of the current study, the Kc curve showed an early decrease with a
lower Kc value (0.78) than the FAO-56 value (0.98). The average crop coefficient values
for tillering, grand growth and maturity stages in 2015 were 0.67; 1.20 and 0.73, respec-
tively and for 2016 they were 0.75; 1.23 and 0.80, respectively. In 2016, the estimated
Kc was slightly higher than that of 2015 at almost all the stages. The lesser total ET,
(1318 mm) might have elevated Kc values in 2016 as a ratio of ETc/ET,,.

The 2 year average Kc value for the tillering stage was 0.70, which is lower than
the FAO-56 value of 0.94. The average Kc value for the grand growth (mid season)
stage was slightly lower, 1.20 than the FAO-56 value of 1.25. The percentage difference
between the FAO Kc and the values developed in this study was 25.5%, 4% and 20.4%
for the tillering, grand growth and maturity stages, respectively. The overall average
percent difference between the values developed in this study and those of the FAO-56
was 16.6%. The lower Kc obtained in this investigation may be due to the semi-arid cli-
matic conditions in the study area.

The crop coefficient (Kc) can be estimated by 2nd order polynomial functions

(Table 4) expressed as the ratio of days after transplanting to the total crop period %)

Spectral reflectance of the sugarcane crop

The trend of reflectance was similar in both years but slightly higher reflectance was
observed in 2016. The trend of spectral reflectance for both of the seasons indicated
an increase in reflectance in the visible region and a decrease in the NIR. In the visible
region, maximum reflectance of the blue, green and red bands was obtained at 450 nm,
550 nm and 650 nm, respectively. However, beyond the visible range (>700 nm), there
was a strong rise in the reflectance in the NIR region (750 to 1300 nm). The reflectance
was lower at 1400 nm because of strong absorption by water in leaves. Overall, high
reflectance was observed in the visible region in 2015 while, in 2016, it was higher in
the NIR due to favourable climatic conditions in respective growth stages (Fig. 3).

Table 4 2nd order polynomial equations for estimating crop coefficient for sugarcane in 2015, 2016 and
2-year average

Year Polynomial equation R? RMSE ¥ MARE

2015 0.9210 1.1116 0.2310 2.3244

Ke, = —4.842( £ )2 +5.756( 1) - 0439

2016 0.9478 1.1775 0.1629 2.0763

Ke, = —4.549( & )2 +5.376( £ ) - 0.282

Average Kc, = — 4.663(/T)? + 5.5441(t/T) —0.3661 - - - -

t day considered, T total period of crop growth from planting to harvesting (days); the equation is valid for
50-360 DAP
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Spectral reflectance in different growth stages of sugarcane

The spectral response at different crop stages showed higher reflectance in the visible
region (<700 nm) at the tillering stage compared to both the grand growth and matu-
rity stages (Figs. 4 and 5). In the near infrared region (700-1300 nm), reflectance was
lowest in the tillering stage, but was the highest in both the grand and maturity growth
stages, especially in 2015.

Unlike other crops, the production of fresh green leaves at the top of the cane contin-
ues in sugarcane, and thus the reflectance in the near infrared region in maturity stage
did not decrease. Overall, the shapes of the reflectance curves for both years showed
higher reflectance in the green band (550 nm) and NIR (700 to 1300 nm).

NDVI variation over growth period

The NDVI temporal profiles for both 2015 and 2016 showed a similar pattern that corre-
sponded to the crop cycle. The graphical variation of observed NDVI values is shown in
Fig. 6. During the tillering stage, the NDVI values increased from 0.48 to 0.63 in 2015
and 0.46 to 0.75 in 2016. In the grand growth stage in 2015, NDVI increased from 0.73
to 0.95 and thereafter decreased to 0.91 during the maturity stage. In the grand growth
stage in 2016, NDVI increased from 0.79 to 0.95 and remained in the range of 0.91-0.95
due to the effect of late monsoon rains. This greater NDVI value was observed due to
a greater amount of healthy green vegetation in the grand growth stage. This relation-
ship is deduced from the physiological fact that chlorophyll a and b in the palisade layer
of healthy green leaves absorbs most of the incident red radiant flux while the spongy
mesophyll leaf layer reflects much of the near infrared radiant flux (Ferrara et al. 2010).

In both years, contrary to annual crops, the NDVI of sugarcane at the maturity stage
did not drop below 0.86 (Fig. 6). This was mainly due to the physiological character-
istics of sugarcane crop which continuously produced fresh green leaves at the top
irrespective of the crop growth stage. Similar results were also reported by Nagy et al.
(2013) for apple.

