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Abstract

This study explores the use of the C-band Synthetic Aperture Radar (SAR)
dataset from Sentinel-1A for crop area delineation and its integration with the
DSSAT crop simulation model for spatial yield estimation for rice crop in the
Cauvery Delta region of Tamil Nadu, India. With the global population
increasing at a rapid rate, precision agriculture is critical for addressing food
security challenges. The near-real-time monitoring capabilities of remote
sensing techniques, especially microwave datasets made all season crop
monitoring possible. The DSSAT model has demonstrated its capability to
simulate yields under varying climatic and management scenarios. This
approach offers timely and scalable solutions for monitoring crop health and
forecasting yields, which are critical for mitigating the impact of climate change
on agriculture. The estimated rice area using the Parameterized classification
technique was 118104 ha in the Thanjavur district and 102138 ha in the
Thiruvarur district, with an accuracy of 86 %. Upon validation against crop-
cutting experiments, the DSSAT approach achieved average RMSE values of
440RkgRha™ and 450WkgRha™, along with yield agreements of 90 % and 89 % in
Thanjavur and Thiruvarur respectively. These quantitative results highlight the
enhanced precision of the integrated remote sensing and simulation
framework for rice yield estimation, offering a robust tool for precision
agriculture and improved decision-making under variable climatic conditions.
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Introduction

Global population estimates projects that the ten billion mark will be
surpassed by the 2080s, followed by a decline in the 2100s. India’s population is
expected to reach 1.7 billion by the end of the 2050s (1). Nearly 1 in 10 people
globally faced hunger and 2.4 billion people experienced moderate to severe
food insecurity in 2022 (2). Estimated food grain production over the past
decade had an increase of about 687 lakh t (3). The food grain production
during the period 2022-2023 surpassed the five-year average by 31 million t
with major food grains such as rice and wheat exceeded the five-year average
by 12.8 and 5.7 % respectively (4). To address these issues, India has
implemented policies like the National Food Security Act (NFSA) (5), Rashtriya
Krishi Vikas Yojana (RKVY) - Remunerative Approaches for Agriculture and Allied
sector Rejuvenation (RAFTAAR) (6) and the National Nutrition Mission (7),
ensuring every individual gets proper nourishment.
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Remote sensing has emerged as an asset for
policymakers by providing near-real-time crop monitoring
and yield forecasting. By providing critical insights, remote
sensing enables informed decision-makers that significantly
impact agricultural productivity, food security and
sustainability. The integration of satellite datasets and
advanced simulation models presents a more comprehensive
approach to crop yield estimation, especially in the context of
changing climatic conditions.

Spectral signatures derived from optical dataset show
distinct patterns in the Near Infrared (NIR) and Shortwave
Infrared (SWIR) regions, allowing for crops differentiation
throughout the crop growth cycle (8). Dual-polarimetric SAR
sensors provide high temporal and spatial resolutions with a
large swath width (9). In SARsystem, the C-band was more
effective at the early stages of crop and is highly sensitive to
biomass, whereas the L-band is more effective in later
growth stages (10). The Spectral Matching Technique (SMT)
applied on NDVI derived from optical datasets improves
cropping pattern analysis (11). Single and double cropping of
rice can be distinguished through a combination of slope
information and VH backscatter values (12).

Utilization of the linear regression model and bivariate
model to spectral indices has proven effective in yield
estimation for sugarcane (13, 14). Crop simulation models
was found to be a valuable asset in the impact analysis of
climate change on crop yields (15, 16). Additionally, drone
technology, with its ability to capture high-resolution
imagery, provides valuable insights into crop health and
growth, enabling more precise yield predictions (17). Spectral

indices derived from satellite and drones imagery have
demonstrated effectiveness in terms of microscale yield
estimation (18). Multiple regression models have been found
to outperform linear regression models in pre-harvest crop
yield prediction using spectral indices (19). The integration of
spectral indices, climate data, field measurements and
simulation models significantly enhance the accuracy,
reliability and early estimation of crop yield (20-23).

