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Abstract The present study is a maiden attempt to
assess jute crop lodging due to super cyclone Amphan
(20 May 2020) by synergistic use of Sentinel-2 (opti-
cal) and Sentinel-1 (SAR) data over part of West
Bengal, India. Pre-event Sentinel-2 data (9 April, 14
May) along with the ground information were used to
map the jute crop of the affected districts with accu-
racy of 85%. The cross-polarized backscatter (c"yyy)
of Sentinel-1 was found to be sensitive to the sud-
den change in the canopy structure due to lodging
and partial flooding. A6Y,/(6% 22 May = SV 16 May)
indicating post-event damage was>2.5 dB over the
affected jute crop and 66Y,, (6 vy 22 May = S VH 28 May)
representing post-event recovery showed > 1.5 dB for
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eLodging damage of jute crop due to cyclone Amphan was
assessed using multi-temporal optical and SAR satellite
data

eJute crop map was prepared based on Sentinel-2 data and
ground-based observations.

oThe cross polarized backscatter return of Sentinel-1 was
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recovered crop, depending on the crop vigor/height.
Decision matrix was prepared combining Aa("/H
and 50'(‘)”_1 for NDVI-based crop vigor strata (low,
medium, and high) to classify the area into affected,
marginally affected and normal. Overall accuracy
of the classified map was found to be 84.12% with
kappa coefficient of 0.74. Nearly, 12.5% of the jute
area, i.e., 38,119 ha was found to be either affected
or marginally affected due to Amphan and distributed
in the southern part of Murshidabad, north-eastern
Nadia, northern 24 Paraganas (N), and middle region
of Hooghli district. Geospatial map of block-wise
affected jute area was prepared to facilitate informed
decision making. The study demonstrated an opera-
tional methodology for assessing crop lodging due to
natural calamities to support relief management and
crop insurance.

Keywords Corchorus - Cyclone damage - Crop
mapping - Crop lodging - SAR - Cross-polarized
backscatter

Introduction

Tropical super cyclonic storm “Amphan” made
landfall on West Bengal near the Sundarbans (man-
grove forest) between Digha and Hatiya at 1430 h
IST (0900 h UTC) on May 20, 2020, buffeting the
region with strong winds and heavy rains. West Ben-
gal being the epicenter of the cyclone landfall saw
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the most widespread damage from Amphan. The
storm was considered to be the strongest to hit the
region over a decade. The southern districts of West
Bengal particularly South and North 24 Paraganas,
Howrah, Hooghly, Kolkata, Nadia, East and West
Midnapur, parts of Murshidabad and Burdwan were
highly affected. There has been a widespread damage
of the standing jute and other crops particularly over
the southern districts due to inundation and lodging
of the crops. Such cyclonic storms originated from
Indian Ocean are regular phenomenon and cause
damage to the standing crops. So an operational
procedure is need of the hour to objectively assess
the cropped area affected due to cyclonic storm for
informed rehabilitation and compensation to the
farmers.

Crop lodging can be described as displacement
of crop stems from its vertical or upright position or
failure from anchorage of root-soil (Pinthus, 1974).
It is one of the important yield-reducing factors of
crops (Islam et al., 2007; Wu & Ma, 2016). It is
also a complex phenomenon mainly governed by
the crop genetic factors, prevailing environmental
condition and crop management. Thus, every crop
lodging is unique in terms of its onset, intensity,
and persistence (Pifiera-Chavez et al., 2016; Zhu
et al., 2016). Traditionally, assessment of crop lodg-
ing is done using in situ visual rating or sophisti-
cated field/lab-based modeling (Baker et al., 2014;
Berry et al., 2004; Brune et al., 2018; Mi et al.,
2011). But this approach lacks scalability as it is
point-based, data intensive, complex, and computa-
tionally expensive.

Remote sensing (RS) technique offers a relatively
simple, inexpensive alternative to assess crop lodg-
ing over a large area in near-real time. Consider-
able efforts have been made to use remote sensing
techniques to assess crop lodging using field-level
proximal sensing, airborne, and space-borne sensors.
Chauhan et al. (2019) made a comprehensive review
on such efforts of remote sensing-based crop lodg-
ing assessment. These efforts mainly directed towards
detection and estimation of changes of crop biophysi-
cal (leaf area index, crop height, biomass, etc.) and
biochemical parameters (greenness, chlorophyll
content, moisture content, etc.) due to crop lodging.
Ground-based measurements involve multispectral or
hyperspectral sensors in optical region to estimate the
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changes in spectral indices, pixel contrast, brightness,
etc. attributing to crop lodging (Constantinescu et al.,
2017; Liu et al., 2011; Ogden et al., 2002; Sakamoto
et al., 2010). Ground-based X-band scatterometer has
also been used at different polarizations and incident
angles to assess lodging of potato, wheat, barley,
and oats (Bouman, 1991; Bouman & van Kasteren,
1990a, b).

