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Introduction Générale (Francais)

Evaluation d'images satellitaires a haute résolution spatiale et temporelle
pour le suivi de l'utilisation des sols dans les zones agricoles irriguées :

Application au bassin versant du Berambadi en Inde

Dans le contexte du changement global, la gestion de la ressource en eau douce a des
fins agricoles représente un défi majeur pour la sécurité alimentaire a I'échelle
mondiale (Endo et al., 2017; Kummu et al., 2016; Salmon et al., 2015). A I'heure actuelle,
la population mondiale est d'environ 7,5 milliards d’habitants et devrait atteindre 8,5
milliards d’habitants d'ici 2025 (Bonilla-Moheno et al., 2013; Dash, 2012; Gun et al.,,
2011; Knauer et al.,, 2017; Taylor, 2014). Pour nourrir la population mondiale en 2012,
environ 324 millions d’hectares (Mha) dans le monde ont été aménagés pour
l'irrigation et environ 275 Mha de terres ont été effectivement irriguées (FAO). Prés de
20% de terres cultivées irriguées fournissent 40% de la production alimentaire
mondiale en utilisant 70% de l'eau douce mondiale pour l'irrigation (Ambika et al.,

2016; Salmon et al., 2015; A K Sharma et al., 2018).

L’agriculture est la principale source d'emploi en Inde et une partie importante de la
population indienne en dépend pour sa subsistance (Ambika et al., 2016; Krishna
Kumar et al., 2004; Roy et al., 2015b). Cependant, la production agricole est fortement
influencée par les événements climatiques extrémes, les changements a long terme
des précipitations et de la température de l'air, le contexte économique, politique et
social, , etc. (Ambika et al., 2016; Krishna Kumar et al., 2004). La surexploitation des
ressources en eaux souterraines, 'augmentation de la température en hiver, les
précipitations irréguliéres pendant la saison des moussons et l'absence de stratégies
d'adaptation efficaces auront des impacts plus ou moins importants sur la productivité

des cultures (Ambika et al., 2016; Mondal et al., 2015; Rodell et al., 2009).

En Inde, le parcellaire agricole est caractérisé par ailleurs par une grande variabilité
des pratiques agricoles, plusieurs saisons culturales sur une année civile sont possibles
associés a des pratiques d’irrigatione trés hétérogénes (Bhavani et al., 2017; Jain et al.,

2013; Mondal et al., 2014; Roy et al., 2015b; Siebert and Zhao, 2014; Wilken et al., 2017).

Les territoires agricoles en Inde sont généralement caractérisés par des paysages
fragmentés par un petit parcellaire agricole et de trés fortes variabilités

spatiotemporelles dans les pratiques agricoles. Ainsi, prés de 94% des exploitants
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agricoles possédent des exploitations inférieures a 4 ha (Ambika et al., 2016;
Narayanamoorthy, 2011) et la taille des parcelles agricoles est généralement inférieure
a 1 ha (Robert et al., 2017b; A K Sharma et al., 2018). L'identification des cultures
irriguées, leur suivi et caractérisation représentent encore un enjeu majeur d'un point
de vue scientifique mais également d'un point de vue économique et sociétal (Bhaduri
et al., 2012; Dheeravath et al., 2010; Gandhi and Namboodiri, 2009; Gumma et al., 2000;
Mondal et al., 2016; Narayanamoorthy, 2011; Robert et al., 2018; Shah, 2007; Thenkabail

et al., 2009b, 2008, 2009a; Wilken et al., 2017).

L’irrigation dans les territoires agricoles peut étre définie comme une pratique agricole
spécifique qui consiste a apporter artificiellement de 'eau douce a une culture afin de
palier un déficit hydrique et permettre un développement optimal de la plante (Bégué
et al., 2018; F. S. Nakayama, 1991; Siebert et al., 2005; Spalding and Exner, 1993). Cette
pratique agricole, réalisée a partir de différents dispositifs (forages, canaux d’irrigation
et pompes) et matériels (dispersion, goutte a goutte et gravitaire) offre une assurance
de production et de revenu primordiale pour de nombreux exploitants agricoles
(Biswas and Tortajada, 2009; Fishman et al., 2015; Siebert et al., 2005; Tal, 2016).
['usage de l'irrigation est dépendante de nombreux facteurs tels que la phénologie des
cultures, le climat, ou la disponibilité de la ressource en eau (Barik et al., 2016;

Fishman, 2018; Gumma et al., 2011; Pavelic et al., 2012; Zwart et al., 2010).

D’un point de vue temporel, l'irrigation est une pratique trés ponctuelle (de quelques
heures a plusieurs jours), et d'un point de vue spatial, elle est généralement appliquée
a une échelle parcellaire (Kussul et al., 2016; Sitokonstantinou et al., 2018). Son
identification (localisation spatiale) et sa caractérisation (type de culture, suivi
phénologique...) par télédétection représentent donc encore des challenges
scientifiques majeurs (Atzberger, 2013; Bargiel, 2017; Canisius et al., 2018; Liu et al,,
2013; Mangiarotti et al., 2018; Palchowdhuri et al., 2018). L'identification des surfaces
agricoles irriguées et la caractérisation de ces surfaces nécessitent en effet une haute
répétitivité temporelle combinée a une haute résolution spatiale, des méthodes de
classifications intégrant linformation multi-temporelle et multi-source, des
cartographies a fine échelle, etc. (Betbeder et al., 2014b; Campos-Taberner et al., 2017,
2016a; Claverie et al., 2012; Dusseux et al., 2015; El Hajj et al., 2009; Liu et al., 2014;

Thomas et al., 2008; Vrieling et al., 2017; Zheng et al., 2016).

La télédétection spatiale représente un outil d’observation privilégié pour le suivi et la
caractérisation des cultures a différentes échelles spatiales et temporelles (Turner et
al., 2007). La télédétection optique, la plus fréquemment utilisée, présente cependant

des limites liée a la présence de nuages. Dans les régions tropicales comme l'Inde,
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caractérisées par une couverture nuageuse importante durant la saison des pluies, de
nombreuses études combinent I'imagerie optique avec I'imagerie radar qui s’affranchit
des conditions atmosphériques et d’illumination (Bégué et al., 2018; Corgne et al.,
20163; Qi et al, 2017). L'usage combiné de I'imagerie optique et radar permet ainsi
d’acquérir des séries temporelles d'images, ce qui représente un enjeu majeur pour le
suivi des cultures caractérisées par une forte variabilité spatiale et temporelle liée aux
rotations culturales, aux pratiques agricoles telles que lirrigation, aux facteurs
sociaux, économiques, climatiques (Betbeder et al., 2015a; Fieuzal and Baup, 2016;

Sharma et al., 2016).

L'objectif principal de cette thése vise a identifier et caractériser les surfaces irriguées
sur un bassin versant agricole en utilisant des séries temporelles d'images satellites
optiques et radar a haute résolution spatiale. Le bassin versant expérimental du
Berambadi qui fait partie de I'Observatoire Environnemental “Bassins versants
Expérimentaux Tropicaux” (BVET) géré par le LMI CEFIRSE (Laboratoire Mixte
International Cellule Franco-Indienne de Recherche en Science de I'Eau) de I'Institut
des Sciences de Bangalore (Inde). Sur ce bassin versant expérimental, trois objectifs
spécifiques ont été identifiés: le premier consiste a faire un état des lieux de
I'évolution de 'agriculture irriguée a échelle fine sur les 30 derniéres années ; le second
objectif vise a identifier et caractériser les cultures irriguées sur plusieurs cycles
culturaux et a une échelle intra-annuelle ; le troisiéme objectif consiste a étudier

I'impact de I'irrigation sur les aquiféres souterrains du bassin versant.

Pour atteindre ces objectifs, quatre points et questions de recherche associées ont été

identifiées sue le bassin versant expérimental du Berambadi en Inde :

(i) Le premier point vise a quantifier I'évolution de l'agriculture irriguée sur
une échelle fine au cours des trois derniéres décennies.
Question de recherche : Comment effectuer le suivi des terres irriguées a l'aide de

données de télédétection ?

(i)  Ledeuxiéme point vise a identifier et a caractériser les cultures irriguées sur
plusieurs cycles de culture et a une échelle intra-annuelle.
Question de recherche : Quelle est la contribution des images optiques et SAR pour

caractériser les cultures irriguées a une échelle intra-annuelle ?

(ili)  Le troisiéme point vise a suivre les cultures a l'aide d'images optiques et de
séries temporelles SAR.
Question de recherche : Quelle est la contribution des images satellites optiques et

SAR pour suivre la croissance des cultures ?

3
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(iv)  Le quatriéme point vise a étudier I'impact de l'irrigation sur les aquiféres
souterrains du bassin versant.
Question de recherche : Existe-t-il une relation entre les pratiques d'irrigation

intensive et les ressources en eaux souterraines ?

La thése est ainsi principalement divisée en six chapitres (Figure 1). Le premier
chapitre présente un état de 'art sur I'identification et la caractérisation des cultures
irriguées par télédétection. Les différentes pratiques d'irrigation et de gestion de I'eau
a des fins agricoles sont d’abord analysées. Les images satellitaires optiques et radar
utilisées pour la caractérisation des cultures ainsi que les principales méthodes de

classification d’images sont ensuite exposées.

Le chapitre deux décrit dans un premier temps 'espace d’étude et les données utilisées
en détaillant les mesures in-situ et les enquétes menées sur le bassin versant
expérimental du Berambadi. Dans un deuxiéme temps, ce chapitre aborde la gestion
des bases de données recueillies sur le terrain et le prétraitement radiométriques et

géométriques appliqués aux images optiques et radar.

Le troisieme chapitre présente une estimation de l'évolution historique des cultures
irriguées entre 1990 et 2016 sur deux saisons culturales (rabi et été) a I'aide d'une série
temporelle d’'images satellitaires optiques. L'histoire de l'irrigation saisonniére et de la

double irrigation s'est développée dans le passé.

Le chapitre quatre est focalisé sur l'identification des surfaces irriguées et non
irriguées sur une période récente (2014-2016) a partir de séries temporelles d’'images
radar et optiques. Ce chapitre est scindé en deux parties: la premiére décrit la
méthodologie développée pour discriminer les terres cultivées irriguées des terres non
irriguées en utilisant des séries temporelles d'images polarimétrique Radarsat-2 ; dans
la seconde partie, des séries chronologiques de NDVI estimées & partir de séries

temporelles d’images optiques sont évaluées.

Le chapitre cing est focalisé sur les potentialités des images radar et optiques pour la
caractérisation des cultures irriguées. Ce chapitre est divisé en deux parties : la
premiére évalue le potentiel des images Radarsat-2 (mode UltraFin) pour I'estimation
de la hauteur des cultures. La deuxiéme partie porte sur l'utilisation conjointe de

variables polarimétriques et de variables optiques pour la cartographie du curcuma.

Le chapitre six présente une analyse sur les relations entre I'évolution de ”irrigation
intensive et le niveau des eaux souterraines sur le bassin versant de Berambadi. L'étude

a été réalisée a I'échelle du km? pour deux saisons culturales : le Rabi et I'été.
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Cette thése a été réalisée dans le cadre de trois programmes de recherche: le
programme CEFIPRA (Projet « AICHA, 2012-2016) » et TANR ATCHA (2017 -2021)
coordonnés par L. Ruiz (INRA) et M. Sekhar (IISc), ainsi que le programme TOSCA
du CNES (Projet « Irriga-détection », 2017 -2018) coordonné par S. Corgne (Université
Rennes 2). L'objectif principal des projets AICHA et ATCHA est de combiner un
modele intégré et une approche participative pour accompagner les agriculteurs dans
I'adaptation de leurs systémes face au changement climatique. Grace a une approche
interdisciplinaire, impliquant hydrologues, géochimistes, pédologues, agronomes,
géographes, économistes et sociologues et avec la participation de partenaires indiens,
scientifiques et acteurs du développement agricole, ces projets visent a démontrer la
pertinence des modeéles intégrés pour partager les connaissances entre chercheurs et
acteurs et pour co-construire et évaluer des scénarios de développement durable. Le
projet « Irriga-détection » est focalisé sur I'évaluation de séries temporelles d'images
satellites optiques et radar a haute résolution spatiale pour identifier et caractériser

des cultures irriguées.

Les attendus de ce travail de theése visent d’'une part, a évaluer les potentialités des
images de télédétection optique et radar pour I'identification et la caractérisation des
cultures irriguées a une échelle spatiale fine et d’autre part, a étudier les relations entre
I'évolution de lirrigation sur le bassin versant expérimental du Beramabadi et le

niveau des aquiféres souterrains.

Evaluation of high spatial and temporal resolution satellite images for land use monitoring in irrigated
: agricultural areas: application to the Berambadi watershed in india

Chapter 1 Chapter 5

Irrigated croptand characterization ! ¢ LULC monitoring using b Crop monitoring
; Remote sensing R
~ Chapter3 wremeeeenod L0 Crop height monitoring using |
Historical evolution of | Chapter 2 | ultrafine RS-2 images (2017)

- fmetion (1990-2018) 1| studyareaand Dataset || " Crop type monitoring using |
Ground observation ; :| I polarimetric decomposition of :

Chapter 4 P ;
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General introduction (English)

In the context of global change, the management of freshwater resources for
agricultural purposes represents a major challenge for the global food security (Endo
et al., 2017; Kummu et al., 2016; Salmon et al., 2015). Currently, the world's population
is approximately 7.5 billion and is expected to reach 8.5 billion by 2025 (Bonilla-
Moheno et al., 2013; Dash, 2012; Gun et al., 2011; Knauer et al., 2017; Taylor, 2014). To
feed the world's population in the year 2012, about 324 million hectares (Mha)
worldwide land was developed for irrigation, and about 275 Mha of land was originally
irrigated (FAO). Nearly 20% of irrigated cropland provides 40% of global food
production using 70% of the world's fresh water for irrigation purposes (Ambika et al.,

2016; Salmon et al., 2015; A K Sharma et al., 2018).

The agricultural sector is the main source of employment in India, and a significant
portion of the Indian population mainly depends on it for their livelihood (Ambika et
al., 2016; Krishna Kumar et al., 2004; Roy et al., 2015b). However, agricultural
production is strongly influenced by climatic variabilities like long-term changes in
precipitation and air temperature, episodic extreme events, the economic, political
and social context, etc. (Ambika et al., 2016; Krishna Kumar et al., 2004). The irregular
rainfall during the monsoon season and lack of effective adaptation strategies will
have directly significant impacts on crop productivity (Ambika et al., 2016; Mondal et

al., 2015; Rodell et al., 2009).

In India, the agricultural parcel is characterized by a great variability of agricultural
practices, several crop seasons over a calendar year are possibly associated with very
heterogeneous irrigation practices (Bhavani et al., 2017; Jain et al., 2013; Mondal et al.,
2014; Roy et al.,, 2015b; Siebert and Zhao, 2014; Wilken et al., 2017). India is
characterized by very small agricultural farm size, about 94% of farmers own farms
with area less than 4 ha (Ambika et al., 2016; Narayanamoorthy, 2o11) with parcels size
generally less than 1 ha (Robert et al., 2017b; A K Sharma et al., 2018) which increases
the vulnerability of farmers to climate change. The agricultural territories in India are
thus generally characterized by landscapes fragmented with small agricultural field
and very strong spatiotemporal variability. Identification, monitoring and
characterization of irrigated crops still represent a major scientific challenge and an
important stake for an economic and a societal point of view (Bhaduri et al., 2012;

Dheeravath et al., 2010; Gandhi and Namboodiri, 2009; Gumma et al., 2000; Mondal
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et al., 2016; Narayanamoorthy, 2011; Robert et al., 2018; Shah, 2007; Thenkabail et al.,

2000a, 2008, 2009b; Wilken et al., 2017).

Irrigation is a specific agricultural practice, which involves bringing artificially fresh
water to a crop to overcome a water deficit and allow optimal plant development
(Bégué et al., 2018; F. S. Nakayama, 1991; Siebert et al., 2005; Spalding and Exner, 1993).
This agricultural practice, carried out from different devices (boreholes, irrigation
canals, and pumps) and equipment (dispersion, drip, and gravity) offers an insurance
of production and income paramount for many farmers (Biswas and Tortajada, 2009;
Fishman et al., 2015; Siebert et al., 2005; Tal, 2016). The use of irrigation is dependent
on many factors such as crop phenology, climate condition, availability of water
resources, irrigation availability, etc. (Barik et al., 2016; Fishman, 2018; Gumma et al.,

2011; Pavelic et al., 2012; Zwart et al., 2010).

From a temporal point of view, irrigation is a very punctual practice (from a few hours
to several days), and from a spatial point of view, it is generally applied on a parcel
scale (Kussul et al., 2016; Sitokonstantinou et al., 2018). Irrigated areas identification
(spatial location) and its characterization (type of culture, phenological monitoring,
etc.) by remote sensing therefore still represent major scientific challenges (Atzberger,
2013; Bargiel, 2017; Canisius et al., 2018; Liu et al., 2013; Mangiarotti et al., 2018;
Palchowdhuri et al., 2018). The identification of irrigated agricultural areas and the
characterization of these surfaces require a high temporal repetitiveness combined
with high spatial resolution and classification methods which permits multi-temporal
and multi-source information combination (Betbeder et al., 2014b; Campos-Taberner
et al., 2017, 2016a; Claverie et al., 2012; Dusseux et al., 2015; El Hajj et al., 2009; Liu et

al., 2014; Thomas et al., 2008; Vrieling et al., 2017; Zheng et al., 2016).