In a climate-sensitive region like the Cauvery Delta,
remote sensing provides extensive and timely data for
continuous crop monitoring, while crop simulation models
like DSSAT offer a detailed understanding of yield outcomes
under varying environmental conditions. Together, they form
a robust system that supports sustainable agriculture,
improves food security and enables informed decision-
making in the face of climate challenges.

Materials and Methods
Study area

The Thanjavur and Thiruvarur districts of the Cauvery delta
region in Tamil Nadu, covering approximately 5773 km?, were
considered as the study areas for this research during the
Samba 2023 season (Fig. 1). The geographical extent of the
study area ranges from 11° 11' 5.3772" to 10° 8' 12.289 2"
North latitude and 78° 46' 34.6656" to 79° 45' 48.456" East
longitude. This region is popularly termed as “Granary of
South India” due to the wealthy agricultural activities,
particularly rice growing ability (24, 25).
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Fig. 1. Study area map.
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Rice area estimation

For this study, rice crop areas were identified using data from
the Sentinel-1A dataset, a C-band SAR Level 1 Ground Range
Detected (GRD) dataset, acquired in Interferometric Wide
Swath mode with dual W and VH polarization. This dataset
offers 20-m  spatial resolution and a 12-day temporal
resolution (26). With cloud-penetrative capability, dual
polarization and adequate temporal resolution, Sentinel-1A
SAR provides a more reliable and consistent dataset for rice
monitoring in the climate-sensitive Cauvery Delta.

W polarization, which measures the backscattering
coefficient of vertically transmitted and received radar waves,
is effective in differentiating crop types due to variations in
canopy structure and moisture (27). Monitoring temporal
changes in backscatter allows the estimation of variations in
leaf area index and biomass, which serves as key indicators of
crop health and potential yield (28).

Rice area estimation was performed using MAPscape-
5.7 software for dataset preprocessing and classification. In
MAPscape-5.7, classification parameters for crop area

estimation were selected based on the temporal backscatter
signatures of rice fields. Sentinel-1A VH polarization data
played a crucial role, as rice exhibited a strong dynamic
range, with mean backscatter values ranging from -24.46 dB
at the start of the season (coinciding with agronomic
flooding) to a peak of -13.72 dB during the tillering to
flowering stages in the Samba season. These temporal
variations were analyzed to develop rule-based classification
models, where threshold values were set to differentiate rice
from other land cover types.

The classification process also incorporated contextual
information, such as field boundaries and temporal
consistency, to enhance accuracy. Parameter selection was
refined through iterative validation using reference datasets
and expert knowledge of regional cropping patterns. The
estimated rice area was subsequently used as a crop area
mask for spatial yield estimation. The complete methodology
for rice area estimation is illustrated in Fig. 2.
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Fig. 2. Flow chart of rice area estimation.
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Rice yield estimation

The Decision Support System for Agrotechnology Transfer
(DSSAT) was initiated under the auspices of the International
Benchmark Sites Network for Agrotechnology Transfer
Project (IBSNAT) project. It is a powerful software tool that
simulates plant growth, development and yield for over 42
crops, incorporating real-world factors like weather
conditions, soil characteristics and management practices
(29, 30).

Soil data

Physico-chemical soil data obtained from the Department of
Remote Sensing and GIS, Tamil Nadu Agricultural University,
was processed into soil input files for integration into the
DSSAT model.

Weather data

Meteorological data, including minimum and maximum
temperature, precipitation, solar radiation, relative humidity
and wind speed, were sourced from NASA POWER, a
component of NASA's Earth Science Research Program. The
data, available in CSV format, was extracted from the NASA
POWER data portal at a spatial resolution of approximately
0.5 x 0.625 degrees, covering the period from August 2023 to
January 2024. This dataset was obtained from the National

4

Aeronautics and Space Administration (NASA) Langley
Research Center (LaRC) Prediction of Worldwide Energy
Resource (POWER) Project, which is funded through the NASA
Earth Science/Applied Science Program (31).