Recent advancements of remotely piloted aircraft
system (RPAS) along with robotics, electronics, and
computer vision usher new opportunities in the field
of airborne remote sensing (Nebiker et al., 2008).
Fine spatial resolution and real-time monitoring
ability of airborne RS system is well suited for peri-
odic monitoring of crop attributes and post-disaster
assessment such as crop lodging (Ezequiel et al.,
2014). Zhang et al. (2014) conducted quantitative
analysis of crop lodging using airborne sensors and
reported high contrast between lodged and normal
crop in infrared region. Chapman et al. (2014) fur-
ther reported the sensitivity of red-edge and thermal
bands in detecting lodged area. Liu et al. (2014) used
spectral and textural feature of UAV-based images to
classify accurately lodged and no-lodged areas. Yang
et al. (2017) further used decision tree classifier to
assess the lodged area combing spectral and textural
image features. Chu et al. (2017) estimated number
of lodged plants per unit area based on grid-based
mathematical model of plant height derived from
airborne VNIR sensor. Constantinescu et al. (2017)
used airborne multispectral sensor and found dif-
ferential spectral response between lodged and non-
lodged wheat and barley crop. This has further been
used to produce spatial map of normal and lodged
crop using Euclidian distance-based clustering tech-
nique. Airborne platform showed the potential of
RS technique towards assessing the crop lodging,
but it is cost-prohibitive for regional or large-scale
applications.

Studies on assessment of crop lodging over a
large area using satellite data are sparse and mainly
concentrated in the microwave domain for its all-
weather capability. Continuous improvement of the
space-based sensor technologies, systematic high-
frequency coverage, and reduced cost of the satellite
data unravel great potential to operationally assess
crop lodging based on spaceborne RS data. Yang
et al. (2015) used RADARSAT-2 SLC C-band fully
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polarimetric data to assess wheat crop lodging in
Inner-Mongolian region of China and demonstrated
that polarimetric ratio can be used to distinguish
lodged and normal field. Chen et al. (2016) used sim-
ilar data over sugarcane crop in Guangdong province
of China and showed that polarimetric features such
as double bounce and volume scattering were capa-
ble of detecting lodging. Zhao et al. (2017) showed
that RADARSAT-2-derived c'yy, 6%y, depolari-
zation degree, and circular-pol correlation coeffi-
cient were highly sensitive to lodged wheat but not
for canola whose canopy is highly random in nature.
Han et al. (2017) used Sentinel-1 C-band VV and VH
polarization to study the lodging of corn at Beijing,
China. The study showed that polarization response
due to height difference before and after lodging can
be used to classify the degree of lodged area into
mild, moderate, and severe. Similar observation was
also made by Shu et al. (2020) and calculated lodg-
ing angle of maize crop with an overall accuracy of 67%
using plant height inversion. Wu et al. (2019) used
multi-temporal Sentinel-1 and Sentinel-2 data to
assess flooding and lodging of paddy rice over Zheji-
ang, China, due to typhoon Maria. He proposed rice
normalized difference flooded index and rice normal-
ized difference lodged index to assess the affected
area successfully. Recently, Chauhan et al. (2020a)
estimated crop angle of inclination (CAI) of lodged
wheat crop using multi-temporal RADARSAT-2
and Sentinel-1 SAR data. The study emphasized the
importance of systematic high frequency coverage
of SAR data like Sentinel-1 for operational assess-
ment of CAl-based lodging stages with significant
accuracy (78%). Continuing further, Chauhan et al.
(2020b) used both Sentinel-1 (SAR) and Sentinel-2
(Optical) data to demonstrate its potential towards
near real-time detection of the incidence and severity
of lodging in wheat.

The present study, for the first time, used multi-
temporal Sentinel-1 SAR data along with Sentinel-2
optical data to assess the lodging of jute crop due to
super cyclone Amphan. The study is mainly focused
on developing a methodology for operational near-
real time assessment of crop damage (jute in present
case) due to lodging and partial inundation caused by
cyclonic storm. The study also accommodated post-
event recovery of the crop towards assessing the crop
damage.

Tracking cyclone Amphan

Low pressure area near equatorial easterly wave
over south Andaman Sea and adjoining south-
east Bay of Bengal during May 1-5 is the ori-
gin of Amphan cyclone. It has developed as a
very severe cyclonic storm (VSCS) and crossed
West Bengal-Bangladesh coasts, across Sundar-
bans, near latitude 21.65° N and longitude 88.30°
E during 1530-1730 h IST (1000-1200 UTC)
of 20 May, with maximum sustained wind speed
of 155-165 km h~! gusting to 185 km h~!. It lay
over West Bengal as a VSCS, gradually moving
north-northeastward during late evening to night
(1200-1500 UTC) of 20 May. It moved very close
to Kolkata during this period. Moving further
north-northeastward, it weakened into a severe
cyclonic storm over Bangladesh and adjoining West
Bengal around midnight (1800 UTC) of 20 May,
weakened further into a cyclonic storm over Bang-
ladesh in the early hours (2100 UTC of 20th) of 21
May, into deep depression over Bangladesh around
noon of 21 May and into a depression over north
Bangladesh in the evening (1200 UTC) of the same
day. It further weakened and lay as a well-marked
low-pressure area over north Bangladesh and neigh-
borhood around mid-night (1800 UTC) of 21 May.
The observed track of Amphan is presented in
Fig. 1.