0.9 - P X
0.8 -
0.7 - 157

NDVI

0.6 -
0.5 A ,' -
0.4 -

0.3 T T T T T T T T |
0 40 80 120 160 200 240 280 320 360

Days after planting

Fig.6 Observed NDVI variation for year 2015 and 2016
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Table 5 Polynomial equations for estimating NDVI of sugarcane in 2015, 2016 and the 2 year average

Year Equations R? RMSE ¥ MARE

2015 NDVI = — 1.369 (/T)? + 2.070 (t/T)+0.140 0.93 0.59 0.17 1.74
2016 NDVI = — 1.507 (tT)* + 2.185 (t/T)+0.16 0.95 0.53 0.19 1.97

Average of NDVI = — 0.436 (¢T)> —0.716 (tT)> + 1.775 - - - -
2 years (t/T)+0.198

1.40 q
1.30 A
1.20 +
1.10 A
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Fig.7 Kc and NDVI variation for year 2015

Regression equations for sugarcane NDVI

The NDVI profile for the 2 years exhibited peaks and valleys as a result of the sequence
and amount of water applied (Fig. 6). To deal with these peaks and valleys, higher order
polynomial curve fitting could have been done but they resulted in large variation in
observed and estimated NDVI values. Therefore, only 2nd and 3rd order curve fitting
was considered as it gave a comprehensive trend of NDVI variation over the growth
period (Table 5). The equations are valid from 50 DAP i.e. 10 days after transplanting
to 360 DAP.

Combining Kc and NDVI variation for sugarcane

The Kc and NDVI values varied significantly over both seasons (Figs. 7 and 8). The aver-
age Kc and NDVI values increased from the tillering stage and to the grand growth stage
(Fig. 9). During the tillering stage, both Kc and NDVI values ranged between 0.48 and
0.69. However, during grand growth stage (mid-season stage), Kc ranged between 1 and
1.2 whereas NDVI ranged between 0.69 and 0.93. The Kc decreased sharply during the
maturity stage due to decreasing crop evapotranspiration (ETc) whereas NDVI values
remained constant around 0.90-0.95. This revealed the typical physiological characteristics
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Fig. 9 Kc and NDVI variation for 2 years estimated average

of the sugarcane crop of producing new fresh green leaves at the top of the cane throughout
the season and hence, poor association of the Kc and NDVI observed at the maturity stage.

Kc-NDVI relationship for sugarcane

Curve fitting of linear, exponential, logarithmic, power and polynomial Kc-NDVI equa-
tions for 2015, 2016 and the average of both years are given in Tables 6, 7 and 8. In both
years and for the average, a 2nd order polynomial was found to be the best fit on the basis
of a low Chi square value and mean absolute relative error (MARE).

The Kc-NDVI equations developed for sugarcane in this study are useful for estimating
real time Kc values for real time irrigation water management in sugarcane. The NDVI can be
obtained from ground spectro-radiometer measurements or by using a handheld NDVI meter.
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Table 6 Curve fitting equations for Kc-NDVI in 2015

Type of relationship Equation of curve r RMSE ¥ MARE
Linear Kc=1.342(NDVI) —0.101 0.73 3.57 11.78 63.51
Exponential Kc=0.217¢!809NDVD 0.75 2.09 107.07 297.99
Logarithmic Kc=0.953In((NDVI)) +1.203 0.75 3.66 10.65 58.02
Power Kc=1.268(NDVI)! 3% 0.77 2.17 117.66 270.01
2nd order polynomial Kc = — 3.256(NDVI)? + 0.76 2.64 9.26 49.46

6.011(NDVI) —1.686

Table 7 Curve fitting equations for Kc-NDVI in 2016

Type of relationship Equation of curve r RMSE 1 MARE
Linear Kc=1.305(NDVI) —0.051 0.73 3.36 9.41 51.14
Exponential Kc=0.274¢!550NDVD 0.75 1.73 127.27 1972.30
Logarithmic Kc=0.941In(NDVI)+1.223 0.74 341 8.88 47.58
Power Kc=1.251(NDVI)"1# 0.77 1.78 89.44 1656.10
2nd order polynomial Kc = — 1.747(NDVI)? + 0.74 241 0.25 0.97

3.881(NDVI) —0.952

Table 8 Curve fitting equations for Kc-NDVI (average of 2 years)

Type of relationship Equation of curve r RMSE ¥ MARE
Linear Kc=1.326(NDVI) —0.079 0.73 3.47 10.48 56.64
Exponential Kc=0.245¢!673NDVD 0.75 1.90 58.39 -146.26
Logarithmic Kc=0.949In(NDVI) +1.213 0.74 3.54 9.67 5222
Power Kc=1.257(NDVID)! 2! 0.77 1.96 419.90 -135.08
2nd order polynomial Kc = — 2.514(NDVI)? + 0.75 2.52 0.27 1.05