Genetic coefficient

Genetic coefficients, including P1 (photoperiod insensitivity
period), P20 (critical photoperiod), P2R (photoperiod
sensitivity coefficient), P5 (grain filling period), G1 (potential
spikelet number coefficient), G2 (ideal grain weight), G3
(tillering  coefficient) and G4 (temperature tolerance
coefficient), were determined for rice varieties CR1009, ADT(R)
45 and BPT 5204 using GENCALCULATOR. These coefficients,
relevant to the study area, were used in subsequent analyses
(32).

Crop management

DSSAT XBuild was utilized to generate comprehensive crop
management scenarios. The experimental conditions,
including soil and field properties, planting geometry,
irrigation and fertilization regimes, organic residue and
chemical inputs, tillage practices, environmental
modifications, harvest procedures and simulation control
settings, were input into the DSSAT model.The methodology
for DSSAT - based yield estimation is illustrated in Fig. 3.

CROP SIMULATION
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Fig. 3. Flow chart of DSSAT model-based yield estimation.
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Results
Rice area estimation

The estimated rice crop area, derived from the Sentinel-1 SAR
dataset, was 118104 ha in Thanjavur district and 102138 ha in
Thiruvarur district. Among the blocks in Thanjavur,
Orathanadu recorded the highest rice cultivation area,
covering 15656 ha, while in Thiruvarur district,
Needamangalam had the highest area of 13377 ha. The block
-wise distribution of rice is represented in Table 1.

Table 1. Block wise rice area of study area

Blocksof Thanjavur (USS10  Thiravarar Hectares
Ammapettai 14094 Koradacheri 7972
Budalur 8837 Kottur 13184
Kumbakonam 6982 Kudavasal 9144
Madukkur 3908 Mannargudi 11477
Orathanadu 15656 Muthupettai 9366
Papanasam 3890 Nannilam 9745
Pattukottai 5857 Needamangalam 13377
Peravurani 5927 Thiruthuraipoondi 10479
Sethubavachatram 7157 Thiruvarur 5227
Thanjavur 13140 Valangaiman 12167
Thiruppanandal 8942
Thiruvaiyaru 6369
Thiruvanam 9015

Thiruvidaimaruthur 8328

A total of 314 ground truth points were collected at
different stages of crop growth to validate the estimated crop
area. A confusion matrix was computed to estimate the
accuracy of crop classification. The assessed accuracy for rice
crop classification was 86 %, while the accuracy for non-rice
crops was 79 %. The rice crop area map of the study area is
shown in Fig. 4.

Rice yield estimation

The average yield obtained from 14 blocks in Thanjavur district,
as estimated using the DSSAT model, was 3920 Kg ha®. The
estimated yield distribution is shown in Fig. 5, while the
statistical comparisons are tabulated in Table. 2 and graphically
visualized in Fig. 6. Among the fourteen blocks, Ammapettai
recorded the highest yield of 4150 Kg ha', whereas
Sethubavachatram had the lowest yield of 3619 Kg ha™.

Estimated yields were compared with results from
Crop Cutting Experiments (CCE) to calculate Root Mean
Square Error (RMSE), Normalized Root Mean Square Error
(NRMSE) and Agreement percent. For Thanjavur district, the
average RMSE was 440 Kg ha', NRMSE was 10 % and
Agreement Percentage was 90 %.