Spatial remote sensing represents a privileged observation tool for the monitoring and
the characterization of crops at different spatial and temporal scales (Turner et al.,
2007). Optical remote sensing, which is the most frequently used, is nevertheless very
quickly confronted with observation limits linked to the presence of clouds (A K
Sharma et al., 2018; Sharma et al., 2016; Thenkabail et al., 2009b; Velpuri et al., 2009).
In tropical regions such as India, with significant cloud cover during the rainy seasons,
many studies combine optical imaging and radar imagery, which eliminates the
conditions of illumination and atmospheric conditions (Bégué et al., 2018; Corgne et
al., 2016a; Qi et al., 2017). The combind use of optical and radar imaging thus allows a
greater image acquisition repeatability, which represents a major challenge for the

monitoring of crops characterized in particular by a strong spatial and temporal
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variability linked to crop rotations, agricultural practices, social, economic and

climatic factors (Betbeder et al., 2015a; Fieuzal and Baup, 2016; Sharma et al., 2016).

The main objective of this thesis is to identify and characterize irrigated areas in an
intensive agricultural watershed using time-series of high spatial resolution optical
and radar satellite images. The experimental Berambadi watershed which is part of
the Environmental Observatory "Tropical Experimental Watersheds” (BVET)
managed by the LMI CEFIRSE (Mixed International Laboratory Cell Franco-Indian
Research in Water Science) of the Indian Institute of Science (I1Sc) Bangalore (India).
In this experimental watershed, three specific objectives have been identified: the first
is to take stock of the evolution of irrigated agriculture on a fine-scale over the last 30
years; The second objective is to identify and characterize irrigated crops over several
crop cycles at an intra-annual scale; and The third objective is to study the impact of

irrigation on the underground aquifers of the watershed.

To fulfill the thesis objectives four specific sections and research questions have been

identified in the Berambadi experimental watershed.

(i) The first objective is to quantify the evolution of irrigated agriculture on a fine-
scale over the last three decades.
Research question: How to quantify and evaluate the history of irrigation using

remote sensing products?

(ii) The second objective is to identify and characterize irrigated crops over several
cropping cycles and at an intra-annual scale.
Research question: What is the contribution of multi-sensor images from optical

and SAR platforms to characterized the seasonal irrigated croplands?

(iii) The third objective is to monitor crops using optical and SAR time-
series images.
Research question: What is the contribution of multiple satellite images from

optical and SAR platforms to monitor crops?

(iv) The fourth objective is to study the impact of irrigation on underground
aquifers in the watershed.
Research question: Is there a relation between intensive irrigation practices and

groundwater resources?

The thesis is mainly divided into six chapters (Figure 1),

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



General introduction (English)

The first chapter presents state of the art on the identification and characterization of
irrigated crops by remote sensing. The different irrigation and water management
practices based on these are analyzed. The satellite and radar images used for the
characterization of cultures as well as the classification methods of the images are
then.

Chapter two first describes the experimental watershed and the data used, detailing
the in-situ measurements and surveys conducted on the experimental Berambadi
watershed. In a second step, this chapter deals with the management of databases
collected in the field with the pretreatment of satellite products such as radiometric

and geometric pretentions applied to optical and radar images.

The third chapter presents the historical evolution of irrigated crops between 1990 and
2016 over two cropping seasons (rabi and summer) using multi-temporal optical
satellite imagery. The history of seasonal irrigation and dual irrigation has been
generated which explains the expansion of irrigation practices in the watershed over

three decades.

Chapter four focuses on identifying the classification of irrigated and non-irrigated
areas in recent years (2014-2016) on the study catchment area from polarimetric and
optical radar images. This chapter is divided into two parts; the first part describes the
methodology for identifying irrigated croplands using time series of quad radar images
of Radarsat-2. The second part uses a time series of NDVI estimated from optical

images for the identification of irrigated crops.

Chapter five analyzes the potential of radar and optical images for the characterization
of irrigated crops. This chapter is divided into two parts. The first part evaluates the
potential of Radarsat-2 images (UltraFine mode) for estimating crop height. The
second part deals with the combined use of optical indices and polarimetric variables

for turmeric crop mapping.

Chapter six presents an analysis on relations between irrigation evolution and
groundwater levels on the Berambadi watershed. The study was carried out at the

scale of a km? for two cropping seasons: rabi and summer.

This thesis was carried out within the framework of three research programs: the
CEFIPRA program (« AICHA » project, 2012-2016) and ANR (« ATCHA » project, 2017-
2021) coordinated by L. Ruiz (INRA) and M. Sekhar (IISc), as well as the CNES-TOSCA
(« Irriga-detection » project, 2017-2018) coordinated by S. Corgne (University of
Rennes 2). The main objective of the AICHA and ATCHA projects is to combine an

10
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integrated model and a participatory approach to support farmers in adapting their
systems to climate change. Through an interdisciplinary approach, involving
hydrologists, geochemists, soil scientists, agronomists, geographers, economists, and
sociologists and with the participation of Indian partners, scientists and agricultural
development actors, these projects aim to demonstrate the relevance of integrated
models for sharing knowledge between researchers and the farmers to co-construct
and evaluate sustainable development scenarios. The "lrriga-detection” project
focuses on time series evaluation of high spatial resolution optical and radar satellite

images to identify and characterize irrigated crops.

The expected results of this thesis work are on the one hand, an evaluation of remote
sensing SAR and optical data for the identification and characterization of irrigated
crops and on the other hand, the analysis of relations between irrigation practices and

groundwater levels on the Beramabadi experimental watershed.

11
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CHAPTER 1: Irrigated area monitoring in India

Summary

This chapter introduces a literature review on the concepts of irrigation evolution in
the Indian subcontinent and in-depth synthesis of various irrigated cropland studies.
Global groundwater resources abstraction for irrigation purposes is highlighted and
discussed. The “green revolution” advantage and disadvantages have been addressed
in respect of farming practices in India. The various irrigation practices and
cropping/climatological seasons in India are discussed. The synthesis on remote
sensing technology for the earth observation studies is presented with a focus to the

support from optical and SAR remote sensing satellite products.

1.1 Introduction

Earth’s total stored freshwater volume is approximately 8-10 million km3 (Margat,
2008), which is more than 2000 times of the current withdrawal (surface and
groundwater combined) (Gun, 2012) but it is not spatially distributed. Hence, it is
required to monitor crop water requirement and crop management practices for
better understanding the impact of intensive irrigation practices to changing
environmental conditions (Bégué et al., 2018; Jain et al., 2015, Ramachandiran and
Pazhanivelan, 2016). Large-scale water abstraction for the various human needs is
increasing tremendous pressure on global water resources (Maryam Salehi et al., 2017).
Three-fourth global freshwater abstraction is used for irrigation purposes to fulfill 40
% of the total global food requirements (Maryam Salehi et al., 2017; Salmon et al,,
2015). Increasing water demand for irrigation purposes is likely to increase the
pressure on the river ecosystem (Agarwal et al., 2000; Maryam Salehi et al., 2017).
Global demands for food, feed, and fuel of the world’s growing population is increasing
with unprecedented rates, and the pressure on agriculture sector is increasing (Gibbs

et al., 2010). According to local challenges, sustainable agriculture practices are being
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performed by the farmers globally. Global environmental changes can be a track with
earth observation studies. The major global land cover conversion was noticed across
the tropics from forest land to agricultural land during the period year 1980-2000
(Lambin and Meyfroidt, 2011). Land surface observation and monitoring are becoming
a key indicator for a better understanding of the global change, and it plays a
significant role in the ecosystem processes and climate dynamics (Goldewijk et al.,
2017; Roy et al., 2015b; Thenkabail et al., 2011). Land-use change impact on the surface
albedo, evapotranspiration (ET), greenhouse gases (GHGs) sources and sinks, climatic
system properties, and may rise radiative forcing which further can impact on climate
locally or globally (Katharine et al., 2014). According to the United Nation (UN) Food
and Agriculture Organization (FAQO) agricultural statistics database (FAOSTAT), the
total global cropland is about 15.3 million km? with a global cropland harvesting of
77% per year (Stefan Siebert et al., 2010). Despite all kind of land use and land cover
classification uncertainties, it is a need with the priority of historical land use
reconstruction for climate dynamics modeling, and land use planning (Goldewijk et
al., 2017; Thenkabail et al., 2011). According to local challenges, sustainable agriculture
practices are being performed by the farmers globally. The increasing global
population is required the crop production needs to be double 2050 under various

water management policy scenarios (Maryam Salehi et al., 2017).

India is the largest groundwater user in the world, with one-fourth global freshwater
consumption (Bhaduri et al., 2012). India becomes dominant agriculture country with
about 60% of Indian land used for the crop cultivation (Roy et al., 2015b). Out of the
total agricultural land, 50% is cropland, 6.8% is fallow land (category of agricultural
land which is not cultivated at present), and 2.4% is a plantation. Indian land use and
land cover (LULC) changes have been manifested regarding agriculture land
expansion from the forested land reduction. India is one of the best examples of
significant change in land use and land cover over past few decades with high
variability of LULC categories (Dheeravath et al., 2010; Roy et al., 2015b, 2015a). The
Directorate/Bureau of Economics and Statistics (DES/BES) was responsible in India
to monitor and maintain the conventional national scale records of LULC changes

(Roy et al., 2015b). Several studies were conducted to monitor Indian LULC change in
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the last decade at various scales like agro-climatic zones, biogeographic regions,
metrological sub-divisions, bioclimatic zones, and at watershed scales (Dheeravath et

al., 2010; Roy et al.,, 2015b; Skakun et al., 2017; Thenkabail et al., 2009b).

Agricultural practices can be majorly divided into six categories according to the
farming practices (FAO, 2016; Government of India, 2015; Roy and Shah, 2002; Wales,

2002; Wood et al., 2014):

(i) Subsistence farming: All farming practices which are performed by the
farmers for their family consumption comes under subsistence farming.
Mainly these farmers are with small and fragmented landholdings. They use
simple and primitive cultivation techniques (Schneibel et al., 2017).

(i))  Commercial farming: Farming practices which are cultivation to sell in the
market to earn money comes in this category. These farmers are using
modern farming techniques like intensive irrigation, chemical fertilizers,
insecticides, pesticides and high yield seeds (high yielding variety (HYV) or
genetically modified seeds) (Brown et al., 2013).

(iii)  Extensive farming: The production (crop yield) of crop per unit land is
separating the intensive and extensive cropping practices. Extensive
farming is mainly performing by USA, Canada, and Europe. These farming
practices are utilizing a large patch of land for the cultivation, and the total
production can be high, but per unit yield usually less (Knauer et al., 2017).

(iv) Intensive farming: These farming practices are focused on maximum
production per unit of land. Due to the limited farming land availability,
some parts of the world (like in Japan and Kerala) perform intensive farming
practices (Shah et al., 2006).

(v) Plantation farming: Tea, coffee, rubber, banana, and spices (like cardamom,
cinnamon, black pepper, etc.) are examples of plantation crops. These
cropping practices are purely for sale in the nation or international market.

(vi) Mixed farming: Farmers with mixed crop cultivation are economically
better than others as they perform both raising crops and rearing animals

(for livestock) simultaneously (Biazin and Sterk, 2013).

15
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Irrigation practices and its emergence

The irrigation is an artificial application of controlled water supply to grow crops and
to maintain landscapes as per crop/land-water requirement (Dheeravath et al., 2010;
Ozdogan and Gutman, 2008; Rodda and Ubertini, 2004). In around 4500 BC, irrigation
was used in the alluvial plans of Indus valley civilization as a mean of water
manipulation (Rodda and Ubertini, 2004). In the Indus valley, civilization,
sophisticated irrigation, and water storage systems like reservoirs and canal were
constructed in around 2600 BCE (Rodda and Ubertini, 2004). In the present era, there
are several modes of irrigation used by the farmers like surface irrigation, micro-
irrigation (ex. drip irrigation), sprinkler irrigation (ex. center pivot irrigation, lateral
move irrigation, lawn sprinkler irrigation, and hose-end sprinkler irrigation) and sub-
irrigation techniques. The irrigated areas can be majorly divided into two categories,
fully irrigated areas and partial irrigated areas, irrespective to the surface and
groundwater deliveries. The agricultural land comes using 6o percent or more water
supply to cultivate crops during the entire crop life span known as fully irrigated
croplands. The partial irrigated areas or supplementary irrigated areas receives

artificial water supply between 30 to 6o percentage during the crop life span.

The main sources of irrigation are borewells, tanks, canals, perennial canal,
multipurpose river valley, etc. (Dhiman, 2012a). Agriculture is the largest water-use
sector, with 70% water withdrawn from the surface and groundwater resources
(Shiklomanov, 2000; Siebert et al., 200s5). Groundwater is the world’s largest
freshwater resource, and it is critically important for agriculture and global food
security (Aeschbach-hertig and Gleeson, 2012; Famiglietti, 2014; S Siebert et al., 2010).
In the year 1973, the total area equipped for the irrigation was 196.1 million ha, which
has increased to 325.1 million ha in the year 2013 (FAO 2016). Food security needs to
produce more crops, then the requirement to feed the growing population
(Beddington et al., 2012; Jin et al., 2018; Kumar et al., 2012). The world population has
increased threefold after the year 1950, and the total global agricultural land has

increased by approximately 50% (Goldewijk et al., 2017). The fast-growing population
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pressure on food security brought new techniques to grow intensive cropping. This
new technique includes various crop management and water management practices
with the intensive use of different inorganic and organic fertilizers (Khan and Hanjra,

2009; Liang et al., 2016; Spalding and Exner, 1993).

The intensive irrigation regions in the world are North India (Ganges and Indus river
basins), Pakistan (Indus river basin), China (Hai He, Huang He, and Yangtze river
basins), California (Mississippi-Missouri river basin), Egypt and Sudan (Nile river
basin) (Biswas and Tortajada, 2009; Llamas and Martinez-Santos, 2005; Siebert, 2005).
Global groundwater overexploitation was driven by population growth, industrial
requirement, economic development, agricultural activities for food security, etc.
(Bank, 2010; Gun, 2012; Peck, 2007; Wada et al., 2010). In the year 2013, approximately
38.4% of the total area equipped for irrigation was facilitated by groundwater
irrigation (FAO 2016). A large amount of freshwater is fulfilling the crop water
requirement for irrigation purposes but, another side it is causing water scarcity in
around the world (Melton et al.,, 2012; Sekhar M et al., 20on; Shah et al., 20009;
Shiklomanov, 2000). This overexploitation causes the groundwater depletion in the
large groundwater systems in both semi-arid and humid regions of the world (Sekhar
et al., 2016; Singh and Singh, 2002; Wada et al., 2010). Irrigation is required in the arid
regions for the crop production, but in the semi-arid and humid regions, irrigation is

for increasing crop yields (Atzberger, 2013; Jain et al., 2016; Salmon et al., 2015).

Farmers in India were encouraged with various revolutions in the past like the “green
revolution” (improved crop yield, water for irrigation, fertilizer application, etc.), the
“white revolution” (increasing quantity and quality of the milk), the “blue revolution”
(motivating pisciculture), the “yellow revolution” (oil seeds crops) and the “pink
revolution” (livestock for meat production) (Feola et al., 2015; Gumma et al., 2016;
Robert et al., 2018; Roy et al., 2007; Thenkabail, 2010; Wales, 2002). Still, farmers are

facing a couple of challenges (Wales, 2002) like:

(i) Crop production: the growing trend of population and stability in food
production is continuously increasing gap between demand and

production. The increasing gap is becoming a challenge for agricultural
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scientists, planners, and policymakers (Battude et al., 2017; Jain et al., 2016;
Salmon et al., 2015).

(i)  High investment: Good quality seeds (HYV (high yield variety)), fertilizers,
insecticides, pesticides, farm labor, irrigation systems, machinery, etc. are a
basic need for sustainable growth and high crop yield. Unfortunately, these
inputs are out of reach to a small and marginal landholding farmer due to
their economic conditions (Kumar et al., 2012; Roy and Shah, 2002).

(ili)  Soil contamination and exhaustion: Chemical fertilizers, pesticides, and
insecticides are assisting farmers in increasing crop yield. These inputs are
also polluting soil, freshwater resources, and crop products. Soil exhaustion
is happening by cultivating the same crop multiple time as soil loses its
nutrients (Assadian et al., 1998).

(iv)  Freshwater for irrigation: Intensive irrigation using surface water and
groundwater may help to feed huge population of the world, but it impacts
drastically on the available freshwater resources. After the green revolution,
the several irrigation techniques were implemented by the farmers and
resultant the surface water is getting disappear, and groundwater is
depleting day by day (Fishman et al., 2015; Llamas and Martinez-Santos,
2005).

(v)  Climatic undulation: Global climatic change is impacting directly on food
security. Undulating in rainy days, unpredictable rainfall intensity,
increasing atmospheric temperature, increasing sea level, and increasing
intense cyclones are results of changing climate conditions. These climate
changes are adversely affecting crop production around the world (Lipper
et al., 2018; Mall et al., 2006).