Rainfall and wind speed during cyclone Amphan

India Meteorological Department (IMD) receives
points based sub-daily meteorological observations
across India and converts it at daily level (0830 h IST
of current day from 0830 h IST from previous day). It
is further interpolated at 0.1° grid using suitable GIS
techniques. IMD gridded (0.1°) daily average rainfall
and wind speed data during 19-22 May 2020 are pre-
sented in Fig. 2. As per the data, there had been no
to very little rainfall on 19 and 20 May with a pre-
vailing daily average wind speed of 0—10 km h~!. Pre-
landfall rainfall of 10-50 mm per day was observed in
the different parts of south Bengal with a higher daily
average wind speed of 10-20 km h™!. As mentioned
earlier, the Amphan landfall took place at 1430 h
IST on 20 May 2020. Hence, sudden increase in the
rainfall was observed on the following day of 21 May
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Fig. 1 Observed track of super cyclone Amphan as on 21 May 2020 (courtesy IMD, India)

particularly in the different districts of southern parts
of West Bengal. More than 200 mm day™' rainfall
was observed over South and North 24 Paraganas,
Howrah, Hooghli, Nadia, Kolkata, parts of Burdwan.
Nearly 100-200 mm rainfall was observed over East
and West Midnapur, parts of Bankura, Burdwan, and
Murshidabad. At the same time, extremely high daily
average wind speed was observed (40-80 km h7!)
over the above mentioned districts. Wind gust (short
and peak wind speed) was reported by IMD to be
110-130 km h™!. The rainfall activity was found to
be minimal with normal daily average wind speed
(0-5 km h™') on 22 May. As a result of the severe
wind speed and rainfall during 20-21 May, large-
scale flooding/inundation along with mechanical
damage/lodging of the crops were reported across the
southern district of West Bengal.
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Standing crops exposed to the calamity

Indian agriculture has two major growing seasons,
i.e., kharif or wet season (July to November) and
rabi or dry season (December to April). Hence,
month of May is a lean period of agricultural activi-
ties. Rabi crops are generally harvested by this time
and the ensuing kharif season is supposed to start
from June-July month. But, West Bengal being high
in the cropping intensity, significant zaid (third) sea-
son crops existed during cyclone landfall. As per the
local knowledge, the majority of the cropped area
was under Jute crop during this time, followed by Ses-
amum which was near to maturity, and different veg-
etables like (pointed gourd, ridge gourd, etc.). Some
areas of ready to harvest boro (rabi) rice were also
reported. Jute crop is generally sown in the month
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Fig. 2 India Meteorological Department (IMD) gridded rainfall and wind speed over West Bengal during 19-22 May 2020

of April synchronized with pre-monsoon shower.
There had been a staggering of the sowing of jute
crop. The peak of the sowing activity was observed
in the second and third week of April. But in some
areas, sowing took place in the first and last week of
April also. So, the jute crop was found to be nearly
1 to 1.5-month-old with a height of 2-5 ft during

Fig. 3 Early and late sown
jute crop over West Bengal
as on 19 May 2020

v

the cyclonic storm. Representative field photographs
of early and late sown jute crops are shown in Fig. 3.

Study area

Considering the track of the cyclone and area under
jute crop, four districts were selected for the present

arly:s6wn juteicrop
R
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Fig. 4 Study area covering
four districts (Murshidabad,
Nadia, Hooghli, and North
24 Paraganas) and their
block boundaries
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study as shown in Fig. 4. These four districts, i.e.,
Murshidabad, Nadia, North 24 Paraganas, and
Hooghli, cover nearly 60% of the jute crop area of the
state. Maximum damage of jute crop has also been
reported from these four districts.

Methodology

The schematic diagram of the methodology followed
is presented in Fig. 5. Details are as follows:

Ground data collection

Jute Corporation of India (JCI) in collaboration with
National Remote Sensing Centre (NRSC) has been
systematically collecting ground truth over the jute
crop area using specially designed mobile app (BHU-
VAN JUMP). It records the different attributes of
jute crop, field photographs along with the geoloca-
tions throughout the jute growing season. Total 1563
field data points are collected over the present study
area before the land fall of Amphan during 1 April
to 20 May 2020. On the other hand, nearly 200 data
points were collected during post-Amphan scenario
(21-30 May 2020). Based on the data collected using

Fig. 5 The schematic

the mobile app, it was observed that the height of the
jute crop was between 2 and 5 ft during the cyclonic
episode. Due to twisting action of the cyclonic wind,
the jute crop was flattened and lodged severely. The
situation was further aggravated by the heavy rain-
fall causing partial/complete inundation of the jute
crop. Lodging was found to be more severe for taller
jute crops and marginal effect was observed over
late sown jute crop with 1-2 ft height. The continu-
ous stagnation of water for few days has detrimental
effect on jute yield and may cause failure of the crop.
On the other hand, the crop could recover the lodg-
ing effect if water subsides and bright sunlight pre-
vails. The nature of damage caused by Amphan to the
standing jute crop is presented in Fig. 6.