4.982(NDVI) —1.339

Kc-NDVI relationship for the growth and decline phase

The correlation between Kc and NDVI was moderately strong for the year 2015 (r=0.76,
n=315) and 2016 (r=0.74, n=315). A number of researchers have reported r values rang-
ing from 0.80 to 0.95 when studying the relationship between vegetation indices and Kc
values for various crops such as corn (Neale et al. 1989; Bausch 1995), wheat (Bandyo-
padhyay and Mallick 2003; Gontia and Tiwari 2010); cotton (Hunsaker et al. 2003), potato
(Jayanthi et al. 2007), soybean (Singh and Irmak 2009). However, no results are available
for sugarcane as a crop. Sugarcane plants continue to produce fresh green leaves at the top
of the plant and thus the NDVI does not decrease at maturity. This probably explains a
slight low correlation (r value) between NDVI and Kc in the current study.

In addition, the Kc-NDVI relationships mostly showed two NDVI values for a Kc
value (Fig. 10) which is not correct in principal. Therefore, the growth period was
divided into two segments, one for increasing values (growth phase) and the other for
decreasing values (declining phase) and separate relationships were obtained for both
the segments. For this purpose, the peak or maximum values of estimated NDVI were
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Fig. 10 Relationship between daily Kc and NDVI for 2015, 2016 and the 2 year average

identified as the junction points for

the growth and decline phases. Based on the peak

value of estimated NDVI, the growth period identified for the growth phase was 50-294
DAP, while the remaining period 295-365 DAP was considered the decline phase.

Second order polynomial equations were found to be the best fit for both the growth
and decline phase of Kc—-NDVI relationship for sugarcane (Table 9). The coefficient of
correlation r was near to 1 for both incline and decline phase. The combination of the
growth and decline phase for Kc-NDVI relationships can provide very accurate infor-
mation for real time irrigation water management for the farmers if coupled with an
information technology-based communication system (Figs. 11 and 12).

Table 9 Best fit K¢ and NDVI

2

Phas Equati RMSE MARE
relationships for growth and ase quations ' X
decline phase of sugarcane Growth  Kc=—3.525 098 2,97 050  9.37
(NDVI)? + 6.749
(NDVI) —1.995
Decline Kc=12.25 0.99 0.97 0.00 0.28
(NDVI)? —16.79
(NDVI) +6.056
Fig. 11 Average Kc-NDVI rela- 14 - v =-3.5253x + 6.7493x - 1.9958
tionship for the growth phase 2 R? = 0.9697
l 4
0.8 -
<9
% 0.6 A
0.4 -
0.2 -
0 : : : : ‘ ‘ ‘
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
NDVI
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Fig. 12 Average Kc-NDVI rela- 1.2 ~ y = 12.252¢2 - 16.797x + 6.0563
tionship for the declining phase R? = 0.9995

1.0 -

2 0.8 -
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Conclusions

This study provided synoptic, online and real time information on the crop character-
istics on which irrigations can be based and automated, made more precise and made
more sensitive to climate in different parts of the world. This investigation developed
a Kc estimation model using NDVI data for sugarcane. The Kc data were determined
from field water balance and NDVI was derived from canopy spectral reflectance of
sugarcane during two experiments. The estimated Kc values for the tillering, grand
growth and maturity stages for sugarcane were 0.70, 1.20 and 0.78, respectively. The
results showed that the FAO-Kc may lead to an over-estimation in irrigation scheduling
of sugarcane in semi-arid conditions.

The spectral responses showed the interesting features of sugarcane. In contrast to
other crops, the spectral reflectance in the NIR region did not decrease substantially in
the maturity stage. The NDVI increased with advancement of crop age and attained its
peak during the mid-season stage. The NDVI in the maturity stage did not drop below
0.85 and this showed the typical physiological character of the sugarcane crop.

In contrast to other crops, unique Kc—-NDVI relationships were obtained for sugar-
cane by splitting the growth period into the growth phase (r=0.98, n=245) and decline
phase (r=0.99, n=70). The Kc-NDVI equations are useful to inform precise real time
irrigation water management for sugarcane under similar agro-climatic conditions. For
NDVI measurement, it is advisable to use a handheld NDVI meter owing to its eas-
ier use and coverage for sugarcane vegetation. Future research can involve determin-
ing relationships between ground NDVI and satellite derived NDVI. The satellite based
NDVI relationship can further be used in classification and mapping of the sugarcane
crop over a large area for efficient water resource management.
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