(vi)  Globalization: With the growing world’s population, the urbanization is
increasing, and agricultural land is squeezing. These symptoms of
globalization are adversely impacting on the agriculture sector. The main
factor of the globalization is climatic change, freshwater unavailability for
irrigation and reducing profits from the crop production (Lambin and

Meyfroidt, 2011).
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(vii) Mechanization: Agriculture crop production is directly dependent on
mechanization. Sufficient power supply for sustainable agricultural
practices with an application of new environment-friendly farming
techniques enables farmers to produce crops efficiently using less power
(FAO, 2006).

(viii) Agricultural marketing: It is required the proper handling, planning,
organizing, and directing of agricultural products to satisfy farmer,
producer, and the consumer. Storage, warehousing, and cold store are
required to hold and preserve goods from the production until
consumption. Huge quantity of agricultural products around the world is
getting waste due to mismanagement of agricultural marketing. Planning
production (growing and harvesting), packing and packaging, transport,
storage, agro- and food processing, distribution, advertising, and the sale
can mutually use to secure agriculture marketing (Alex, Duncan; Stephen,

1993; Robert et al., 2018).

1.2 Green revolution and irrigation evolution in India

Agricultural revolutions in India were aimed for technology transfer to improve and
increase crop productivity. The green revolution is the fifth agricultural revolution in
the world. The green revolution is aimed to adopt new technologies and methods of
crop cultivation includes mechanization. The development of high-yield varieties of
cereal grains, expansion of the irrigation infrastructure, distribution of hybridized
seeds, modernization farming management techniques, synthetic fertilizers and
pesticides to the farmers were main approaches of the Green revolution (Pellegrini
and Fernandez, 2018; Thenkabail, 2010). It includes high-yield varieties (HYVs) of
cereals like a draft, wheat, and rice production with chemical fertilizers, agro-
chemicals, and with controlled water-supply or irrigation practices. Indian
agricultural sector after the green revolution has expended with a variety of irrigation
modes, fertilizers, and high yield crop varieties (Ambika et al., 2016). The Ford

Foundation and the Rockefeller Foundation were wholly involved in the green
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revolution. During 1961 India Green revolution brought remarkable changes in the
Indian agricultural sector after the 1970’s and groundwater became the backbone of

the green revolution in India (Narayanamoorthy, 2011; Roy et al., 2007).

Figure 2 shows that between the year 1940 to 1980, the United States of America (USA)
was the world leader for groundwater abstraction and then after India overtake the
USA (Margat and Gun, 2013). India has noticed a sudden jump in the total
groundwater abstraction between 1960 and 1970, and this was the time when the
“Green Revolution” became matured in India. After the year 1980, India leads in the
World for groundwater abstraction, and in the year 2010, the total groundwater
abstraction of India was 251 km3 (Margat and Gun, 2013). The Government of India
provided free electricity to farmers in many states to promote the green revolution

(Barik et al., 2016; Shah et al., 2009).
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Figure 2 Groundwater abstraction trends in the selected countries.
Source: (Margat and Gun, 2013) and Karnataka annual season crop report,
Doddaballapur taluk (2015).

After the green revolution (the 1970s) in India, the surface water used for irrigation

has decreased, and groundwater usage was increased, as shown in figure 2 (Govt. of
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Karnataka, 2015). And between the year 1980 and 1990, the vast change is noticed with

majority replaced of surface water irrigation to the groundwater irrigation (Figure 2).
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Figure 3 The top 10 groundwater abstraction countries and their usage for irrigation
purposes (year 2010).

Source: (Margat and Gun, 2013).

In the year 2010, maximum groundwater abstraction in the World and its use for the
irrigation is noticed in India, as shown in figure 3 (Margat and Gun, 2013). About 89%
of the total pumped groundwater in India is used for irrigation purposes in the year
2010 (Margat and Gun, 2013). The impact of enormous groundwater pumping for
various purposes disconnected the river baseflow and many places in India the surface
flow got disappeared (Bhanja et al., 2019; Taylor, 2014). Total Indian river catchment
is about 252.8 million ha (Mha), and out of the total, about 186,900 ha is having of
surface water resources (FAO). In India, 47.7% of the total agricultural cropland were
reliably irrigated in the year 2013-14 (S Siebert et al., 2010). Indian rivers are originating
from four main mountain ranges, known as Himalaya and Karakoram ranges, Aravali

range, Sahyadri or the Western Ghats, Vindhya and Satpura ranges.

Indian irrigation practices can be broadly divided into two categories:
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- groundwater irrigation

- surface water irrigation.

The total irrigated cropland using groundwater and surface water were respectively
63.7% and 36.3%. The groundwater irrigation is mainly using open wells and
borewells. Surface water irrigation uses canals water, tank/reservoir water, etc. The
Indira Gandhi canal is the longest irrigation canal in India, the length of this canal is
about 650 km. This canal assists farmers of north-west India to perform irrigation

activity and supplies drinking water to the various villages.

Crop and water management practices are varying with the regional and local weather
condition and farmers economic situation (Biswas and Tortajada, 2009; Roy and Shah,
2002; Shah, 2007). Surface or flood irrigation is suitable for the cropland with a slope
less than 8% (Llamas and Martinez-Santos, 2005; Shahriar Pervez et al., 2014) and land
with a slope greater than 20% are not suitable for the agriculture purposes (Ambika et
al., 2016). Due to financial support and subsidize schemes from the government of
India in present years, farmers were motivated to use drip irrigation for all possible
irrigated crops like turmeric, ginger, banana, sugarcane, etc. This initiative reduces
the evaporation of the water concerning the traditional method of surface irrigation.
As shown in figure 4, there are three main modes of irrigation practices used by the
farmers in India:

(i) drip irrigation,

(i) sprinkler irrigation, and

(iii)  surface or flood irrigation.

Sprinkler Irrigation Surface Irrigation

Drip Irrigation

Figure 4 [rrigation practices in India.
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The Directorate of Economics and Statistics (DES) of Government of India accounts
for the 162 major and 221 medium irrigation projects (Thenkabail et al., 2009b). As per
DES, irrigation by groundwater, a small reservoir, and tank are part of minor
irrigation. However, it is noticed in the present scenario that the minor irrigation
occupies more area than the major irrigated land, with about 200 km3 water per year
(Gumma et al., 2011). As per Ministry of Water Resources (MoWR), the total irrigated
cropland area for the year 2001-02 was 84 Mha (Dheeravath et al., 2010; Dhiman, 2012b;
Thenkabail et al., 2009b). Out of the total irrigated area, 52 Mha belongs to the minor
irrigation (11 Mha is groundwater & tanks, and 9gMha is small reservoirs irrigated
cropland), and 31 Mha are significant irrigated land (MoWR). According to DES the
net irrigated area has been increased by approximately 3o0Mha between the year 1950
and year 2002 (Ambika et al., 2016; Gumma et al., 2011; Thenkabail et al., 2005). In the
year 2000-01, approximately 18.5 million groundwater units were existing which
includes, 9.62 million dug wells, 8.35 million shallow tube wells, and 5.3 million deep
tube wells (Gandhi and Namboodiri, 2009). The main crops in India can be divided
into four main categories: foodgrains (Rice, Wheat, Maize, Pulses, and millets); cash
crops (Cotton, Jute, Sugarcane, Tobacco, and oilseeds); plantation crops (Tea, Coffee,

Coconut and Rubber) and horticulture crops (Fruits and vegetables).

In India, the cropping seasons are categorized according to the National Food Security
Mission (https://nfsm.gov.in/nfmis/rpt/calenderreport.aspx). As shown in figure s,
there are three major cropping seasons in India known as kharif (spring or monsoon)
cropping season, rabi (autumn or post-monsoon) cropping season and the summer
(some places known as zaid) cropping season (E. D. Spratt, 1978; Thenkabail et al.,
2008). The cropping season duration differs in various part of India depends on
regional weather condition (Ambika et al., 2016; Douglas et al., 2009; Paul et al., 2016;

Vittal et al., 2016).
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Cropping seasonsin India

Summer Kharif Rabi
/ Pre-monsoon / Monsoon / Post monsoon
/ Hot weather / South-west monsoon / Northeast monsoon
/ Thunderstorm / Spring
Duration:
Duration: May, June, July, Aug. and Duration:
Feb., March and April Sept Oct., Nov., Dec. and Jan.

Figure 5 Cropping seasons in India.

The kharif cropping season is from month June till September with high variety of
crops like Rice, Cotton, Maize, Rice (Paddy), Sorghum, Groundnut, Pearl millet /
Bajra, Pulses (Arhar / Tur), Soya bean, Cotton, Finger millet (Ragi), Turmeric,

Sugarcane, Bitter gourd, Green gram, Sesame, Black gram, Cowpea (chavala), etc.

Rabi cropping season is also having a high variety of crop types like Cereals (Rice,
Wheat, Oat, Barley, Maize), Seeds (Mustard, Alfalfa, Cumin, Coriander, Fenugreek,
[sabgol, Groundnut, linseed), Vegetables (Carrot, Chickpea/Gram, Onion, Tomato,
Potato) and Banana, Sugarcane, etc. (E. D. Spratt, 1978; Government of India, 2015;

Heller et al., 2012).

Summer cropping season mainly focused on vegetable and the fruits with only
irrigation facilitated farmlands. However, Sugarcane and banana are annual crops
with twelve-month crop growth duration. Mainly three types of cropping practices are
under the practice in India, as per the weather and farmers economic condition. These
three farming practices are fully irrigated cropping, partial irrigation, and non-

irrigation (Bégué et al., 2018; Jain et al., 2013).

The Indian weather condition has a vast heterogeneity with various geographic scales
and topography. Based on the native vegetation, temperature, precipitation, and their
seasonality in India, the Koppen-Geiger climate classification system can be

subdivided into six major climatic subtypes. These major climatic are ranging from
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the arid desert in the western region, glaciers and alpine tundras in the northern
region, and the humid tropical regions with rainforests in the southwest region and in
the  Lakshadweep islands  (https://en.wikipedia.org/wiki/Climate of India).
Furthermore the twelve broad Koppen climate classes of India are tropical rainforest,
tropical monsoon, tropical savanna (wet and dry), cold desert, hot semi-arid, cold
semi-arid, Mediterranean dry (hot summer), subtropical humid (summer, dry winter),
subtropical highland (dry winter), subtropical humid (summer, no dry), continental
hot summer, continental warm summer, continental dry winter, continental subarctic
(dry winter). Indian Meteorological Department (IMD) categorized four
climatological seasons known as winter season also known as cold weather season
(January and February), summer season is also known as pre-monsoon or hot weather
season (March to May), summer monsoon season or south-west monsoon season
(June to September), and post-monsoon season or north-east monsoon season

(October to December) in India (Jha and Bharti, n.d.) (Figure 6).

Climatological seasonsin India

!,,, e e
l v L 3

3 \
Winter
/ cold weather

Summer
/ Pre-monsoon
/ Hot weather

Summer monsoon |
/ rainy
/ South-west monsoon

Post-monsoon
/ autumn
/ Northeast monsoon

Duration: / Thunderstorm / Retreating SW-monsoon
January - February Duration:
Duration: | June,July, Aug. and Sept. Duration:
March, April and May ‘ (JJAS) ‘ Oct., Nov. and Dec.

Figure 6 Climatological seasons in India.

1.3 Remote sensing application for cropland

monitoring

irrigated

Remote sensing is the science and art of obtaining the information about an object,
area, or phenomenon through the analysis of data acquired by a device that is not in

contact with the object, area, or phenomenon under investigation (Lillesand and
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Kiefer et al., 1987). The remote sensing system characteristics include the energy
source, atmosphere, energy-matter interactions at the earth surface, sensor, and data
processing unit with transmission for multiple data users. An ideal remote sensing
system includes a uniform energy source, a non-interfering atmosphere, a series of
unique energy-matter interactions at the earth surface, a super sensor (sensitive to all
wavelengths), and a real-time data processing system with transmission facility to the

multiple data users.

Remote sensing is the best available solution to monitor earth surface with high
spatiotemporal resolution (Dominique et al., 2016; Esch et al., 2018; Li et al., 2017;
Nayak et al., 2010). Satellite remote sensing and areal remote sensing are mainly used
by the researchers to monitor land use and land cover practices. Monitoring earth
surface at spatial and temporal scales is a required input to bridge various disciplines
like ecology, geography, sociology, economics, mathematics, geology, physics, urban
studies, etc. (Fletcher et al., 2018; Turner et al., 2007). Remote sensing uses light, which
is an electromagnetic wave vector. Broadly the electromagnetic (EM) wavelength
(Figure 7) for the earth observation can be divided into three parts known as optical
(visible-NIR), thermal IR, and microwave (Gitelson et al., 2002; Lee and Pottier, 2009;
Pettry and Powell, 1975; Tucker, 1979; USGS and U.S. Geological Survery, 2016). The
earth observation studies are using high spatial and temporal resolution bandwidths
of visible-NIR spectrum (Chandrasekar et al., 2010; Liu et al., 2016; Roy et al., 2016;
Thenkabail et al., 2005) and microwave spectrum (Chen et al., 2016; Idol et al., 2016;
Kenduiywo et al., 2017; Liesenberg and Gloaguen, 2012; Xie et al., 2017) were mainly

used by the researchers.
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Figure 7 Electromagnetic spectrum, here A represents to the wavelength.

Monitoring earth surface at spatial and temporal scales is a required input to bridge
various disciplines like ecology, geography, sociology, economics, mathematics,
geology, physics, urban studies, etc. (Fletcher et al., 2018; Turner et al., 2007). Inputs
from the remote sensing play a key role in tackling global issues like food security,
climate change, weather forecasting, and better resource management at different

spatial and temporal scales. Remote sensing potentials for the earth observation are:

(i) capability to provide temporal information of various land-use practices
and land cover features at the regional and global scale;

(ii)  assistance to monitor crop, and soil temporal characteristics to provide
decision support for precision farming at watershed or basin scales;

(iii)  estimation of the greenhouse gases (GHG) emissions like net CO,, etc.;

(iv)  estimation of the rainfall, evapotranspiration (ET), and other climatic

variables.

Numerous challenges can be noticed to monitor agricultural croplands with remote
sensing data in India. The three main challenges were noticed to monitor agricultural

croplands from space were:

(1) the small size of the crop fields (Jain et al., 2013; Mangiarotti et al., 2018;
White and Roy, 2015). Farmers use to divide their farmlands into small-

small parcels as per their water and crop management resources.
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Monitoring small size crop field is one of the main challenges for precise
land use, and land cover classification, the majority of crop fields or parcels
are inferior to 1 ha. High spatial-temporal resolution remote sensed images
with ground observation could be used for machine learning algorithms for
cropland monitoring.

(i)  cloud cover during the main two cropping seasons is the most significant
obstruction for optical remote sensing (Gao et al., 2018; Hosseini and
McNairn, 2017; Khandelwal et al., 2017; Minh et al., 2017). This gap can be
filled either by using multiple optical satellites (Kussul et al., 2016) or with
combination of radar and optical images (Betbeder et al., 2016b; Hong et al.,
2014; Shao and Zhang, 2016) or by using only radar images (Niu et al., 2016).

(iii) parcel scale ground observation during the entire cropping season is
required to understand the farming practices (Wood et al., 2014) and
farmers’ strategy (Chalise and Naranpanawa, 2016; Shah et al., 2006; Singh
et al, 2011). A portion of this precise ground observation can further feed to
the machine learning or deep learning algorithms for accurate land use
classification (Chen et al., 2018; Maggiori et al., 2017; Palchowdhuri et al,,
2018). The results can be further validated using the remaining ground
observation information by estimating user accuracy, producer accuracy,
overall classification accuracy, and kappa coefficient (Cheema and

Bastiaanssen, 2010).

1.3.1 Optical remote sensing

Optical remote sensing is delivering its service non-stop from the 1970s and upgrading
the technology and methods dramatically with a wide range of imaging scales with a
potential interest and importance of the researchers, land managers and planners
(Rogan and Chen, 2004). The spatial resolution is now available from sub-centimeter
to 1 km with a daily revisit capability. In the present era, most utilized optical satellites
for land use and land cover monitoring are Landsat-8, Sentinel-2, SPOT-5,6, Pleiades,

and Worldview-2. A considerable number of coarse-resolution satellites images also
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available free of cost for the national or world land use and land cover (LULC) research
purposes (Houghton and Nassikas, 2017; Salmon et al., 2015; Szogs et al., 2017). LULC
monitoring at watershed scale or catchment scale research purposes can procure free
high-resolution satellite images (Bégué et al., 2018; Campos-Taberner et al., 2016b;
Hazaymeh and K. Hassan, 2016; Jawak et al., 2015; Lobell and Asner, 2003; Navarro et
al., 2016). Some other missions with high spatial resolution datasets also used for the
LULC monitoring studies like spot 6,7 and IRS-P6 (Gumma et al., 2014; Pandya et al.,

2012; Stibig et al., 2007).