Satellite data used

The present study has used two pre-event cloud-
free Sentinel-2 optical data, i.e., 9 April and 14
May 2020 to classify the current year jute crop
area. Due to prevailing cloudy condition during and
after Amphan cyclone, time-series Synthetic Aper-
ture RADAR (SAR) data were used to assess jute
crop damage. Total six Sentinel-1 scenes spanning

| Satellite observations |

diagram of the methodol-
ogy followed in the present / \

stu.d Y C% (Cross—pola:ézed Multi-temporal Sentinel-1 Senti{}llel—2 (Optical data) Ground Truth
ratio)=oy, /0, Aoy, = (C band, SAR data of VV & VH) ° 9% April 2020 (BHUVAN JUMP)
(c"yy of 22 May — 6"y + 14" May 2020

of 16 May); AGOVH = % \

(GOVH of 22 May — GOVH Pre-event Post-event || Post-event recovery

of 16 May); 55?/&/ = (o%yy (16 May) (22 May)

(28 May)

of 22 May — %y of 28 \ /\ /

May); 669, = (c%yy of 22 : -

May — % of 28 May); Backscatter difference || Backscatter difference

ACR = (CVE of 22 May . CR (damage) (recovery) NDVImap [| Jute crop map || Post-cyclone
of 16 May); 6CR =(CR of Ac®yy, Aoy, ACR 36y, 8%y, SCR (14 May) (current year) [l observations

22 May — CR of 28 May) \%

.

Backscatter response at different Jute crop vigour

Dynamics of Ac®y, Ac®yy, ACR
Dynamics of 8%y, 8%y, SCR

l

Combining Ac®yy; 86y and NDVI
(Decision matrix for affected jute area)
Normal , Marginally affected and Affected
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Fig. 6 Representative
photographs of jute crop
damaged by Amphan super
cyclone. A Lodged jute
crop. B Lodged and inun-
dated jute crop

throughout the jute season (4 April to 28 May 2020)
were analyzed in the present study (Table 1). Time
series Sentinel-1(C-band, wavelength 5.4 cm) were
acquired in interferometric wide swath (IW) mode
with dual polarisation (VV and VH), descending
orbit (~39° incident angle) in ground range detected
(GRD) format from the Copernicus Open Access
(COA) Hub of the European Space Agency (ESA
Standard Document, 2015).

Processing of satellite data

Sentinel-1 and Sentinel-2 data pertains to the study
area were downloaded from http://scihub.copernicus.
eu/dhus/ and processed as below. Cloud-free Sentinel-2
(optical) data of 9 April and 14 May 2020 were down-
loaded from COA Hub. The false color composite
(FCC) of the Sentinel-2 images are presented in Fig. 7.
Sentinel-2 optical data were used to classify jute crop
as mentioned above. The Sentinel-2 data of 14 May is
also used to calculate NDVI. The NDVI is calculated

Table 1 Description of Sentinel-1 data used in the present study

as the normalized difference between near-infrared and
red bands, and to quantify vigor and photosynthetic
capacity of crop. Hence, NDVI indicates the amount of
vegetation present in one place and used to stratify jute
crop into high, medium and low category of vigor.

On the other hand, Sentinel-1 SAR data were
processed in SNAP 6.0 software. Radiometric cali-
bration of the SAR data was carried out as a first
step and a refined Lee filter with kernel size 7 X7
was used to suppress the speckle noise in the SAR
images. Range-Doppler terrain correction model
was used to geometrically correct the SAR images
with the help of SRTM DEM of 30 m resolution.
The linear sigma naught images were converted to
backscattering coefficient in dB scale. Each image
consists of two polarizations, i.e., VV and VH. A
layer stack of temporal VV and VH images was
generated for further analysis. Cross-polarization
ratio (CR=c"y/c"yy) images were also generated
for each date.

Sl. no Sensor (beam mode) Polarization Incidence angle Date of acquisition Local time Orbit direction
mid swath (deg.)
1 Sentinel-1A (IW GRD) VYV, VH 39.1 4 April 2020 6:04 am Descending
2 Sentinel-1A (IW GRD) VYV, VH 39.1 16 April 2020 6:04 am Descending
3 Sentinel-1A (IW GRD) VYV, VH 39.1 28 April 2020 6:04 am Descending
4 Sentinel-1B (IW GRD) VYV, VH 39.0 16 May 2020 6:03 am Descending
5 Sentinel-1A IW GRD) VYV, VH 39.1 22 May 2020 6:04 am Descending
6 Sentinel-1B IW GRD) VV, VH 39.0 28 May 2020 6:03 am Descending
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Combing SAR and optical data for decision matrix

Present study used six dates of SAR data as men-
tioned above to develop the signature of the SAR
backscatter at different polarization over normal
and damaged jute crop. Further, three dates of Sen-
tinel-1 SAR data, i.e., 16 May (pre-event), 22 May
(post-event), 28 May (post-event recovery), were
used for assessing the lodging damage. Three met-
rics, i.e., AoY,, AoY, . and ACR were calculated
using the Sentinel-1 images of 16 and 22 May to
characterize damage due to cyclone. Whereas,
three more metrics, i.e., éo%,, 66V, . and SCR
were derived using the Sentinel-1 images of 22 and
28 May to characterize the post-event recovery of
the crop. The NDVI values derived from pre-event
(14 May) cloud-free optical data of Sentinel-2 was
used to characterize the vigor of the jute crop.