Similarly, the average rice yield obtained from 10
blocks in Thiruvarur district, as estimated using the DSSAT
model, was 3732 Kg ha™. The estimated yield distribution is
shown in Fig. 5, with statistical comparisons tabulated in
Table. 3 and graphically visualized in Fig. 7. Among the ten
blocks, Thiruvarur recorded the highest yield of 3930 Kg ha?
and Muthupettai had the lowest yield of 3577 Kg ha™.
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Table 2. Comparison of block wise rice yield in Thanjavur district
0
Block CCE Vield (Kg/ha)  DSSAT Vield (Kg/ha)  DSSAT RMSE (kg/ha)  DSSAT NRMSE (%) Agreemsgtc(c/é’) DSSAT
Ammapettai 4569 4150 430 9 91
Budalur 4118 3655 539 13 87
Kumbakonam 4393 4070 355 8 92
Madukkur 4536 3939 597 13 87
Orathanadu 4367 3928 459 10 90
Papanasam 4381 4052 415 9 91
Pattukottai 4291 3934 413 9 91
Peravurani 4022 3772 359 9 91
Sethubavachatram 3881 3619 385 10 90
Thanjavur 4166 3907 366 9 91
Thiruppanandal 4219 3881 341 8 92
Thiruvaiyaru 4568 4008 564 12 88
Thiruvanam 4213 3823 469 11 89
Thiruvidaimaruthur 4595 4143 472 10 90
AVERAGE 4309 3920 440 10 20

Table 3. Comparison of block wise rice yield in Thiruvarur district

DSSAT Model based DSSAT Model based DSSAT Model based Agreement (%)

Block CCE Yield (Kg/ha) ““\io14 (Kg/ha) RMSE (kg/ha) NRMSE (%) efg’éz
Koradacheri 4385 3825 564 13 87
Kottur 4088 3603 490 12 88
Kudavasal 4207 3703 507 12 88
Mannargudi 4201 3832 401 9 91
Muthupettai 3935 3577 399 10 90
Nannilam 4141 3732 428 10 90
Needamangalam 4105 3700 410 10 90
Thiruthuraipoondi 4000 3606 411 10 90
Thiruvarur 4358 3930 464 10 90
Valangaiman 4226 3815 426 10 90
AVERAGE 4165 3732 450 11 89
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Fig. 7. Comparison of block wise rice yield in Thiruvarur district.

The estimated vyields were compared with Crop
Cutting Experiments (CCE) for computing Root Mean Square
Error (RMSE), Normalized Root Mean Square Error (NRMSE)
and Agreement percent. For Thanjavur district, the average
RMSE was 450 Kg ha?, NRMSE was 11 % and Agreement
percentage 89 %.

Discussion

Sentinel-1A SAR is an active microwave sensor that transmits
and receives radar signals at various polarizations. The C-
band SAR sensor is particularly effective for continuous
agricultural monitoring and crop area estimation. It is
suitable for penetrating cloud cover and improves crop
monitoring even during the monsoon period. SAR's sensitivity
to dielectric properties, surface roughness and crop canopy
structure enables the detection of changes in crop growth
and development. Cross-polarization channels (VH or HV) are
especially useful in distinguishing and estimating crop area
by utilising the unique backscattering signatures of different
crop canopies (10).

Among various radar bands, Sentinel-1B’s C-band had
a higher accuracy than the L-band ALOS-2, although t both
these bands showed a lower coefficient of variation in
classification (33).

An automated rice estimation system, Phenorice had
the ability to delineate rice crops with an R? range of 0.75-0.92
across India, Italy and the Philippines. However, the study
found that the mixed pixels in fragmented rice ecosystem
limits the overall estimation capability (34).

The backscattering coefficient of W polarization was
found to be maximum during the tillering stage and
minimum during the agronomic flooding (35). Sentinel-1A’s
WV polarization was found to be particularly sensitive in the
early growth stages of rice, whereas VH polarization
demonstrated greater sensitivity during the later stages, from
tillering to maturity and provided a more reliable assessment
of the crop’s temporal behaviour compared to W
polarization (36). The parametric classification of rice crops

through MAPscape software used in this study was in line
with results from (37-39).

Crop simulation models, which integrate climate, soil,
water and management practices, are valuable tools for
determining optimal crop management. Their growing use in
spatial simulation enables effective technology transfer and
aids in identifying production limitations across landscapes.
The DSSAT CERES-Rice model was used here to spatially
assess the influence of soil, hydrological, agronomic and
climatic factors on rice production and its variability (40).