1.3.1.1 Basics of optical remote sensing

Remote sensing systems used for image acquisition are mainly characterized by the
wavelength or range of wavelength. The remote sensing data acquisition process is
comprised of mainly five elements namely: energy source, propagation through the
atmosphere, energy interactions with the earth’s surface features, airborne or space-
borne sensor to record the reflected energy, and generation of digital data or images
using sensor data. In the optical remote sensing systems are recording reflected energy
generated by the natural resource from the earth surface objects limited to the visible,
near-infrared and mid-infrared wavelength ranges. The primary wavelength ranges

send for the earth observation in the optical section range was between o.4pum to 12pm.

Basic diagram of the satellite remote sensing process for earth surface observation is
shown in figure 8. The emitted natural energy from the sun is traveling through the
atmosphere and interacting with the earth surface objects. After interacting with earth
surface objects like natural or anthropogenic the reflected waves in the form of energy
is recording by the spaceborne or airborne sensors. The reflected energy from various
earth surface objects depends on the absorption, reflection, refraction, and

transmission property of the object.
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Figure 8 Earth surface monitoring using optical remote sensing.

Four fundamental energy interactions are occurring during the electromagnetic wave
interacting with earth surface feature. These four fractions of incident electromagnetic
energy (Ei) are reflected energy (Er), absorbed energy (Ea), refracted energy (E.),
and/or transmitted energy (Et). As per the principle of conservation of energy, we can
state the basic interrelation between these four energy fractions as presented in

equation 1 (Lillesand et al., 2015).

E;(A) = Ex(D) + Ex() + E,(X) + Ex (L) Equation 1

Where all energy fractions being a function of wavelength A.

The spectral reflectance (p;) of an earth surface object received by remote sensing
sensor is equal to the ratio of energy reflected from the object and incident energy to
the object. The total spectral reflectance in percentage is presented in equation 2.

_ Er() .
1= 50 x 100 Equation 2

Spectral reflectance graph of an earth surface object as a function of wavelength is
known as the spectral reflectance curve. The spectral reflectance curve gives through

information about the spectral properties of an object. Spectral reflectance curve also

30

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 1 : Irrigated area monitoring in India

plays an important role in the selection of specific wavelength to the corresponding

earth surface object.

Figure g presents the reflectance curves for three land surface features : water, green
vegetation, and bare soil. This reflectance curve was created using various spectral
band images of the Landsat satellite image covering visible, near-infrared and mid-
infrared spectral regions. It is seen in figure g that the water reflects about 13% or less
in the blue-green ranges, and a smaller reflection can be noticed in the red region. In
the near-infrared and mid-infrared regions, no reflectance (or 100% absorption) of the
water can be noticed. High reflectance of dry soil in the mid-infrared region and less
reflectance of green vegetation comparatively represents that the mid-infrared in
owing to moisture content. Green vegetation reflectance curve shows considerably
more constant with high reflectance in the near-infrared region (from o.7um to
1.3um). This near-infrared region wavelength is dominated by the plant cell structure,

while the visible range is highly sensitive to the plant pigment (Richards and Jia, 2006).
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Figure 9 Spectral reflectance curve for the water, soil, and green vegetation using
different bands of Landsat satellite.
Source: (Richards and Jia, 2006; Zarcheshm, 2018)
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1.3.1.2 Optical image pre-processing

Image pre-processing referred to the image restoration and rectification to correct
sensor’s/platform’s radiometric and geometric distortions. The main cause of these
errors is image geometry, atmospheric conditions, sensor’s noise/response and
variations in the optical satellite images illumination images (Huete et al., 1994;
Thenkabail et al., 2011; Turner et al.,, 1999). The image pre-processing includes
atmospheric/ radiometric correction-optical and geometric correction. All kind of
distortions is varying with the image, sensor, satellite, and image acquisition
condition. The radiometric distortions can be mainly divided into two categories:
sensor related and others. Sensor related radiometric distortion causes due to three
errors: a detector to detector photo response non-uniformity (PRNU), detector failure
or degradation and defocusing or motion blur. The other radiometric distortions
include stagger effect, atmospheric effects, noise due to electronic circuits or photon
noise, transmission losses and data compression or decompression (Kuan et al., 1985).
The image radiometric distortions can be correct adaptive photon noise removal,
dynamic range adjustment (DRA) enhancement, de-convolution approaches, image
degradation and restoration (Krishna-ISRO, 2018). The surface reflectance and
atmospheric correction can be performed using atmospheric corrections as the
Second Simulation of a Satellite Signal in the Solar Spectrum (6S) radiative transfer
model (U.S. Geological Survery, 2016; Vermote et al., 1997). Landsat Ecosystem
Disturbance Adaptive Processing System (LEDAPS) is also a highly standardized and
stable automatic surface reflectance modeler, which can ensure comparability of
reflectance from sensors of Landsat satellites (Dutrieux et al., 2016; Jeffrey G. Masek et
al., 2006; U.S. Geological Survery, 2016; Zhu, 2017). Due to the cloud cover and sensor
malfunctioning, the temporal resolution cannot maintain the same (Dutrieux et al.,
2016). Several atmospheric radiative transfer models are available to perform
correction of the propagation of radiation through a medium which is affected by the
absorption, emission and scattering processes. The widely used atmospheric radiative
transfer models are 6S (Second Simulation of a Satellite Signal in the Solar Spectrum),

MODTRAN (MODerate resolution atmospheric TRANsmission) and DART (Discrete
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anisotropic radiative transfer) (Huete et al., 1992; Rosas et al., 2017; Vermote et al.,

1997).

The raw spectral bands may have increased uncertainties, inherited from the surface
reflectance source data, and in the area of atmospheric correction is affected by the

adverse climatic conditions, includes:

E Hyper-arid or snow cover regions,

ii. Low sun angle conditions,

iii.  Coastal regions with land area smaller size relative to the adjacent water.
iv. Area with extensive cloud contaminations.

Figure 10 The color composites of Landsat reflectance bands (Red, Green, Blue) after
LEDAPS atmospheric correction implementation on the top of the atmosphere (left)

and surface reflectance (right).
Source: (USGS and U.S. Geological Survery, 2016), date: oyth July 1999.

The water vapor, ozone, geopotential height, aerosol optical thickness, and the digital
elevation are input with Landsat data to Second Simulation of a Satellite Signal in the
Solar Spectrum (6S) radiative transfer models. The 6S models generated Top of
Atmosphere (TOA) Reflectance, Surface Reflectance, Brightness Temperature, and
masks for clouds, cloud shadows, adjacent clouds, land, and water. Figure 10 and 11 are
the example of implementation of LEDAPS atmospheric correction model and 6S
radiative transfer models to generated top of atmosphere and surface reflectance

composites.
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Figure 11 The atmospheric corrections of Top of Atmosphere (left) and surface
reflectance (right) color composites of Landsat-8 reflectance bands (Red, Green, Blue).
Source: (USGS and U.S. Geological Survery, 2016), date: 14th Oct 2013.

Geometric distortions are causing due to four main causes: scene, sensor, platform,
map projection, and datum transformation. The geometric corrections can be
performed by image transformation (systematic or ground control point-based) and
by resampling methods (nearest neighbor, bilinear or bicubic). The scene related to
geometric distortion is causing due to earth rotation, earth curvature, and terrain
effects. The sensor-related geometric distortion is causing due to scan non-linearities,
non-uniform sampling rate, panoramic view due to tilt, and sensor mounting angles
(and alignments). The raw satellite images need to pre-process before using them for

land use and land cover image classification (Thenkabail et al., 2011; Zhu, 2017).

1.3.1.3 Evaluation of optical data for irrigated areas monitoring

[rrigated area monitoring using optical remote sensing was done by several studies
using advanced tools (Velpuri et al., 2009). High spatial resolution and coarse spatial
resolution satellite datasets such as NASA, Indian Remote Sensing Linear Imaging self
Scanning Sensor, and European Space Agency missions for the irrigated area
monitoring studies (Gumma et al., 2014; Saadi et al., 2015; Thenkabail et al., 2009b).
The total global annual irrigated area (AIA) and area available for irrigation (TAAI)

was estimated by the (Thenkabail et al., 2008) using multi-satellite time-series NDVI
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datasets and auxillary secondary data inculeds ground observations. The time-series
multi-satellite were estimated using six combinations of various sensors: Advanced
Very High Resolution Radiometer (AVHRR) 3-band and Normalized Difference
Vegetation Index (NDVI) 10-km monthly time-series for the year 1997- 1999, Systéme
pour 1'Observation de la Terre Vegetation (SPOT-VGT) NDVI i-km monthly time
series for the year 1999, East Anglia University Climate Research Unit (CRU) rainfall
data at 50-km gridded monthly time series for the year 1961-2000, Global 30 Arc-
Second Elevation Data Set (GTOPO30) 1-km digital elevation data of the world,
Japanese Earth Resources Satellite-1 Synthetic Aperture Radar (JERS-1 SAR) data for
the rain forests during two cropping seasons for the year 1996, and University of
Maryland Global Tree Cover 1-km data for the year 1992-93. A 159 layers single mega-
file data-cube (MFDC) of the world was composed by re-sampling different data types
into a common 1-kilometer spatial resolution. The MFDC was segmented based on the
elevation, temperature, and precipitation zones followed with image classification.
The quantitative spectral matching techniques (SMT) method was adopted to group
class spectra derived from unsupervised classification and match the same with ideal
or target spectra. Resultant, the annual irrigated area and area available for irrigation

were estimated.

For the last millennium total global AIA estimated was 467 Mha (million hectares)
and the TAAI was 399 Mha (Thenkabail et al., 2008). The irrigated area distribution
for various continents and countries were highly skewed. Asia, Europe, North
America, South America, Africa, Austrila were accounted annualized irrigated area
respectively 79%, 7%, 7%, 4%, 2%, and 1%. China and India noticed to be the two
leading irrigated countries with AIA respectively 152 Mha and 132 Mha, together China
and India accounting 62% of global AIA. Whereas the TAAi for the China and India is
estimated respectively 112 Mha and 101 Mha. The GIAM classification accuracy was
estimated from 79% to 91% with the errors of omission and the errors of commission

not exceeding 21% and 23% respectively.

Satellite Pour 'Observation de la Terre vegetation (SPOT-VGT) NDVI time-series for
the three years used for irrigated cropland monitoring by the Velpuri et al.,, 2009.
Xiong et al. used Google Earth Engine (GEE) to estimate irrigated cropland extent map
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with 3om spatial resolution NDVI time series generated using Sentinel-2 and Landsat-
8 images (Xiong et al., 2017). Moderate Resolution Imaging Spectroradiometer’s
(MODIS), Terra mission and Landsat satellite products are well known for land use
and land cover studies (Biggs et al., 2006; Dheeravath et al., 2010; Teluguntla et al.,
2017; Thenkabail et al., 2009b; Zheng et al., 2015). However, the available high
temporal frequency satellite products (MODIS) are of coarse (250 m or more) to
medium (Landsat (30 m)) spatial resolution. In a country like India where small (less
than 1 ha) agricultural fields are dominant, Very High Spatial Resolution (VHSR)
remotely sensed images are required to identify the irrigated crops (Gumma et al.,
2011; Thenkabail et al., 2009a; Velpuri et al., 2009). At the same time, extensive ground
data is required for the calibration and validation of classification outputs. It is
evident from the literature that several studies focused on identifying irrigated
cropland areas (Ambika et al., 2016; Ozdogan et al., 2010; Thenkabail et al., 2009a;
Zheng et al., 2015). For precise irrigated classification, outputs need either time series
(Gumma et al., 2000; Zheng et al., 2015) for the complete cropping duration or in case
of non-availability of time-series satellite images, a single satellite image during the
peak of cropping season (Ozdogan et al., 2010, 2006) is required. A robust
methodology capable of quantifying irrigated cropland with high accuracy at field

scale from the satellite images remains a challenge.

The literature of irrigated area monitoring can be divided into four main sections
according to the various spatial scales of the study: local, regional, continental and the
global scales (Ozdogan et al., 2010). The local scale studies for irrigated cropland study
used method of mapping like photo interpretation, image arithmetic, image
classification, segmentation, image fusion, etc. implemented on the sensors like
Landsat TM/ETM+, SPOT, LISS, Advanced Very High Resolution Radiometer
(ASTER), The Advanced Wide Field Sensor (AWiFS), China-Brazil Earth Resources
Satellite (CBERS), Sentinel-2 Multispectral Imager (MSI), and Thailand Earth
Observation System (THEOS) (Ferrant et al., 2017; Heller et al., 2012;
Thiruvengadachari, 1981). The regional scale irrigated cropland monitoring was
performed using methods like time-series analysis, supervised/unsupervised

classification, and masking with sensors like Landsat TM/ETM+, MODIS, MERIS,
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AVHRR, and SPOT-VGT (Alexandridis et al., 2008; Biggs et al., 2006; Thenkabail et
al., 2005; Xiao et al.,, 2006). The continental scale irrigated cropland mapping were
performed using time-series analysis with ancillary datasets and data fusion methods
on Landsat TM/ETM+, MODIS, MERIS, AVHRR, and SPOT-VGT sensors (Biggs et al.,
2006; Meier et al., 2018; Ozdogan and Gutman, 2008; Shah et al., 2006; Thenkabail et
al., 2009b). The global irrigated cropland was performed using unsupervised
clustering, machine learning algorithms applied to the time-series datasets, and also
used other ancillary data like statistical and ground observations implemented on
MODIS, MERIS, AVHRR, and SPOT-VGT sensors (Loveland et al., 2000; Thenkabail

et al., 2009a, 2006).

Image spatial resolution plays a vital role to estimate irrigated areas, the role of spatial
resolution is exposed by (Velpuri et al., 2009). He estimated the total irrigated area in
the Krishna River basin in India using four satellite sensor images of different spatial
resolution. He used AVHRR (1100 m), MODIS (500 m}, MODIS (250 m), and Landsat
(30 m) images for the study and noticed a significant irrigated area difference
respectively 86%, 93%, and 95% with respect to the Landsat (30 m) derived irrigated
area (9.36million hectares). This study concludes the irrigated area estimation is with
high calssification accuracy with high spatial resolution (Landsat data 84%) compares
to the coarse spatial resolution images (MODIS 500 m (77 %), MODIS 250 m (79 %),
and AVHRR noo m (63 %) and it was noticed that the coarse spatial resolution

outcomes are underestimating the total irrigated area (Velpuri et al., 2009).

Optical satellites used for the irrigated area monitoring are having various spectral
bands, which can be defined with their wavelength. A list of high spatial resolution
(inferior to 30 m spatial resolution) optical satellites payloads are presented with their
spectral band and wavelengths in table 1. The multispectral high spatial resolution
optical sensors generally having spectral bands in the visible range (blue, green and
red), infrared range (near-infrared), and short (SWIR) or medium infrared (MIR)
ranges. These spectral bands are assisting to study various earth surface features like
surface water, land use, land cover, and identification & characterization of croplands.

The intra-annual and intra-seasonal time-series optical images were used for the
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evaluation for irrigated cropland monitoring and crop type classification (Betbeder et

al., 2015b; Dusseux, 2014).

Table 1 List of the high-spatial-resolution (<10om) optical image spectral bands.

Spectral band Wavelength Satellite used
(um)
Ultra-blue (coastal/ aerosol) 0.435 - 0.451 LS8, EO1-ALI Sz
Blue 0.452 - 0.512 LS4-5, LS7, LS8, EO, S2
Green 0.533 - 0.590 LS1-3, LS4-5, LS7, LS8, EOq,
SPOT5-7, IRS-LISS3, IRS-
LISS4, S2
Red 0.636 - 0.673 LSi-3, LS4-5, LS7, LS8, EO4,
SPOTs5-7, IRS-LISS3, IRS-
LISS4, S2
NIR 0.851 - 0.879 LS1-3, LS4-5, LS7, LS8, EO1,
SPOT5-7, IRS-LISS3, IRS-
LISS4, S2
Shortwave Infrared (SWIR) 1 1.566 - 1.651 LS4-5, LS7, LS8, EOq,
SPOTs5-7, IRS-LISS3, S2
Thermal 10.40-12.50 LS4-5, LSy
Shortwave Infrared (SWIR) 2 2.107 - 2.294 LS4-5, LS7, LS8, EO1, Sz
Panchromatic 0.503 - 0.676 LS7, LS8, EOs, SPOTs5-7
Cirrus 1.363 - 1.384 LS8, S2
Thermal Infrared (TIRS) 1 10.60 - 11.19 LS8
Thermal Infrared (TIRS) 2 11.50 - 12.51 LS8

[rrigated cropland monitoring using optical remote sensing satellite sensors generally
use spectral bands indices. The common optical spectral indices used for irrigated
cropland monitoring is presented in the Table 2. The normalized difference vegetation
index (NDVI), ratio vegetation index (RVI), soil-adjusted vegetation index (SAVI),
enhance vegetation index (EVI), MTVI2 (modified triangular vegetation index 2), VCI
(vegetation condition index), GEMI (Global Environmental Monitoring Index) and

LAI (leaf area index) are commonly used irrigated cropland monitoring indices. The

38

SHARMA, Amit Kumar. Evaluation d'images satellitaires a haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 1 : Irrigated area monitoring in India

normalized difference moisture index (NDMI) is widely used for soil moisture,

wetland, and waterbody monitoring.

Table 2 List of the optical indices for irrigated cropland monitoring classification.