Fig. 7 False color compos-
ite of Sentinel-2 images of
the study area

The dynamics of these six metrics over the dif-
ferent crop vigor strata were analyzed and merged
into decision matrix to classify the jute area
into normal, marginally affected and affected
categories.

Results and discussions
Jute crop map over the study area

Cloud-free Sentinel-2 data of 9 April and 14 May
2020, as mentioned in the “Satellite data used” sec-
tion, were used for mapping of the jute crop. As per
the phenology of jute crop and field observations
of BHUVAN JUMP mobile app, jute crop sowing
started after the first week of April and attains its
peak in the last fortnight. Hence, the agriculture field

14t May, 2020
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would be fallow or with little vegetation (for early
sown jute crop) as on 9 April Sentinel-2 image. The
spectral signature of these fields has more dominance
of soil reflectance than of vegetation. The NDVI value
of 9 April over the jute growing areas was found to
be low (~0.2). Jute crop attained height of 3-5 ft as
on 14 May 2020. So, the soil background was nearly
covered by the jute crop and the vegetation signature
dominates over the spectral domain. The NDVI val-
ues were found to be 0.5 to 0.8 over the jute growing
field. Other competing crops, such as Til (Sesamum)
and vegetable showed high NDVI values during 9
April as these were sown/planted during the month
of February. The field data points collected over the
jute crop area were used to classify the jute crop. Nearly
80% of the data points were randomly selected to
develop the jute crop spectral signature, and rest were
used for accuracy assessment. In nutshell, the jute crop
has successfully been mapped using rule-based clas-
sification technique involving the spectral-temporal
signature of satellite data and ground truth collected
using BHUVAN JUMP mobile app with an accuracy
of 85% (Fig. 8).The estimated jute crop areas over the
selected districts are presented in Table 2. Total esti-
mated area under the jute crop over the four selected
districts was found to be 305,963 ha. Murshidabad
district occupies the lion share of it with total area
of 136,758 ha followed by Nadia with 100,789 ha.
Hooghli and North 24 Paraganas have jute crop area
of 34,108 and 34,308 ha respectively.

Effect of lodging and water logging on jute crop

The jute crop is grown highly contiguously. All India
Network Project on Jute and Allied Fibres recom-
mended row spacing of 22-25 cm for Corchorus
olitorius and 25-30 cm for Corchorus capsularis
(Mahapatra et al., 2009). Farmers generally broadcast
jute seed (@5-7 kg ha™!), and later thinning operation
is done at 30 days after sowing to maintain the rec-
ommended plant density. The jute crop attains height
of 9-10 ft with a green plant weight yield of 45-50 t
ha~! during harvesting. In nutshell, jute crop is a high
biomass producing crop grown in high plant density
to attain higher height to fetch more fiber. Vertically
oriented tall jute crop canopy is vulnerable to water
logging and lodging due to high rainfall/cyclonic
storm. The jute crop is particularly vulnerable to shear
stress and twisting action of the cyclonic storm due to
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Jute crop

Fig. 8 Satellite-derived jute crop map overlaid with field data

its height. The breakage of stem cause ruptures to the
bast fiber and secondary infection. Associated water
logging for a week can cause premature senescence,
reduction in plant height, basal diameter, ultimately
fiber yield loss of 20-60% (Ghorai et al., 2005). In
the present study, jute crop was 1 to 1.5-month-old
and had attained varying height of 2-5 ft as per the
ground information. The taller plant was found to be
affected more due to lodging than the smaller one.
Hence, jute crop area has been stratified into low,



Environ Monit Assess (2021) 193: 464

Page 11 of 18 464

Table 2 Estimated jute crop area over the selected districts of
West Bengal using multi-temporal Sentinel-2 data

Districts Jute
cropped
area (ha)

Murshidabad 136,758

Nadia 100,789

24 Paraganas (N) 34,308

Hooghly 34,108

medium, and high vigor based on the NDVI value.
Dynamics of backscatter return from these categories
were analyzed to derived specific threshold to assess
the damage.

Backscattering response to partial flooding and
lodging

The wavelength of Sentinel-1 is nearly 5.4 cm and is
comparable to the size of some of the jute plant com-
ponents such as leaves, twigs, and branches, which
makes it particularly useful for monitoring jute crop.
It also has wide incident angle of nearly 40°, which
enables it to interact over longer path length within
the crop canopy. The temporal profile of backscat-
tering coefficient in different polarization over a
normal jute crop is shown in Fig. 9A. As discussed
earlier, the jute crop is grown in highly contiguously
and has vertically oriented canopy structure. Hence,
VV components of Sentinel-1 data (c’yy) interacts
more with the vertically oriented jute canopy and the
return of it is also found to be more comparatively.
The ¢°yy was found to vary from—11 to—7 dB, but
it remains invariant in the month of May after the
jute crop attains height of 4-5 ft due to saturation of
the signal. It is apt to note here that the variation of
the 6",y was found to be high throughout the time as
shown by its high standard deviation values. On the
other hand, the cross-polarization component (GOVH),
which is highly dependent on the volume or ran-
dom scattering of the crop, found to vary from—20
to—13 dB. As the jute crop attains its above ground
biomass, the c%;; components increases gradually.
At the higher biomass of jute crop, 6%, component
becomes relatively invariant but the ¢°;; component
keeps on increasing with the biomass. As a result, the