The DSSAT model simulates crop growth by
considering soil, crop variety, weather and management
practices. It uses inputs like planting date, seed type, soil
conditions and daily weather data to predict crop vyield,
nutrient uptake, soil moisture and potential plant stress at
the end of the season (41). The CERES-Rice model within the
DSSAT model accurately simulated key rice growth stages,
including the time to germinate, flower and maturity. It also
effectively predicted yield, leaf area, harvest index and overall
plant biomass. A previous study determined that DSSAT was
a decision-making tool for crop management after optimizing
the maize sowing date and irrigation to enhance yield
outcome (42).

The integration of remote sensing data with crop
simulation models allows for the expansion of point-based
simulations to broader agricultural landscapes. This
approach employs remotely sensed data as a proxy for
various agricultural variables. For instance, Leaf Area Index
(LAl) values derived from remote sensing were spatially
assimilated into DSSAT as a generating variable (43). It was
demonstrated that the micro level yield estimates might be
improved by combining satellite-derived LAl with simulated
rice growth factors. It was discovered that weather variability,
soil and rainfall affected the LAI of rice at the field level and
related to the variation in yield.

Accordingly, suitable regression models were
employed in the current investigation to estimate rice LAI
from dB images, utilizing simulated LAl from DSSAT models.
Despite the diversity of monitoring fields and the variety of
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conditions in which rice was cultivated, it was determined
that sentinel 1A SAR data was reliable in estimating the area
of rice in Thanjavur and Thiruvarur districts and may offer
inputs for excellent spatial estimation of rice yields in the
region when combined with DSSAT CERES-Rice crop
simulation model.

DSSAT allows farmers to optimize crop management
by simulating various strategies, such as irrigation schedules,
fertilizer applications and planting dates, to identify the most
effective practices for specific field conditions. It also enables
yield prediction under different environmental scenarios,
helping farmers in making informed decisions about resource
allocation and farm planning. Additionally, DSSAT assists in
risk assessment by evaluating the impact of climate
variability and extreme weather events, allowing farmers to
develop effective mitigation strategies (44).

Policymakers can use DSSAT to evaluate the impact of
agricultural policies on crop productivity and sustainability,
aiding in the development of policies that promote
sustainable agriculture. It also helps assess the effects of
climate change on agriculture, enabling the formulation of
climate-resilient strategies. Additionally, its outputs support
efficient resource allocation by identifying critical areas that
require intervention, ensuring optimal use of national
resources (45).

Conclusion

This study exploits the capability of remote sensing and crop
simulation for rice yield estimation in the Cauvery delta region
of Tamil Nadu, India. We employed a robust framework that
enables timely and accurate yield prediction using Sentinel-1
and DSSAT crop simulation model. This approach is efficient in
estimating the rice yield with reasonable accuracy and holds
further potential for further improvement through feature
engineering and hyperparameter tuning. Generally, linking
DSSAT with remote sensing data is valuable for understanding
the effects of climate variability and management practices on
rice yields. Additionally, researchers and policymakers can
identify methods to reduce the impact of climate change
through the simulation of different scenarios and optimize
agricultural practices.

Although this study provides a solid foundation for rice
yield estimation, further research should focus on integrating
additional data sources, including soil moisture data and
weather forecasts, to enhance the accuracy of predictions.
The development of user-friendly interfaces and tools can
facilitate the adoption of these techniques by farmers and
agricultural extension services. Advanced knowledge can be
integrated with traditional knowledge, hence striving for
sustainable and resilient systems in food production during
therising global challenges.

Furthermore, this approach can be extended to other
crops and Agro-climatic conditions through calibration of
model for different crop types and climatic conditions. The
integration of Machine Learning and Artificial Intelligence
tools for data analytics ensures early predictions.
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