Index | Equation Reference
NDVI NIR - R (Huete et al., 1992)
NIR + R
RVI R (Ridao et al., 1998)
NIR
SAVI NIR — R .15 (Huete, 1988)
NIR+R+05
EVIl NIR — R (Liu et al., 2012)
NIR+6+*R—75+«B+1
MTVI2 1.5(1.2(NIR — G) — 2.5(R — G)) (Haboudane et al,
ﬁz « NIR +1)? — (6 * NIR — 5  VR) — 05) | 2°°
V(I NDVIpresent month — NDVIpin + 100 (Kogan, 1995; QUiring
NDVImax + NDVipin and Ganesh, 2010)
NDMI NIR — SWIR (Jin and Sader, 2005)
NIR + SWIR
GEMI eta * (1 — 0.25 x eta) — (Red — 0.125) (Pinty and Verstraete,
(1 — Red) 1992)
[(2+NIR?—Red?)+1.5*NIR+0.5+Red]
where etq = (NIR+Red+0.5)

1.3.2 Radar remote sensing

Cloud cover represents the biggest obstacle for monitoring land use with optical
remote sensing (Ma, 2013). Active radar satellite offer cloud penetration capacity
(longer wavelength, Table 2) and day/night sensing capability which brought
microwave remote sensing in focus for land use and land cover monitoring (Capodici
et al., 2017; Corgne et al., 2016b; Pottier et al., 2012).Tropical countries like India have
eight-month cloud cover, for the land use and land cover studies microwave remote
sensing represents a interesting ancillary to the optical remote sensing. Different types
of microwave remote sensing exist as radar/altimeter/scatterometer (active or by
generating energy pulses) or radiometers (passive or using natural energy) (Lee and

Pottier, 2009; Mulder et al., 201). A wide range of microwave bands (respected to
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their wavelengths) is used according to the application (Brisco et al., 2015; Dorigo et
al., 2012; Mulla, 2013; Omar et al., 2017; Prasad, 2009). A list of various microwave
bands are presented in table 2 with their corresponding frequency and wavelengths,
it was observed that the longer wavelengths are sensitive to the crop monitoring and
shorter wavelengths are for moisture (Baghdadi et al., 2012; Betbeder et al., 2014a;
Chen and Huang, 1996; Oh et al., 1992; Parrens et al., 2017; Pottier et al., 2012). Due to
C-band wavelength is approximately 5 cm it is noticed that C-band SAR images were
used widely for the crop, soil surface and moisture monitoring (Baghdadi et al., 2012;

Erten et al., 2016; Wang et al., 2018; Zribi et al., 2013).

Table 3 List of all microwave bands.

Band Frequency (GHz) Wavelength (cm)

p 0.225 - 0.39 133 - 76.90

L 0.39 - 1.55 76.90 - 19.30

S 1.55 — 4.20 19.30 — 7.10

C 4.20 - 5.75 4.10 - 5.20

X 5.75 — 10.90 5.20 — 2.70
Ku 10.90 ~ 22.00 2.70 - 1.36

K 24.05 — 24.25 1.24

Ka 33.4 - 36.0 0.89 - 0.83

Seasat was the first onboard satellite equipped with SAR sensor launched in the year
1978. It was operated in L-band SAR with HH polarization. In the 8os, the emergence
of polarimetry and radar interferometry techniques development can be seen in figure
12. The European Space Agency (ESA) launched its first civilian Earth Observation
Satellite (ERS) in the year 1991. The ERS-1 was equipped with a Ku band (13.8 GHz)
SAR sensor with VV polarization configuration. In 1992 Japanese space agency Japan
Aerospace Exploration Agency (JAXA) has launched Japanese Earth Resources
Satellite "FUYO-1" (JERS-1) with L-band SAR and HH polarization configuration. The
Radarsat-1 satellite was launched by the Canadian Space Agency (CSA) with C-band
(5.3GHz) and HH polarization configuration. Spaceborne Imaging Radar (SIR) was the
first full polarimetric or quad-polarization satellite (HH, HV, VV, and VH

polarization) with C-band frequency was launched by the National Aeronautics and
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Space Administration (NASA) in 1994. Followed with the SIR-C ENVISAT (2002) and
ALOS (2006) was launched by the ESA and JAXA, respectively. Radarsat-2 satellite was
launched by the CSA in the year 2007 to provide high spatial (~10 m) and temporal
resolution (24 days revisit) with C-band and quad-polarization configuration. In the
year 2010 German TerraSAR-X satellite was launched with very high spatial (~ 1.5 m in
“spotlight mode”) and temporal resolution (revisit capacity of 11 days). The TerraSAR-
X was configured with the X-band (6.65 GHz) and quad-polarizations. Indian Space
Research Organisation (ISRO) has launched Radar Imaging SATillite (RISAT-1) in the
year 2012 with C-band (5.35 GHz) frequency configuration. The Sentinel-1 C-band SAR
satellite was launched in the year 2014 by ESA under Copernicus program satellite

constellation with free data available for the public research purposes.
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Figure 12 Evolution of microwave satellite.

Source: (Betbeder, 2015)

1.3.2.1 SAR Geometric configuration and spatial resolution

The radar signal acquisition geometry of a SAR sensor influences the image
characteristics in the radar imaging. The image distortions can occur due to the lateral
geometry in the radar images. Figure 13 demonstrates the inversion of image procured
by the ground antenna is required due to the transmitted information by the sensor-
equipped in the satellite is represents the inversion pixel, but the viewing direction
remains the same. As satellite moves along to the azimuth, the radar antenna

transmits pulses to the earth surface, and the backscattered pulses are recorded by the
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sensor receiver. The pixel size of radar image corresponds to the time lag between the
transmission and receiving pulses by the sensor, and the spatial resolution represents
the discrimination of two objects from each other (Betbeder, 2015; Lee and Pottier,

2009).

Earth
surface

Ascending
mode image
uisition

Descending
mode image
acquisition

Figure 13 Radar image acquisition geometry.

The spatial resolution of an image refers to the number of pixels utilized to construct
a digital image. Spatial resolution is becoming the most important criteria for SAR
images with an ability of the imaging radar for separation of two closely spaced
scatters. Very short pulse durations are necessary to construct high spatial resolution
in range. Generation of short pulses with high energy is required to obtain a sufficient
signal-to-noise (SNR) ratio, which enables detection of the reflected signals. The total
number of columns in the SAR image is reciprocal to the sampling frequency of
backscattered wave acquisition. As presented in figure 14 the first column in SAR
image corresponds to the earth surface object closest to the sensor (proximal range or
near range), and the last pixel corresponds to the furthest surface object (digital range
and far range). Due to the near and far range, incidence angle varies for the first and

pixel of the same image.
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X

Figure 14 SAR image geometry in strip-map mode.

Where 0o, Ro, H, Vsar, Ax, Ay, 1, x, y, and radar swath are respectively angle of incidence,
distance between the radar and the antenna footprint centre, height of the SAR
imaging system situated, velocity of the satellite, range swath, azimuth swath, slant
range or radar line of sight, ground range or area covered by the antenna, azimuth
or antenna footprint (perpendicular to the flight direction) total area scanned by

the antenna beam, and Ly & Lx are the physical dimensions of the antenna.

The side-looking radar (SLR) couldn’t illuminate the scene at nadir due to it is getting
confused between the right and left parts of the image. The resolution in the distance
is then projected depends on the ground distance according to the local slope and
incidence angle. The ground distance from the slant distance and sensor altitude from
the earth surface can be further calculated using trigonometric functions (Figure 14).
The pixel size in linear direction (or azimuth direction) depends on the length of the

emitted wave, size of the antenna, and the ground-radar distance.
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1.3.2.2 Polarization basics

Polarization represents the orientation of the electromagnetic field of the concern
wavelength. Radio Detection and Ranging (RADAR) generally distinguish two types
or chaps of polarization: vertical (V) and horizontal (H). Horizontal and vertical
polarizations were widely used for various land use and land cover monitoring due to
their less complexity in the wave propagation (McNairn et al., 2009; Ulaby, 1975;
Wiseman et al., 2014). The orientation of the transmitted wave pulse electric field
vector with respect to the horizontal direction is referred to as microwave
polarization. As shown in figure 15, the beam is called “H” polarised if the electric field
vector oscillates in the parallel to the horizontal direction. And the beam is called “V”
polarised if the electric field vector oscillates in the direction perpendicular to the

horizontal direction.

@ CCRS /CCY

Figure 15 Microwave polarization (Source : CCT)

The “H” or “V” polarised beam, after interacting to the earth surface object the
polarization state may be altered (Liew Soo Chin, 2001). Due to earth surface
interaction, the backscattered microwave energy usually has a combination of two
polarization states. Hence, depending on the polarization states of the transmitted
and received signals. As shown in Table 4, four possible polarization combinations

known as HH, HV, VH, and VV can be possible. The HH and HV polarizations are
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referred to as like-polarised or co-polarised signals, while HV and VH polarizations are
referred to as cross-polarised. Partially polarized and partially depolarized
backscattering is occurring when many objects will respond to the polarized incident
radiation by reflecting signals. In this case, the power of the polarized component
divided by the total reflected power is the degree of polarization. A list of various
polarization states with unitary jones vector, Stokes vector, orientation, ellipticity, and
polarization ratio is presented in table 4 (Gherboudj et al., 2011; Kumar et al., 2017; Lee
and Pottier, 2009; Signal and Giordano, 2016; Singh et al., 2014). The main polarization

states are horizontal, vertical, linear+45°, left/right circular, etc.

Table 4 List of the polarization states.

Polarization Unitary Stokes | Orientation | Ellipticity | Polarization
states Jones vector (9) (1) ratio
vector (ge) (pX)y)
(Bx,y)
1
. 1
Horizontal 1 ) o )
(! 0
(H) 0
1
Vertical (V) 1 1 n o e
o] 0 5
0
1
. 0 T
Linear +45° 1 [1] 1 n 0 1
V21 0 4
1
. 0
Linear -45° _1_ - 1] 1 ii_t_ o 1
v2' 1 0 4
1
. 0 - .
Left circular 1 [1] 0 - - )
V2 1 4
1
Right circular _1_[ 1 | 8 - _r )
V2 -1 4
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1.3.2.3 Radar equation and image interpretation

The RADAR equation is comprised of received power (P,), transmit power (P,), gains
of the transmitting and receiving antenna (G?2), the wavelength of Radar (A), effective
section of the Radar (o), and the distance between the transmission and receiving
radar objects (R*). The effective section of the Radar is depended on the coefficient of
reflection of the target. The basic Radar equation can be written as equation number

3and 4.

P:G?2?

b= (4m)3R% o

Equation 3

When the Radar waves are interacting with earth surface objects, the Radar equation

can be written as:

A% PiG2A*?
b= (4n)3f(47r)3R4

gA e Equation 4

where A, represents the earth surface where Radar waves are interacting.

The backscattering coefficients can be calculated by 10log,, of the energy ratio. And
the energy ration can be calculated with the ratio of received energy to reflected
energy (transmitted energy). Physical scattering from various earth surface features
are providing indirect information of the object. For example, vegetation canopy
interact with radar signal as a group of volume scatters composed discrete plant
components like leaves, stems, stalks, limbs, etc. Radar waves which can penetrate
plant canopy have surface scattering with the soil surface. Volume scattering with
plant canopy is high when the radar signals approximate the mean size of plant
components and the strong backscattering from the vegetation can be noticed. Short
wavelength radar signals (A=2 cm to 6 cm) are ideal for monitoring crop canopies like
corn, soybeans, wheat, etc. and tree leaves. The longer wavelengths with A=10 cm to

30 cm are ideal for the tree trunk and limbs monitoring (Lillesand et al., 2015).
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As shown in the figure 16, mainly three types of scattering phenomena are occurring
between signal and surface known as surface scattering or single bounce, odd
scattering or dihedral scattering or double-bounce and volume scattering (Lee and
Pottier, 2009). The surface scattering (Bragg surface), double-bounce scattering

(dihedral) and volume (dipole) scattering (diffusion) can interpret precisely

[

ﬁ""
4

.
o § e

respectively homogenous land use features or objects, complex structures, and

random scattering objects (Lee and Pottier, 2009).

Figure 16 Scattering phenomena examples from vegetation.
Where (A) is correpsond to specular scattering, (B) a diffuse scattering, (C) a double-

bounce scattering and (D) a volume scattering.

Smooth surfaces like water or flat ground, are backscattering the radar beams in the
opposite direction in a specular scattering. Rough surfaces are comparatively
scattering the incident energy in multiple directions, and most of the incident energy
is getting scattered. In rough surfaces, high backscattering energy to the receiver can
be noticed in the same polarization as the transmitted pulse. The maximum scattering
phenomenon or volume scattering can be noticed in agricultural croplands and forest
vegetation. For soil surface roughness, it is generally described with the root-mean-
square (RMS), height (s), correlation length (L), and Gaussian or exponential
distributed autocorrelation functions (p) of the soil surface height (Martinez-Agirre et

al., 2017; Ulaby et al., 1979).
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In addition to that, radar signal interpretation will highly depend of soil moisture
conditions (Reddy, 2008). Soil moisture represents a critical variable, and plays a vital
role in linking the global terrestrial water, energy, and carbon cycles (Karthikeyan et
al., 2017). The surface soil moisture (~5 cm) is highly variable and important for the
sustainability for the agricultural crop growth (Salgado et al., 2001). Retrieving Surface
Soil Moisture (SSM) is still a challenge the remote sensing community as the SSM is
highly sensitive to the surface roughness, vegetation canopy, and soil texture
(Rondeaux et al., 1996). Soil moisture quantitatively describes the amount of water

present in the pore spaces of unsaturated soils. The soil moisture can be express in

3
water

term of volumetric units (—5— ), depth units ( Water) mass units (—gm), and
sotl soil soil
. . . Mactual . . .
relative soil moisture ( ). Several physically-based models, empirical, semi-
saturation

empirical, regression and machine learning models have been developed to monitor
SSM (F. Del Frate et al., 2003; Karthikeyan et al., 2017). In-situ measurements are the

most important input for all these models for high accuracy.

Generally, radar signals are more sensitive to the surface soil moisture at low
frequencies, and low incidence angles (Ulaby et al., 1983) and the radar signals with

high incidence angle are more sensitive to the soil surface roughness (Zribi et al.,

2019).

1.3.2.4 Polarymetry Basics

The electromagnetic waves have intrinsic vector nature. Wave polarization concept is
necessary to understand the complete description of wave propagation and wave
scattering phenomenon. Polarimetry is the science which measures and interprets the
polarization properties of an object’s backscattering pattern. An electromagnetic wave
is composed of electric and magnetic field vectors varying in time and space in a plane
which is perpendicular to the direction of wave propagation. In free space plane,
electric and magnetic fields propagate at the speed of light (3*10% m/sec). The wave
propagation is orthogonal according to Maxwell’s equations. Due to this reason, the
behavior of electromagnetic wave can observed electric field vector as a function of

time and space. The representation of this electric vector function can be present as:
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Eyx cos (wt — kz + 8,)
E(z,t) = |Eqy cos (wt — kz + &)
0

With...

Normally, the spatial evolution of a monochromatic wave in a space plane follows a
helical trajectory along the Z axis. The three-dimensional helical curves are difficult to
present and to perform practical experiment. Due to the complexity to present and
analyze the three-dimensional helical trajectories. Generally, it is preferable the
characterization of a wave in time domain at a fixed position (Lee and Pottier, 2009).
The temporal behavior within the equi-phase plane has been studied. This is
orthogonal to the direction of wave propagation and at a fixed location along the 2
axis. With time the wave propagates through equi-phase plane and describes the
characteristic elliptical locus. Figure 17 shows the temporal trajectory of a
monochromatic plane wave at a fixed position also known as polarization ellipse,

which describes the wave polarization.

Figure 17 Temporal trajectory of a monochromatic plane wave at z = z, (at a fixed
abscissa).
Source: (Lee and Pottier, 2009)

At a fixed time, t = t, , electric field of the propagating electromagnetic wave is
composed of two orthogonal sinusoidal waves. In general, these sinusoidal waves have
different amplitudes and phases at origin. Figure 18 shows the temporal evolution of

a circularly polarised plane wave.
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Figure 18 Spatial evolution of the circularly polarised plane wave.

1.3.2.5 SAR image processing

- Calibration

SAR image is a 2D array of pixels which is formed by the columns and rows (Lee and
Pottier, 2009). Each pixel is providing a complex number associated with the
reflectivity of all scatterers, and these complex numbers are containing the amplitude
and phase information of the scatterers. The polarimetric SAR data is consist of four
polarimetric backscattering polarisations (HH, HV, VH, and VV). These polarimetric
backscattering polarisations are interacting differently with earth surface features.
These backscattering’s are a function of various parameters like:

(i) wave frequency (f),

(i)  wave polarization,

(iii)  imaging configuration (incident angle and scattering direction),

(iv)  object geometric structure, and

(v)  object dielectric properties.
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The SAR image calibration can be implemented on complex (real and imaginary parts)
radiometric and geometric components (Luscombe, 2009). As a SAR is an imaging
measurement instrument, and for all measurement instruments, it is required to
calibrate the values measured (Erlangung, 2016). The SAR image primary
measurement quantities are:

(i) amplitude;

(ii)  phase;

(iii)  location.