cross-polarized ratio (CR), i.e., 6%/c%y also found
to increase accordingly. In nutshell, 6% was found
to have more dynamic range and sensitive to the crop
canopy volume. Similar observations were found by
several previous studies (Chauhan et al., 2020a; Shu
etal., 2020; Wu et al., 2019).

The super cyclone Amphan caused large-scale
damage of the jute crop by lodging and partial inun-
dation. The lodging of the crop disrupts the original
vertically oriented canopy structure of the jute crop
and cause randomness in the field. This randomness
causes enhanced volume scattering and the o’y
return becomes more. Further, the lodging exposes
the below canopy water signature of the partial inun-
dation. The combination of lodging associated with
the partial inundation cause double bounce or odd
bounce scattering of the RADAR signal. Studies
show that 6%y and ¢’y are also sensitive to vege-
tation-soil interactions, i.e., double bounce effect
(Picard et al., 2003). As a result, both 6%y and ¢%
component increases abruptly due to the lodging with
partial flooding. The relative change in o, was
smaller than that of %y,

It is important to note here that the extent of the
temporal change in backscattering coefficient depends
on the jute crop height. The early sown jute crop
which attained higher height (4-5 ft) is more suscep-
tible to lodging due to cyclone and caused relatively
higher degree randomness in the field as well as vol-
ume scattering (GOVH). Late sown jute crops were
short in height (1-2 ft) and did not cause the same
effect. To account the height/vigor of the jute crop,
NDVI value of 14 May Sentinel-2 was classified into
different categories based on the frequency distribu-
tion of NDVI and ground observed crop information.
Three classes of NDVI were made, representing low
(<0.4), medium (0.4-0.6), and high (> 0.6) crop den-
sity/height. High and medium categories occupied
more than 90% of the jute crop area. Now, based on
the post-cyclone ground information of the damaged
jute crop, the temporal backscatter signatures of both
the polarization were extracted over different NDVI
strata. The temporal dynamics of mean backscatter-
ing coefficient of co-/cross-polarization along with its
standard deviation are presented in Fig. 9B.

It is observed that the c%y is a stronger signal
and its value ranging from—11 to—7 dB through-
out the jute growing season under the present study
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Fig. 9 Temporal profile of
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(Fig. 9B). It became invariant or saturated in the
higher biomass of jute crop during May month. The
o’y was found to increase from—18 to—13 dB as
the crop grows. The increase was relatively stable
with less fluctuation unlike 6% or CR (c%/c%v).
Importantly, sharp increase in o’ was observed
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between 16 May (pre-event) and 22 May (post-event)
observations. It can be assumed that the increase of
biomass and height of the crop from 16 to 22 May
was minimal. So, this sudden rise in backscattering
coefficient is attributed to the lodging and partial
inundation of the jute crop. The cross-polarization
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ratio (CR) followed the same pattern as that of %y
with more fluctuations. The change in backscatter
values between 22 and 28 May actually denotes the
post-event recovery. Within a window of 6 days, the
water may have subsided from some places and the
jute crop recovered from lodging, at least partially.
This may reduce the degree of randomness in the
field and make the jute canopy aligned to the vertical
plane, at least partially. As an effect, the cross-polar-
ized backscatter difference (c’yy;) has come down
to near-normalcy showing recovery from lodging
(Fig. 9B). In the present study, post-cyclonic dam-
age and recovery both are considered to assess the
affected area.

Statistics of backscattering response over the affected
area

Post-event field observations of affected the jute crop
fields were used to generate the signature of backscat-
tering coefficient values of Sentinel-1 data of 16, 22,
and 28 May 2020. The 16 and 22 May data pertains
to pre-cyclonic and post-cyclonic condition, respec-
tively; 28 May represents the post-event recovery of
the jute crop. NDVI values of Sentinel-2 data was
used to stratify the jute crop vigor into three classes
high (NDVI>0.6) and medium (NDVI=0.4-0.6)
and low (NDVI<0.4). Mean and standard devia-
tion values of the backscatter difference of 22 May
and 16 May, referred as Ac” in VV and VH polar-
ization along with the cross-polarization ratio
(ACR =Ac"yy/Ac’yy) at different NDVI ranges, are
presented in Table 3. Likewise, the backscatter differ-
ence of 22 and 28 May, referred as 86 in VV and VH
polarization along with the cross-polarization ratio
(8CR =80"y,4/56°%y) at different NDVI ranges were
also presented in Table 3.

The Aa?,v values were found to be low and remain
invariant across the NDVI ranges. The O'(‘J/V, as dis-
cussed in the previous section, saturates earlier as the
crop attains moderate to high aboveground biomass.
The AG?/H was found to be high, i.e.,~3.5 dB for
high NDVI region. For medium and low vigor crop,
it was 2.6 dB and 0.59 dB, respectively. The stand-
ard deviation was found to be relatively lower. The
CR is influenced by both As?, and AY,. As AcY,

remained invariant, it followed the same trend as that
of /oY, with higher standard deviation. Hence,
Aa(‘),H was used to characterize the lodging and partial
inundation of jute crop. Similarly, the response of 60'(‘)/H
(considering its mean and SD) was found to be suitable
to characterize the post-damage recovery of jute crop.
Higher value of 56(\)/1_1 denotes reduced volume scatter-
ing, meaning reduction in the randomness/lodging of
the jute canopy due to post-cyclonic recovery.

Decision matrix to assess affected jute area

Based on the backscattering response patterns
between (a) 16 and 22 May indicating damage phase
and (b) 22 and 28 May indicating recovery phase
over different crop vigor classes, decision rules were
formulated to map the affected jute crop area. As
discussed in the previous section, the cross-polar-
ized backscatter response was found to be sensitive
to the lodging of the crop and also relatively sta-
ble. Hence, mean and standard deviation values of
/Ao, and 669, at different NDVI region was con-
sidered to formulate a decision matrix to character-
ize and map the affected jute crop area as shown in
Fig. 10. The high value of AO‘?/H denotes increase in
volume scattering due to increase in randomness of
the canopy structure due to lodging of jute crop. At
the same time, high value of 50(\)//11 means decrease
in the randomness of the canopy due to recovery of
the crop. Hence, high value of AO'(‘)/H in combina-
tion with low value of 50'(‘),11 pertains to high degree
of damage of jute crop and vice versa.

The criteria, as shown in Fig. 10, are fixed
based on the mean value of Ao?,, and 509, along
with its variations to achieve acceptable accuracy
of the classified jute affected area. It is important
to mention here that, the logic of fixing the thresh-
old is data driven and can accommodate changes
in crop season, crop type, and crop stages, etc.
The criteria are fixed for high and moderate cat-
egories of NDVI/crop vigor. For low NDVI region,
the effect of crop canopy is minimal. Hence, it is
treated as nearly bare soil and criterion is fixed
based on flooded field condition as mentioned
below.

In case of high crop vigor (NDVI> 0.6),
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Table 3 Statistics of the
backscatter differences

over different crop vigor
classes (based on NDVI) of
the affected jute crop area;
SD =standard deviation;
parameters used in decision
matrix are highlighted as
bold.

- If Ao-?,H> 4 dB and 56(‘)/H<2.5 dB, the jute crop is

affected.

Difference c° of 22 and 16 May 2020 in dB (pre- and post-event; damage)

NDVI Ao, SD of AcY, Ao9, ~ SDof YA N SD of ACR
High -0.37 1.78 3.53 0.85 3.53 0.85
Medium -0.30 1.69 2.61 1.30 2.92 2.35
Low 0.33 1.78 0.59 0.35 0.26 1.89
Difference o° of 22 and 28 May 2020 (post-event recovery)
NDVI 50(‘;‘/ SD of 60(‘)/‘/ 50311 SD of 5‘7?/11 S5CR SD of 8CR
High -0.12 1.78 1.61 1.68 1.74 222
Medium -0.29 2.21 1.07 1.37 1.36 2.62
Low 1.54 1.28 1.50 0.90 —-0.05 0.38

and height is very low. Hence, it is simply treated as

open water condition and classified as follows:

- If 3.5 dB 2Ao-(‘),H§ 4 dB and 55(‘)/H<2 dB, the
jute crop is marginally affected.
— Otherwise, jute crop is normal

In case of moderate crop vigor (0.4 >NDVI<0.6),

- IfAoY, >3 dBand 6, < 1.5dB, the jute crop is

affected

— If 25 dB > AoY, <3 dB and 669, < 1.5 dB,

the jute crop is marginally affected.
— Otherwise, jute crop is normal

Low NDVI region did not show sensitivity to the

If, o-?,v < —15 dB both on 22 and 28 May, it is
affected.

If 69, < —15 dB on 22 but not in 28 May, it is
marginally affected.

Otherwise, jute crop is normal.

Mapping of affected jute crop area

Based on the decision matrix as described earlier,
jute crop area affected or marginally affected due to

cross-polarization components as the crop biomass

Fig. 10 Decision matrixes
for delineating affected area
of jute crop. A High crop
vigor. B Moderate crop
vigor
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Fig. 11 Geospatial map
showing affected jute crop
area due to Amphan

24 Payaganag (N)

presented in Fig. 11. Accuracy assessment of clas-
sified map was done using the post-cyclonic field
observations (excluding the points used for signature
generation) and presented in Table 4. High user accu-
racy (>85%) is observed for all the classes, whereas
the producer accuracy was found to be high (94.74%)
for normal class, followed by 76.36% for affected
classes and 68.57% for marginally affected class.
Overall accuracy was found to be 84.32% with kappa
coefficient of 0.74.