The pre-processing algorithms can be implemented to remove noise from the SAR
polarization images. Results can be achieved according to the objective of image
procurement (like crop biophysical properties, surface soil moisture, flood
monitoring, soil surface roughness studies, forest studies, urban studies, etc.). For
backscaterring coefficients analysis, we need to apply equation 5 to convert images

from linear to decibel (dB).

0°(dB) = 10.log10(c°linear) Equation 5
Where, g°linear(dB) = (Ks.DN? — NEBN).sin (8) Equation 6

Ks is a calibration constant, DN is the digital number of a pixel (amplitude), NEBN is
noise equivalent beta naught (sensor noise), and 0 is incidence the angle of the radar

signal.

Table 5 List of polarizations.

Description Reference
Polarization
Horizontal transmission and horizontal
o°hh ..
receiving
Horizontal transmission and vertical
o
o°hv receiving (Oh et al., 1992;
vertical transmission and vertical | Ulaby, 1975)
og°vv . .
receiving
Vertical transmission and horizontal
o°vh . .
receiving
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- Speckle reduction

Speckle is granular noise which is inherent to SAR images and generally degrades the
backscattering signal/image quality. Speckle noise, in the conventional radar, results
from the random fluctuations in backscattering signals. Due to each resolution cell is
associated with an extended target which contains several scattering centers. These
cells elementary returns by positive or negative interference can cause light or dark
image brightness, which is also called “salt and pepper” appearance. Figure 19
illustrates speckle in the homogenous earth surface region with full constructive
interference (brightest), full destructive interference (darkest) and varying degrees of

interferences (at various greyscales).

Full constructive —~——
interference

Full destructive
interference

Varying degrees
of interference

Figure 19 Schematic sample of a Radar image. (Source : CCT)

The constructive and destructive interferences are occurring due to the phase
intervals between the backscattering signals. The intensity of the resulting combined
signal will be amplified by constructive interference if the returning waves are in phase
with one another. The destructive interference is causing due to the returning waves
from within a pixel are at completely opposite phases, and they tend to reduce each
other’s intensity in the combined signal. The speckles are causing in the radar signal
due to the constructive and destructive interference produce a random pattern of
brighter and darker pixels in radar images. Figure 20 presents the difference between

constructive and destructive interference formation from backscattering signals.
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Constructive Interference

Resulting
Signal

Destructive Interference

NS N

Resulting Signal

Figure 20 Constructive and destructive interference of the Radar signal.

The image analysis and interpretation processes are getting affected due to speckles
in the SAR images. Speckle can be considered as noise in image processing, and we
can identify them by comparing each pixel in an image with its neighbor pixels. The
pixel of an image is assumed to contain noise if the difference between a given pixel
value and its surrounding pixels values exceeded an analyst specific threshold. Main
cause of the speckles in SAR images is the coherent interface of reflected waves
scattered from the various elementary objects (Goodman, 1976; Lee and Pottier, 2009).
The noise of a pixel can be reduced by replacing that pixel value with the average of
its neighbor values. Usually, 3*3, 5*5 or 77 moving neighbors or windows of the pixel
is used in such processes. Polarimetric SAR speckle noise can be reduced by
implementing various polarimetric filtering methods presented in figure 21, known as
Boxcar, Median, Lee, Refined Lee, Lee Sigma, Frost, Local statistics, Refined local
statistics, Geometrical, Morphological, Maximizing a posteriori probability, IDAN

(Intensity-Driven Adaptive-Neighbourhood), etc.
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1 SAR images Speckle filtering techniques

‘ Boxcar/ Mean filter ‘ ’ Median ‘ ‘ Lee ‘ ‘ Frost
f
[ i | ]
v | )
’ Local statistics 1 | Refined Lee ‘ 1 ‘ Lee Sigma ‘
Refined local Geometrical Morphological ' Maximizing a posteriori
statistics ‘ probability

Figure 21 Speckle filtering techniques of the SAR images.

The Boxcar filter is incoherent averaging of covariance/coherency matrices with fixed
window size (Lee et al., 1994). Over homogenous land use and land cover areas like
agricultural land Boxcar filter shows the best filtering performance comparison to
other filters to polarimetric SAR images (Pichierri and Hajnsek, 2017). Boxcar has some
drawbacks as sharp edges and point scatters. Refined lee filter is a minimum mean
square error (MMSE) filter, and it was developed based on the multiplicative model
(Lee et al., 2015). Speckle noise near strong edges remains challenges for the refined
lee filter. IDAN is a conventional filtering method with pixels selection from
homogeneous areas inside a fixed window size (Cao et al., 2011). Lee sigma filter
estimates Gaussian noise distribution and filters the central pixel for a defined window
(Lee, 1983; Lee et al., 2015). In the improved sigma, filter has come out with the
drawback of sigma lee that it the mean of pixels within two sigma range is always
underestimated due to maybe noise distribution is not symmetric (Lee et al., 2009).
Frost filtering technique commonly used to correct multiplicative noise by smoothing

radar images (Frost et al., 2012; Singh et al., 2014).

The main objective of speckle filtering is to reduce noise in uniform regions using
some type of averaging. The process is performing with preserving brightness
variation that occurs at boundaries between regions of different overall brightness.
Figure 22 shows some example of speckle filter noise removal outcomes using various

window size. Filters are reducing the noise but not eliminating the speckle noise.

54

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 1 : Irrigated area monitoring in India

According to the application and to improve image quality number of filters may be
required to use to reduce speckle to an acceptable level. Variation in pixel value after
and before noise reduction with the loss of spatial resolution needs to be determined

for the images and interpretation objectives.

Original ima

ge

Mean

Non filter

Lee

Frost

Figure 22 Examples of speckle filters with different window size.
Source: CCT.

- Visualisation and interpretation

The RGB color composite can be constructed to visualize SAR backscattering signals
from earth surface features as for optical images. A False Color Composite (FCC) can
be created considering HH, HV and VV polariation's with respectively red, green and

blue bands of color.

In this part, to illustrate the different steps of processing, we used a Radarsat-2 (C-band)
image in polarimetric mode acquired the 8 June 2013 on the study area in India

(Berambadi watershed).
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Figure 23 is representing the construction of FCC using SAR backscattering’s
polarizations. In the composite color of SAR backscattering polarizations reserve
forest (west) is highly sensitive the green color or HV polarisation. It is representing
the cross-polarization is more sensitive to forest land monitoring. The purple color is
representing in most of the agricultural fallow lands, which is representing the red
color (HH polarization) and blue color (VV polarization) are more sensitive to the
fallow lands. The waterbody (in black) is having least backscattering with the cross-
polarization (HV pol), which can also help to distinguish water body for other land

surface features.

HH Polarization

Agriculture

HV Polarization

¥
7 s

RGB color composite of C-band SAR
Date: 08" June 2013

VV Polarization

Figure 23 Example of False Color composite of Radarsat-2 (RSz) with the 3
polarizations (VV,HV,VV) on the Berambadi watershed (in Yellow).
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- Scaterring Matrix elements extraction

The electromagnetic wave propagation takes particular time and space to teach a
target, and its backscattering from the target after its interaction is presented in figure
24. Radar equation can derive from describing the electromagnetic wave interaction
with a given target or object. The radar equation can establish a relation between the
power that the targets intercepts from the incident electromagnetic wave and the

reradiated power by the same target in the form of scattered wave.

Scattered wave
far field approximation

E(r)=E%e/tr

Incident wave

Figure 24 The electromagnetic wave interaction with a target.
Source: (Lee and Pottier, 2009)

The governing radar equation to describe the interaction of the electromagnetic wave

with a target can be express as equation 7.

4mrf 4mr

PR:

Equation 7

where Pr represents the total power detected by the receiving system, Pr is
transmitted power, Gt is the transmitting antenna gain, Agr is the effective aperture

of the receiving antenna, rr is the distance between the target and receiving system, 6

is the azimuth angle, and @ is the elevation angle.
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Radar cross-section area o determines effects of the target of interest on balance of

powers established by the following radar equation number 8.

|Es|? .
o= 4mr? ﬁ; Equation 8
I

Here the radar cross-section of a target is a function of large number of parameters
which may not be possible to consider individually. These parameters can be broadly
divided into two sets; the first set of these parameters are connecter with the imaging

system are:

i.  Wave frequency f,
ii. Wave polarization, and

iii.  Imaging configuration: incident (8, @) and scattering (6s, @s) directions.
The second set of parameters are comparatively related to the target itself:

i.  The geometrical structure of the object or target, and

ii.  Dielectric properties of the object or target.

The scattering matrix elements can be related to the radar cross-section of a given

target as follow equation number g.
Igp = 4”|qu|2 Equation g

[t follows that in the Horizontal-Vertical basis or in the Cartesian basis, the 2*2
complex backscattering S matrix can be expressed as the equation 10 (Lee and Pottier,
2009).

Sy =

S S )
[ XX XY] = S(@,@) = [ Equation 10

Stu SHV]
Syx  Syy

Sy Syy
The S matrix elements Syy and Sy are producing power return in the co-polarized
channels and the elements Syv and Sy are producing the power return in the cross-
polarized channels. The reciprocity theorem (in case of reciprocal propagation

medium) can be applid to the backscattering matrix. And the backscattering matrix
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can be symmetric if the role of transmitting and receiving antennas are interchanged

and can be write as Sy - Sy (Lee and Pottier, 2009).

The total scatter power of the polarimetric radar system is called Span. The span of a

polarimetric radar system can be express as the equation 11.
Span =T, (S S*T) = |S;11% + [S121% + 155112 + 155,12 Equation 11

where T}-(A) represents of a matrix A. As per the reciprocal theorem, in the monostatic
case (backscattering direction) the Span can be express as the equation 12 and can be

represented in picture format as figure 25.

Span =T, (S S*T) = |S111% + 2|S121% + [S,2]? Equation 12

Figure 25 Example of Grey-scale representation of Span estimation for the image
Radarsat-2 QuadPol acquired the o8™ June 2013 (Berambadi watershed, India).

The monostatic case (backscattering direction) os a given target can be characterized
by five parameters: three amplitudes and two relative phases. In the monostatic case,
the backscattering matrix S can be express either in the “backscattering alignment”

(BSA) or “forward scatter alignment” (FSA) convention, this is called the Sinclair S
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matrix (Lee and Pottier, 2009). The BSA or FSA convention of S backscattering matrix

can be express as equation 13.

=1 0 '
Spsa = [ 0 1] Srsa Equation 13

The classical 2x2 coherent Sinclair matrix S (Figure 26) can be represent by the vector

V(-), as follow equation number 14 (Lee and Pottier, 2009).

. [Sxx Sxy] =k =V(S) = ~T.(S¥) Equation 14
Syx Syyl = 2

where ¥ is a complete set of 2x2 complex basis matrix. The matrix components are

constructed as an orthogonal set under the Hermitian inner product.

Sinclair matrix
Date: 08" June 2013

Figure 26 Example of False Color Composite of Radarsat-2 (RSz) with the 3
components of the Sinclair matrix on the Berambadi watershed (in Yellow).
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- Polarimetric coherency or covariance matrices

The concept “distributed target” arise due to all radar targets are not stationary or
fixed; they are generally situated in a dynamically changing environment. These
dynamically changing environments are subject to spatial and temporal variations.
Such scatterers are called as partial scatterers or distributed targets; these scatterers
are analogous to the partially polarized waves. Even though the environment is
dynamically changing, we need to make assumptions concerning stationary,
homogenous, and ergodicity. It is required to study this property more precisely by
introducing the concept of space and time-varying stochastic processes. The target or
the environment can be described by the second-order moments of the fluctuations.
These moments of the fluctuations can be extracted from the polarimetric coherency

or covariance matrices.

In the bistatic scattering case, the 4x4 polarimetric Pauli coherency T, matrix and the
4x4 polarimetric Lexicographic covariance €, matrix can be generated from the outer
product of the associated target vector with its conjugate transpose (Lee and Pottier,
2009; Niu and Ban, 2013). The Pauli coherency T, matrix and Lexicographic covariance

C4 mathe trix can be write as the equation 15 and 16 respectively.
T, ={k-k*T) Equation 15
Cy, = (02-02°T) Equation 16

Where the (...) indicates the temporal or spatial ensemble averaging with assuming

homogeneity of the random medium.

The 4x4 polarimetric Pauli coherency T, matrix (equation 15) can be rewritten and

express as equation 17,

kil? kiky" keks® kgky'
Kok [Kol? koks® Kok,
kak," ksko®  [ksl? Kk,
keky' Kako' kaks® o [kyl?

T, = Equation 17
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where the matrix components can be eloborate as: ki= Shh+ Sw, ko= (Shh - Sw), k3= (Shv
+ Svh)) k4: (Shv" Svh)

The 4x4 Lexicographic covariance C, the matrix can be rewrite and present as the

equation number 18.

1217 %97 9,07 0,0,
D07 |7 003" Q0,7
030;" Q0" Q37 Q30,7
Q017 00,7 Q05" Q)2

Cy = Equation 18

where the matrix components can be elaborate as Q.= Shh, £ >= Shv, 5= Svh, £ 4= Sw.

During construction of the polarimetric coherency T, matrix and polarimetric
covariance C, matrix, it needs to note that both matrices are Hermitian positive
semidefinite matrices. These matrices satisfy the equation 19, and they contain non-

negative eigenvalues and orthogonal eigenvectors.
T,.(T,) = T,.(C,) = Span Equation 19

In monostatic backscattering, the reciprocity contains Sinclair scattering matrix in
symmetrical form (Syy = Syy). Thus the four-dimensional polarimetric Pauli
coherency T, matrix and the polarimetric Lexicographic covariance €, matrix can
reduce to the three-dimensional matrices. The three-dimensional polarimetric
coherency T; matrix and the covariance C; the matrix can be rewritten as equation 20

and 22 respectively.

(IShh + Svv|?) (Shh + Svv){((Shh — Svv)*) 2((Shh + Svv)Shv*)
(Shh — Svv){(Shh + Svv)*) {|Shh — Svv|?) 2((Shh — Svv)Shv*)
2(Shv(Shh + Svv)*) 2(Shv(Shh — Svv)*) 4(|Shv|?)

Equation 20

Figure 27 presents the RGB color combination of various diagonal components of

coherency matrix T3.
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T11

N

™N

T3 Matrix
Date: 08" June 2013
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Figure 27 Example of False Color Composite of Radarsat-2 (RS2) with the 3
components of the Coherency (T3) matrix on the Berambadi watershed (in Yellow).

The polarimetric coherency T; matrix can also be rewritten as equation 21.

2(Ao) (O —j(D) (H)—j(G)
T; = |{C)+i(D) (By)+(B) (E)+j(F) Equation 21
(H) —j(G) (E) —j(F) (B,)—(B)

Coherency matrix ([T3]) is a set of nine independent parameters like A, (total scattered
power from the targets regular, smooth and convex depolarizing components), Bo
(total scattered power from the targets irregular, rough and non-convex depolarizing
components), Ao+Bo (total scattered power), Bo+B (total symmetric depolarized
power), Bo-B (total non-symmetric depolarized power), C&D (local and global shape
depolarization components of symmetric targets), E&F (local and global twisting
depolarization components due to non-symmetries), G&H (local and global coupling

between symmetric and non-symmetric terms).
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The three-dimensional polarimetric covariance C; matrix can be express as equation
22 and presented as figure 28. It presents the various diagonal components of the

covariance three-dimensional matrix.

511/ \/25113i2 $11522
C3 = (V251581 2|S121? V254,55 Equation 22
22811 V255,81, 1Sal?

Where, Su = Shh, Sll = Sh\', Szl = S\'h, S:: = dvv.

C3 Matrix
Date: 08t June 2013

Figure 28 Example of False Color Composite of Radarsat-2 (RS2) with the 3
components of the covariance (C3) matrix on the Berambadi watershed.

- Polarimetric decompositions
The polarimetric decomposition can be divided mainly into two categories: coherent
decomposition or pure scatterers and in-coherent decomposition or distributed
scatterers (Figure 29) (Lopez-Martinez and Poitter, 2015). The objective of the

coherent decompositions is to express the measured scattering matrix by the radar.
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[n-coherent decomposition, as its clear from the name, when the in-coherency is there
in the transmission or receiving signal, this kind of decompositions were used for the

image classification.

The commonly used coherent decompositions are Pauli decomposition, Krogager
decomposition, and Cameron decomposition. On the contrary, to handle speckle
noise present in the images can characterize statistically using in-coherent
decompositions. The in-coherent decompositions can be further divided into three
categories like model-based freeman decompositions, phenomenological huynen
decomposition, and the eigenvector-eigenvalue based decomposition. Polarimetric
decomposition algorithms like Cloude, Yamaguchi, VenZyl, Generalized Freeman-
Durden, Freeman-Durden Sinclaire, and Pauli provides information from the surface,
double-bounce and volume scattering. Polarimetric decomposition algorithms like
Cloude, Yamaguchi, VenZyl, Generalized Freeman-Durden, Freeman-Durden
Sinclaire, and Pauli provides information from the surface, double-bounce and volume

scattering.