Out of total jute area of 305,963 ha over the
selected districts, nearly 12.5%, i.e., 38,119 ha was
affected/marginally affected due to Amphan. These

Table 4 Accuracy assessment of the classified jute area
affected due to Amphan

Classes Producer accuracy User
(%) accuracy
(%)
Affected 76.36 89.36
Marginally affected 68.57 85.11
Normal 94.74 85.71

Affected area
Marginally affected area

areas are mainly distributed in the southern part of
Murshidabad, North-eastern part of Nadia, Northern
part of 24 Paraganas (N) and middle region of Hooghli
district. The district-wise jute cropped areas affected/
marginally affected due to Amphan are presented in
Table 5. North 24 Paraganas is the most affected dis-
trict with 19.5% of total jute area under affected cat-
egory. It is followed by Nadia (15%), Hooghli (14%),
and Murshidabad (8.5%).

The total affected jute cropped area due to cyclone in
each of the block in the selected districts was calculated.
The geospatial map showing block-wise spatial distribu-
tion of the total affected jute area is presented in Fig. 12.
Highly affected blocks are found to be distributed in the
southern parts of Murshidabad, North eastern Nadia,
northern parts of 24 Paraganas (N). Nawda, Hariharpara,
Domkal, and Belganga I and II of Murshidabad; Chapra,
Haskhali, Nakashipara, Krishnanagar, Karimpur-II, and
Tehatta-I of Nadia; Bongaon, Swarupnagar, Bagda, and
Baduria of North 24 Paraganas; and Goghat of Hooghli
were found to have high proportion of jute area affected
by the cyclone Amphan. The spatial distributions of the
affected blocks are in coherence with the cyclone path
and the dominating area growing jute crop.
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Table 5 District-wise jute area affected due to cyclone Amphan

Districts Jute crop area (ha) Affected area: Marginally affected Total area: A+M % of (A+M) to
A (ha) area: M (ha) (ha) jute crop area
Murshidabad 136,758 7538 4090 11,628 8.5
Nadia 100,789 9767 5229 14,996 15.0
24 Paraganas (N) 34,308 4620 2038 6658 19.5
Hooghli 34,108 3099 1738 4837 14.0
Conclusions

Area (in ha)

:l Mo datal Mo crop
B <250

[ ]251-500

[ ]s01-750

[ ] 751- 1000
B 1001- 1250
B - 250

Fig. 12 Block-wise distribution of affected jute crop area
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The present study has successfully demonstrated the
scope of multi-platform, multi-temporal satellite data
for objective assessment of jute crop area affected by
Amphan cyclone (20 May 2020) in parts of West Bengal.
Extensive ground truth data, collected over the jute crop
before and after the disaster, revealed that the cyclone
caused significant damage by lodging and partial/full
inundation of the crop. Pre-event cloud-free Sentinel-2
optical data (9 April and 14 May) along with the ground
information were used to map the jute crop of affected
districts (Murshidabad, Nadia, North 24 Paraganas, and
Hooghli) of West Bengal with over all accuracy of 85%.
This jute crop map was further used to assess the tem-
poral response of the backscatter return of Sentinel-1
in dual polarization (VV, VH) and cross-polarization
ratio (6y4/c%) based on the post-event ground truth
data. Three dates of Sentinel-1 SAR data were used to
achieve the desired objectives; 16 May (pre-event), 22
May (post-event), and 28 May (post-event recovery).
The cross-polarized return (c%y;;) is sensitive to volume/
random scattering of crop canopy. The sudden change
in the canopy structure, due to crop lodging associated
with partial flooding, has been picked up well by the
temporal change of cross-polarized return. The cross-
polarized backscatter difference of pre- and post-event
(A9, ie., oy of 22 May —c’y;; of 16 May, was
found to be 2.5 dB or more over the affected jute crop
depending on the crop vigor (NDVI). At the same time,
post-event recovery represented by 50—?/}1 (ie., 6% of 22
May — 6’y of 28 May) was found to be 1.5 dB or more
for recovered crop. Hence, the jute crop area was strati-
fied into low, medium, and high vigor using the NDVI
value derived from Sentinel-2 data of 14 May. The mean
and variations of oY, and 569, over affected area
across different jute crop strata were derived and used to
fix threshold for different categories of the affected area.
Decision matrixes were prepared based on Aa“),H and
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56(‘)/H for each stratum of jute crop to classify the area
into affected, marginally affected and normal. Overall
accuracy of the classified map was found to be 84.32%
with Kappa coefficient of 0.74. Nearly 12.5% of the jute
cropped area of the selected districts, i.e., 38,119 ha, was
found to be affected/marginally affected due to Amphan
and mainly distributed in the southern part of Murshi-
dabad, northeastern part of Nadia, northern part of 24
Paraganas (N), and middle region of Hooghli district.
Geospatial map of blocks (sub-district) level affected
jute crop area was also prepared to facilitate informed
decision making. The study has thus established a sci-
entific basis for operational assessment of crop area
affected due to such calamities. The information may
act as an input for relief management and crop insurance
value chain.
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