SAR images polarimetric scattering
decomposition theorems

,, |
[ |

‘ Coherent ‘ | Incoherent '
4' v I v
- Pauli Three-component Four-component Non-Negative Eigenvalue
- Krogager - Freeman-Durden - Yamaguchi - Van-zyl
- Cameron L

Eigenvector-eigenvalue Touzi

(Cloude-Pottier)
- H-AAlpha

Figure 29 SAR images polarimetric decomposition algorithms.

The Pauli, Krogager and Cameron polarimetric decompositions are coherent
polarimetric decompositions. Freeman-Durden (three-component), Yamaguchi

(four-component), Van-Zyl (non-negative eigenvalue), Cloude-Pottier or H-A-«
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(eigenvector-eigenvalue) and Touzi polarimetric decompositions are categorized as
an incoherent polarimetric decomposition algorithm (Lee and Pottier, 2009; Lopez-
Martinez and Poitter, 2015). Scattering matrices allows the characterization of a
scattering object for a given frequency and geometry. These matrices provide
information at a particular combination of transmitting and receiving polarization
states (Lee and Pottier, 2009). The polarimetric SAR images are becoming complex
due to the complexity of scattering processes and the high variability of scattering
objects (Lopez-Martinez and Poitter, 2015). Polarimetric decomposition algorithms
are using these coherency and covariance matrices as input to provide a solution for

land use and land cover interpretation.

Pauli decomposition presents the scattering S matrix in the form of the complex sum
of the Pauli matrices. Here an elementary scattering mechanism is associated with
each basis matrix. The Pauly decomposition with scattering components can be

express as equation 23.

[Shh Shv _ L 0], eyl 01, 0 1]+i[1, ‘f] Equation 23

5] Shv Swvl vzlo 1l vzlo -1l vzl1 ol "vz[j 1

where a, b, ¢, and d all are complex components as presented in equation 24, 25, 26,
and 27, respectively.

SHHS ,
a =22V Equation 24

V2
b= Si”\/—fﬂ Equation 25
c= M’\/Jr_—;w Equation 26
d= ﬂf_‘/\/‘ﬁﬂ Equation 27

Pauli decomposition application to the deterministic targets can consider the

coherent composition of four scattering mechanisms (Lee and Pottier, 2009):

i.  scattering from the plane surface (single or odd-bounce scattering)
ii.  scattering from the diplane (double or even-bounce scattering)
iii.  scattering from the volume-surface (random scattering or oriented target

scattering)
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iv.  all antisymmetric components of the scattering S matrix.

The Pauli polarimetric decomposition RGB color composite representation was shown

in figure 3o.
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Figure 30 Example of False Color Composite of Radarsat-2 (RS2) with the 3
components of the Pauli polarimetric decomposition on the Berambadi watershed.

The Entropy (H), Anisotropy (A) and Alpha angle («) polarimetric descriptor is an
incoherent decomposition. In the year 1997, S. R. Cloude and E. Pottier proposed an
innovative method for extracting average parameters from the experimental datasets
using a smoothing algorithm based on the second-order statistics (Cloude et al., 1997).
This method is not relying on any assumption of a particular underlying statistical
distribution. So, this model is free from the physical constraints imposed by such
statistical multivariate models. An eigenvector analysis of the three-dimensional (3x3)
polarimetric coherency matrix is used due to it is providing a basis invariant

description of the scatterer with specific decomposition types of scattering processes
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(the eigenvectors) and their relative's magnitudes (the eigenvalues). The eigenvalues
used to construct the entropy polarimetric descriptor with values ranging from o<H<1
(Dore, 2014). The entropy polarimetric descriptor provides information about the
randomness of scattering mechanisms associated with the T3 coherency matrix. All
components of the H-A-alpha polarimetric decomposition is presented in figure 32.
The RGB color composite in figure 31 used entropy, anisotropy and alpha-angle as red,

green and blue color respectively.

Entropy

Anisotropy

H-A-Alpha polarimetric decomposition
Date: 08™ June 2013

Alpha angle

Figure 31 Example of False Color Composite of Radarsat-2 (RS2) with the 3
components of the Cloude-Pottier decomposition on the Berambadi watershed.

In the year 1997, Cloude and Pottier have proposed an unsupervised classification
scheme based on two-dimensional H/« plane with all random scattering mechanisms
representation (Lee and Pottier, 2009). The basis of this idea was to represent entropy
scattering mechanisms of the inherent revisability from various earth surface features.
The alpha angle - entropy relation can be used to identify the underlying average

scattering mechanisms. The H/« plane (Figure 32) is sub-divided into nine basic zones
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according to various earth surface features with respect to the different scattering

behavior.

BRANCH / CROWN

STRUCTURE
Alpha CLOUD OF ANISOTROPIC
NEEDLES
angle E

NO FEASIBLE

REGION

0.2 04 i 086 0.8 ' 1

Entropy

Figure 32 H-A-Alpha plane representation.

Source:(Lee and Pottier, 2009)

In the H/a plane, the boundary values are set on basic scattering mechanisms
properties (corresponds to the H and «) of the earth surface features. Even though
some degree of arbitrariness can be found, which are not dependent on a particular
dataset. The successful implementation of H/A/« polarimetric decomposition for the
earth surface monitoring is widely used for the research activities. The Shannon
Entropy has been introduced by J. Morio in the year 2007 as a sum of two components:
intensity (SE;) and polarimetry (SEp) (Morio, 2007; Réfrégier and Morio, 2006). The

Shannon Entropy can be express as equation 28.
SE = log(n3e3|T;|) = SE, + SEp Equation 28

where SE| is the intensity contribution, which depends on the total backscattered
power and SEp is the polarimetric contribution which depends on the Barakat degree
of polarization (pT). The SE; and SEp terms can be express as equations 29 and 30

respectively.
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SE; = 3log (%’T) = 3log (@) Equation 29
T3] .
SEp =log (1 —p?) = log (27 Tr(;3)3) Equation 30

The Freeman-Durden polarimetric decomposition is a method to fit a physically-
based three-component scattering mechanism model in the polarimetric SAR
observations without utilizing any ground observations (Dore, 2014; Lee et al., 2006).
The Freeman-Durden polarimetric decomposition mechanisms of are based on canopy
scatterer from a cloud of randomly oriented dipoles, even-or double-bounce scatter
from a pair of orthogonal surfaces with a different dielectric constants, and Bragg
scatters from a moderately rough surface. Figure 33 represents RGB color composite

of various scattering mechanisms of Freeman-Durden polarimetric decomposition.

Double Bounce

Volume Scattering

FD polarimetric decomposition
Date: 08" June 2013

Surface scattering

Figure 33 Example of False Color Composite of Radarsat-2 (RS2) with the 3
components of the Freeman-Durden (FD) polarimetric decomposition on the
Berambadi watershed.
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The freeman decomposition models the covariance matrix ([C3]) consists volumetric
scattering (canopy scatterer can be modeled as a random dipole), double-bounce
scattering (modeled by the dihedral corner reflector) and surface or single-bounce

scattering (modeled by the first-order Bragg surface scatterer).

1.3.2.6 Evaluation of SAR data for irrigated areas monitoring

Optical remote sensing capacities are limited to regions like south of India with high
level of cloud cover while SAR remote sensing is not affected by atmospheric
conditions (Inoue et al., 2014). Furthermore, SAR data are highly sensitive to the soil
dielectric constant which increases with water content (Chen et al., 1995) that makes

it very relevant to irrigated cropland monitoring during entire cropping seasons.

Several studies have successfully conducted for irrigated cropland monitoring like
paddy rice fields monitoring using multi-temporal SAR datasets (Kumar et al., 2016;
Yuzugullu et al,, 2015; Y. Zhang et al., 2017). However, paddy rice fields are a special
case since they are inundated, which makes to distinguish SAR backscattering signals
for rice and non-rice fields. Few studies used SAR datasets for irrigated cropland
monitoring at high spatial resolution in except paddy fields multiple cropping
practices watersheds (El Hajj et al., 2014; Gao et al., 2018). SAR data is affected by the
soil moisture and vegetation growth so the irrigation events can be identified by the
SAR signals as it is changing the soil moisture in agricultural fields and it helps to the
cultures flourish (Gao et al., 2013). Gao et al. used C-band SAR time-series images form
Sentinel-1 satellite platform with VH and VV polarizations over Spain agricultural
watershed. They have estimated agricultural parcels scale mean backscatter
polarization intensities for the irrigated crops, irrigated trees, ad non-irrigated fields.
The Support Vector Machine (SVM) and Random Forest (RF) machine learning
algorithms were used to perform supervised classification and it was noticed that the
81.08% and 82.2 percent classification accuracy were estimated respectively for both

algorithms. (Ferrant et al., 2017) used time-series of sentinel-1 dual polarization with
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Sentinel-2 optical dataset to monitor groundwater irrigated croplands in southern
Indian watershed. They monitored irrigated cropland for the two cropping seasons
(Rabi and Kharif) with the error of 3.5% and 5% respectively. Hoang et al. used dual-
pol and quad-pol Radarsat-2 SAR multi-temporal images to monitor Rice crop in Cau
river basin in Vietnam (Hoang et al., 2016). They find SVM classification more accurate
and reliable than the thresholding techniques for the study. Hajj et al. monitored soil
moisture over irrigated grassland using X-band SAR data over southeast France. Study
used inversion technique based on multi-layer perceptron neural networks (NNs) to
invert Water Cloud Model (WCM) for soil moisture estimation with a root mean
square error (RSME) between 3.6 vol.% to 6.1 vol.% (El Hajj et al., 2016). Saheli et al.
used Radarsat-2 H/A/Alpha polarimetric decomposition to monitor agricultural crops
and forested areas in Germany (Salehi et al., 2017). Betbeder et al. used TerraSAR-X
dual-pol time-series images for wetland vegetation monitoring in northwest region of
France (Betbeder et al., 2015b). It was noticed from this study that the Shannon
entropy polarimetric decomposition classification using SVM algorithm can classity
wetland vegetations with high classification accuracies. Hajj et al. used TerraSAR-X
and COSMOS-SkyMed X-band SAR time-series images for irrigated grassland
monitoring in France watershed (El Hajj et al., 2014). The study shows the potential of
X-band SAR for irrigated grassland monitoring due to high penetration depth of the
X-band.

Irrigated cropland monitoring using SAR needs knowledge of agricultural and
hydrological sciences. Since the irrigation is time dynamic activity during the entire
cropping season, multi-temporal or time-series of SAR datasets are required for the
precise irrigation studies. Irrigated cropland monitoring study can assist with
polarimetric decomposition algorithms (Maryam Salehi et al., 2017), polarization
indices (El Hajj et al., 2016), physical models (Baghdadi and Zribi, 2016), semi-
empirical models (Baghdadi et al., 2017a), empirical models (Filion et al., 2016), and
vegetation contribution models (Gherboudj et al., 2011). The IEM model was first
introduced by the Fung et al. in 1992. Integral Equation Model (IEM) is a dominant
physical model to simulate the backscatter coefficient as a function of dielectric

constant, sensor parameters, radar frequency, SAR polarization, incidence angle, RMS
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height, correlation length and autocorrelation function (Chen et al., 1995; Steele-
Dunne et al., 2017; Zribi et al., 2013). Semi-empirical models are simplified mode of
physical models by addressing issues pertaining to the roughness conditions. These
models are having conceptual background of physical models with simulations or
experimental studies, that helps simplification of the model (Karthikeyan et al., 2017).
The most common widely applied in the literature semi-empirical models are
proposed by Oh et al. (1992) and Dubois et al. (1995). The empirical models are
confined to local-scale studies due to lack of physical basis. To calibrate the empirical
models, good quality in-situ observations of soil and agricultural practices is required.
Most of the studies with high accuracy conducted using physical, semi-empirical and
empirical approaches are valid under bare soil conditions. The effect of vegetation to
the SAR backscattering signals can also incorporate in these models to monitor precise
irrigated croplands. Attema and Ulaby (1978) introduced Water-Cloud Model (WCM)
to tackle the effect of vegetation and soil. The WCM is also a semi-empirical model by
nature as the model parameters are site-dependent and need to calibrate (Hosseini
and McNairn, 2017). The polarization indices and polarimetric decompositions can
provide the soil and crop variable to various models for precise irrigated cropland

monitoring.

1.3.3 Image classification algorithms

Land use and land cover classification can be performed with airborne and spaceborne
spatiotemporal images. Satellite image classification majorly divided into two parts:
unsupervised and supervised classification (Hoekman et al.,, 2011; Ma et al., 2017;
Thakkar et al., 2014). Supervised classification methodologies required precise ground
observation during the satellite pass date and time (Abbas et al., 2013; Palchowdhuri
et al., 2018; J. Zhang et al., 2017). In case if the ground observation is not precise to
calibrate remotely sensed images, the unsupervised classification using pixel
clustering algorithms can be used, and the validation can be obtained by comparing
other studies or government statistics (Alrababah and Alhamad, 2006; C. Liu et al.,
2018; Thakkar et al., 2014). Figure 34 presents various image classification techniques

(Chen et al., 2017; Liick and van Niekerk, 2016; Teluguntla et al., 2017).
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Commonly used supervised image classification algorithms are support vector
machine, neural networks, maximum likelihood classification, discriminant analysis,
and random forest classification (Figure 34). Supervised regression algorithms are
linear regression, GLM (generalized linear model), SVR (support vector regression),
GPR (Gaussian process regression), ensemble methods and neural network.
Unsupervised classification algorithms are based on clustering using the pixel value.
The main unsupervised classification or clustering algorithms are a k-mean, k-
method, hierarchical, Gaussian mixture, hidden-Markov model, EM-cluster, etc. (Du
et al., 2012; Ma et al., 2017). Artificial intelligence (Al) algorithm are most common,
and machine learning (ML) is part of it, which can be further subcategorized as deep
learning and data science. Chaos (Mangiarotti et al., 2018), object-based classification,
semi-supervised classification algorithms also can be implemented for precise land

use and land cover classification (Ma et al., 2017).

[so clustering

2 K-mean. K-methods
Supervised Un-Supervised Ehielustet

Hierarchical

Supportvector machine

Gaussian mixture

Random forest .
Hidden markov model

Neural network

Satellite
image
classification

Support vector regression

Ensemble methods

Discriminant analysis

Semi-supervised
Global modelling
Maximum likelihood classification Regression analysis

Generalized linear model

Gaussian process regression Deep learning

Others

Artificial intelligence

Figure 34 Image classification methods.

Support vector machine (SVM) was formerly known as binary classifiers with an
algorithm adapted to reduce the multiclass problems (Foody and Mathur, 2004). It

was developed in the late 1970s, but SVM became more famous for remotely sensed
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image processing in last decade due to algorithm’s flexibility and higher classification
accuracy outputs (Mountrakis et al., 2011; Pal and Mather, 2005; Zheng et al., 2015). An
SVM is a supervised non-parametric discriminative statistical learning classifier (Li et
al., 2007). SVM classifier performs supervised classification, in which it discriminates
training samples with multidimensional hyperplanes in the feature space
(Mavroforakis and Theodoridis, 2006). SVM is a set of supervised learning methods
widely used for the classification, regression and outlier detection (Guzman et al.,
2018; Pedregosa et al., 2011). Figure 35 is an example of the linear and non-linear

hyperplanes generated by the SVM classifier (Lardeux et al., 2009).
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Figure 35 SVM classifier scheme in linear (a) and non-linear cases.
source: (Lardeux et al., 2009).

SVM is well known for the optimal separating hyperplane between various classes with
the help of training cases. The training samples falling within the boundaries are the
most critical for discrimination, SVM accurately illustrate these samples and prioritize
them from the other classifiers. With comparison to other classifiers like neural
networks, decision tree, and discriminant analysis, SVM performs better in the case of
small training sets too (Betbeder et al., 2014a; Foody and Mathur, 2004). The samples
lie at the edge of the class distribution in feature space, SVM uses them as training
samples, while maximizing the likelihood classifier uses class means and covariance
of training samples as an input (Foody and Mathur, 2004; Zheng et al., 2015). It fits for

the remote sensing applications to perform precise land use and crop classifications
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(Low et al., 2013). The Guidici et al. (Guidici and Clark, 2017) study presented relative
study to classify land cover classification using two machine learning classifiers (RF
and SVM) and one deep learning classifier (Convolution Neural Network) and it was
noticed that that SVM and CNN classifiers are performing reasonably higher with
kappa classification accuracy 88%. With this review, we decided to choose the SVM
algorithm for our land use classifications. Quality of classification are validated by
estimating overall accuracy, confusion matrix (kappa coefficient), user’s accuracy
(inversely related to commission error), producer’s accuracy (inversely related to
omission error), and bias (bias = user’ accuracy - producer’s accuracy) (Foody, 2002;
Schultz et al., 2016). The kappa coefficient can be obtained using confusion matrix by
estimating overall classification accuracy to validate the classification outputs

(Gumma et al., 2016; Pefia-Arancibia et al., 2014; Qiu et al., 2018).

Conclusion of the chapter

[n this first chapter, we presented the “Green Revolution” in India and its contribution
to irrigation problematics. In particulary, we discussed on the groundwater depletion
in the past decades and its relation with irrigation agricultural practices. We further
discussed on remote sensing theory and its applications as it represents a very
interesting tool for monitoring irrigated areas. The role of optical and SAR remote
sensing for irrigated cropland monitoring is in-depth, reviewed and discussed. Optical
and SAR indices estimation and their application for irrigated areas monitoring are
presented as they can provide interesting inputs for the physical, empirical and semi-

empirical models for precise irrigated cropland monitoring.
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Summary

This chapter gives detailed information about the experimental watershed, performed
ground observations for the agricultural cropland monitoring, and the satellite
datasets used for the thesis research work. The detailed synthesis of various crops

cultivation and satellite data treatment is presented in the chapter.

2.1 Introduction

Berambadi watershed is a part of the Kabini river basin, which is a major tributary of
the Cauvery river located in southern peninsular India (Sekhar et al., 2016) (Figure 36).
Kabini river basin (Area ~ 8,000 km?) is also identified as a Critical Zone Observatory
(CZO) (Feng et al., 2017; Sekhar et al., 2016; Seyfried et al., 2018). Berambadi watershed
is monitored by the Indo-French cell for water sciences (IFCWS-IISc) since the year
2002 under various national and international research projects (Ruiz and Sekhar,

2016; Sekhar et al., 2016; Sekhar and Ruiz, 2010).

The Berambadi watershed is established under project AMBHAS (Assimilation of
Multi-Satellite at Berambadi watershed for Hydrology and land Surface experiments)
(A.K. Sharma et al., 2018; Tomer et al., 2015) as a calibration (CAL) and validation
(VAL) site of various satellite missions like Radarsat-2, Soil Moisture and Ocean
Salinity (SMOS) and Radar Imaging SATellite (RISAT-1). Berambadi watershed was
established by IFCWS-IISc laboratory to perform various hydro-bio-geo-chemical
studies (Ruiz et al., 2016; Sekhar et al., 2016; Sriramulu et al., 2017b), socio-ecological
studies (Robert et al., 2018, 2017b), and land surface studies (Eswar et al., 2016; Sharma
et al., 2016; Tomer et al., 2015). The Berambadi experimental watershed is located in

the Gundlupet taluk, Chamrajanagra district of Karnataka state in south India.
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Figure 36 Location of the Berambadi watershed.

The thin layer between the top of the canopy and bottom of the groundwater aquifer
involving rock, soil, water, air and living organisms where all complex interactions are
happening is responsible for the natural habitat and availability of life-sustaining

resources (NRC report 2001, (Sekhar et al., 2016). This thin layer is known as Earth
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Critical Zone. The Berambadi watershed is established as a pilot study of the Kabini
CZO. The CZO’s main objectives are to monitor water-soil-life interactions and impact
of climate change and LULC changes and their impacts on hydrological and biological

fluxes (Banwart et al., 2013; Sekhar et al., 2016; Seyfried et al., 2018).

2.2 Berambadi watershed characterization

Berambadi watershed is characterized as an agricultural watershed with intensive
groundwater irrigation. The total area of the Berambadi watershed is 89 km?. The 58%
land of the watershed is characterized as an agricultural cropland, and approximately
20% of the agricultural croplands are characterized as an intensive groundwater
irrigated cropland. The Berambadi watershed is an excellent example of a complex
agrosystem with high variability in the form of land-use dynamics and land-use
practices. Major land use and land cover categories in the watershed are agricultural
cropland (approximately 52%), reserved forest (about 32%) and others like settlement,
waterbody, wasteland, road network, etc. (about 16%) (A K Sharma et al., 2018). The
North-west and southern part of the Berambadi watershed is surrounded by the
Bandipur reserve forest. Berambadi watershed is an agricultural watershed with high
variability of land-use practices. Majority of farmers are rainfed cultivation crops
(during monsoon and post-monsoon cropping seasons) in the watershed and

groundwater is the only source of irrigation in the Berambadi watershed.

The Berambadi watershed is focused to monitor groundwater level, groundwater
quality, soil hydraulic properties, rainfall distribution, crop types, land-use practices,
surface soil moisture, root zone soil moisture, farmers decision for crop production
and adaptation of farming practices for climate-changing conditions (Ruiz et al., 2016;
Ruiz and Sekhar, 2016; Sekhar and Ruiz, 2010). To increase the water holding capacity
of farmland farmers use to transport rich clay soil from the downstream or ponds and
use to mix in their farmlands (Sriramulu et al., 2017a), which may increase the farm

salinity too (Kizza, 2016).
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National Bureau of Soil Survey and Land Use Planning (NBSS-LUP) has classified the
soil map of the Berambadi watershed. Soil texture in the Berambadi watershed can be
categorized into six main soil texture categories (Figure 37) like clay (17%), clay loam
(7.6%), sandy loam (13.4%), gravelly loamy sand (9%), loamy sand (3.3%), and sandy
clay loam (50.2%) (Anuraga et al., 2006). Clay soils are existing in the valleys of the
watershed, and they are considered as a fertile with high water holding capacity soils

(Ferrant et al., 2016; Grisso et al., 2009).

Bl Clay ' Loamy sand
~ Clay loam 1 Sandy clay loam
Sandy loam | Stttlement
" Gravelly loamy sand Il Water bodies

Figure 37 Surface soil texture of the Berambadi watershed.

Indian Meteorological Department (IMD) has characterized four meteorological
seasons in India, winter (January and February), pre-monsoon (March to May), south-
west monsoon (June to September) and post-monsoon (October to December).
According to the local weather condition farmers are planning to cultivate the crops.
As presented in figure 38, the study site mainly cultivated three crops (kharif, rabi,

and summer) in a year. The long-term (annual) cumulative rainfall
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(kharif+rabi+summer) in the study region from the year 1951 till 2016 daily rainfall data
(Figure 38) has been collected from the Gundulupete taluk weather station

(maintained by the Karnataka State Natural Disaster Monitoring Centre (KSNDMC)).
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Figure 38 Annual rainfall in the Gundulupete taluk from the year 1951 till 2016.

Annual precipitation for the cropping year 2015 = Precipitation (kharif 2015 + rabi 2015-
16 + summer 2016). The Berambadi watershed is characterized as a semi-arid climate
zone with an annual rainfall of approximately 8oo mm (Javeed et al., 2009). The annual
potential evapotranspiration (PET) in the watershed is about 1100 mm (Eswar et al.,
2016; Tomer et al., 2015). The higher annual PET of approximately 300 mm in the
watershed is due to intensive groundwater irrigation practices (A K Sharma et al.,
2018). The monthly cumulative rainfall (precipitation) in the watershed (Muddur
weather station) is presented in Figure 39 from the year 2004 till the year 2018 with
some data gap in the year 2008-09 and 2012. The south-west monsoon is dominant in

the Berambadi watershed with cumulative seasonal rainfall of approximately 550 mm.
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Figure 39 Monthly cumulative rainfall in the Berambadi watershed for the year 2004

till 2018.

Shuttle Radar Topographic Mission (SRTM) 1 arc-second product (Y. Liu et al., 2018;
Xiong et al., 2017) with 30 m spatial resolution Digital Elevation Model (DEM) is used
with Soil Water Assessment Tool (SWAT) model (Di Luzio et al., 2002) to delineate
the watershed boundary and drainage network (Figure 40). The highest and lowest
altitude in the Berambadi watershed is respectively 1369 m and 807 m. The main
drainage of the watershed is connecting reserve forest in the west and the outlet of

the watershed in the east.
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Figure 40 DEM of the Berambadi watershed.

2.2.1 Cropping seasons

Crop production in the Berambadi watershed primarily depends on the monsoon
rainfall. Farmers adopted local climatic conditions and growing various crops
according to the local cropping seasons (Robert et al., 2017b). Mainly, the Berambadi
watershed is characterized into three cropping seasons known as summer, kharif, and
rabi (Figure 41). Kharif cropping season follows the main monsoon duration, and it
was noticed by the ground survey that the during kharif season approximately 95% of
farmers are cultivating their farmlands. The crops in this season are divided into two
main categories rainfed and irrigated. The major rainfed crops of this season are
maize, country beans, sunflower, marigold, sorghum, finger millet and, groundnut.
Main irrigated crops of kharif season are chili, onion, beetroot, solar beans, tomato,
turmeric, ginger, sugarcane, and banana. In case of insufficient rainfall or shift in rainy

days’, farmers use to partial irrigate their croplands. Even though it depends on the
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groundwater facility availability with farms. Sometimes farmers use to borrow or

purchase water from the neighborhood farmlands to protect their crops.

Kharif Season Rabi Season
Summer Season
(monsoon) (post-monsoon)
15th Jan to 15t May 15t May to 15t Sept 15t Sept to 15t" Jan
Maize Maize
Country beans Country beans
- Sunflower Chickpea
Non-irrigated
g Marigold Groundnut
crops
Sorghum Horse gram
Finger millet Gram
Groundnut Cotton
Watermelon Chilli Solar beans
Beetroot Beetroot Garlic
Cabbage Solar beans Cabbage
Irrigated Tomato Tomato Beetroot
Turmeric (8 to 9 months)
crops
Sugarcane (12 months)
Banana (12 months)
Figure 41 Crop calendar.

Rabi cropping season begins in September with some extended crops like turmeric,
banana, sugarcane and, ginger. During rabi season, mainly irrigated and non-irrigated
crops are cultivating. Due to less rainy days, the total area for non-irrigated cropland
is lesser than kharif cropping season. The main non-irrigated crops of this season are
maize, country beans, chickpea, groundnut, horse gram, gram, and cotton. Due to
recharge after monsoon cropping season (in normal monsoon year farmers are not
pumping the groundwater and this duration the groundwater is getting recharge (A K
Sharma et al., 2018)), farmers with borewell facility are cultivating irrigated crops like
solar beans, garlic, cabbage, beetroot, turmeric {continues from the kharif season),
sugarcane and banana. Summer cropping season does not have fixed rainy days, so it
completely depends on the groundwater irrigation. The main crops of this season are
vegetables, watermelon, beetroot, cabbage, tomato, sugarcane, and banana. Due to
non-availability of rainfall, the PET in summer season is higher than the kharif and

rabi (Eswar et al., 2016; Sekhar et al., 2016).
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2.2.2 The diversity of farming practices

Multiple crops with various cropping management practices make the system
complex to study using remote sensing techniques. It is important to understand the
various crop growth stages and the farm management practices in the Berambadi
watershed by field surveys. A total more approximately 30 crop varieties are
cultivating in the watershed. Some crops are seasonal, some are dual season and some

crops span is annual.

Turmeric (Figure 42(n)) is one of the major crops being cultivated in the watershed,
which is used as a spice worldwide. Turmeric crop is considered as a cash crop, and
growth duration of the turmeric crop is eight months (15t May to 15% Jan). Turmeric
is starting with kharif cropping season and continuing to the rabi season irrigation of
approximately 15 days interval. Figure 42 has shown various stages (from seeding (a)
until harvesting (i)). Once the turmeric leaves are fully dried, it is an indication that
turmeric roots can be harvested. After harvesting the turmeric roots, it is further
divided into two parts mother root and turmeric roots. Farmers are collecting storing
these mother roots to seed next year. After harvesting the turmeric roots, it needs to
do a process before selling it in the market. As shown in the image (1) of Figure 42,
farmers are making a pit, boiling turmeric roots, and then letting them dry. After this

process, turmeric roots are becoming hard, and it can preserve for a longer duration.
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Figure 42 Turmeric crop (n) growth stages (a to h). After harvesting (i) the mother

root (j) and turmeric root (k) it is processed (1) for the transporting (m) to market.

Turmeric crop needs high surface soil moisture or intensive irrigation during crop
growth. Total cultivation duration of the turmeric crop is eight months. Due to long-

duration crop, farmers prefer to seed short duration (2-3 months) crop with as shown
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in Figure 43. Usually, onion and beetroot use to grow with turmeric so that farmers
can get financial support after three-months by selling beetroot or onion. Some
farmers prefer to grow chili to grow with turmeric as chili is also of the eight-month
crop with several harvesting stages. Turmeric crop is cultivated using all three kinds
of irrigation practices known as drip, flood, and sprinkler, as per farmers’ financial

condition.

Figure 43 Turmeric crop mixed with other crops like chili (a) and onion (b).

Banana is a twelve-month duration irrigated crop (Figure 44). Normally banana is
seeding in the rabi cropping season, and it is harvesting in the next year same cropping
season. After monsoon season the groundwater usually became shallow and during
rabi seasons sunny days are more compared to the kharif season. Banana is required
intensive irrigation facility with three days’ interval in starting for first three months.
To avoid the crop loss due to groundwater uncertainty, farmers are using sprinkler
irrigation while seeding for the first three months and then switching to the drip

irrigation for remaining crop duration.
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Figure 44 Banana growth stages (a to d).

Due to banana is a twelve-month crop, farmers prefer to cultivate three-month short
duration crops with it like watermelon, beetroot, garlic, and pumpkin. The multi-
cropping (Figure 45) supports farmers financially and help to utilize initial intensive

irrigation.

Figure 45 Banana with other crops like beetroot (a), watermelon (b), pumpkin (c) and

garlic (d).
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Maize is one of the six major crops in the watershed during both kharif and rabi
cropping seasons. Majority of farmers are cultivating maize without irrigation, few
farmers during less rainy days are utilizing partial irrigation for the maize crop. The
maize grain is using for the human’s food, and the remaining part of the plant is using

as fodder for the livestock. Figure 46 shows various growth stages of the maize crop.

Figure 46 Maize crop growth staged from (a) to (e), harvesting (g) the fruit to sell in

the market and remaining stem collection (g) for the fodder of the cows.

Sunflower is also one of the six major crops cultivating in the watershed during the
kharif cropping season. Figure 47 shows various growth stages of the sunflower crop.
[t is growing only during kharif season spatially distributing in the watershed. The

sunflower grains are using to extract its oil for cooking purposes. After harvesting
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sunflower buds, farmers are leaving the stem in the farmland and mixing with soil

during the next cultivation.

Figure 47 Sunflower crop growth stages from (a) to (e) and harvesting the seeds (f) to
sell in the market, the remaining stem is left in the field (g) which will be mixing in

the soil during the next cropping season.

Marigold is also a vastly growing crop in the watershed during the kharif cropping
season. Figure 48 presented various stages of the marigold crop. Marigold is first
cultivating in the nursery and, after two weeks it is shifting to the farmlands. It is a
rainfed crop, but sometimes farmers are utilizing partial irrigation during cultivating
in the nursery before transferring in the farmlands. Marigold is harvesting multiple
time during crop growth for perfume purpose and decoration purposes. After three
months of the cultivation, farmers are harvesting big flowers only, and like this, they
are proceeding every week. After all harvestings, farmers are letting the dried stems in

the farmlands and mixing with soil during the next cultivation.
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Figure 48 Marigold crop growth stages (a) to (e).

Sorghum is also a vastly growing crop in the watershed during the kharif cropping
season. Sorghum is also known as Jowar crop. Figure 49 presents various growth stages
of the sorghum crop. It is a purely rainfed crop and needed less farmer’s assistance.
The powder of sorghum grains is used to prepare bread in various parts of India, and

the stem of the plant is using as fodder for the livestock.

Figure 49 Sorghum (jowar) crop growth stages (a) to (d).
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Tomato is considered as a cash crop with several harvestings. It is a purely irrigated
crop of four-five months’ duration. First, the tomato is planting in the nursery and
then shifting to the farmlands (Figure so(a)). It is required to take care during
complete growth stages as the plant is fragile. Tomato is usually growing in the rabi
season, but some farmers are cultivating in the kharif and summer seasons also.
During rabi season sunny days are more than kharif and the groundwater use to be
shallow after getting a recharge by the monsoon. So, the farmers with groundwater
facility and preferring to grow tomato usually cultivating in the rabi season. Due to
the price of vegetables are comparatively high in the summer season, farmers with
groundwater facility prefer to cultivate vegetables in the summer season too. Figure
50 presents various growth stages of tomato crop and, an image (g) show the
harvesting stage. After finishing of all harvesting, the dried stems use to mix with the

soil during next cultivation.

Figure 50 Tomato crop growth stages (a) to (f) and fruit harvesting (g).
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Farmers with good irrigation facility only plan to grow sugarcane, as it is twelve-month
duration crop. Majority of farmers in the watershed sugarcane starts with sprinkler or
flood irrigation and then after two-three months they are switching to the drip
irrigation. Figure 51 shows the cultivation stages of the sugarcane crop. Farmers are
cultivating and harvesting the sugarcane manually only. After harvesting the
sugarcanes either farmers are making jaggary locally, or they are selling it to the sugar

mills for sugar preparation.

Figure 51 Sugarcane growth stages (a) to (c) and harvesting (d).

Garlic is also one of the cash crops grown in the Berambadi watershed. The crop
growth duration is about three months with intensive irrigation using drip or sprinkler
irrigation. Normally garlic is cultivated in rabi, but some farmers are growing in the
kharif season also. The crop density of garlic is approximately 42 plants per m>. Figure

52 shows various cultivation stages of the garlic crop.
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Figure 52 Garlic crop images (a) to (e).

Cabbage is an irrigated crop can be found all three cropping seasons in the Berambadi
watershed. Majorly cabbage is grown in rabi and summer cropping seasons. It is a
four-month duration crop need intensive irrigation facility. The cabbage crop density
is six units per m?; farmers are starting cabbage in the nursery and then shifting it to
the farmlands. Figure 53 shows images of cabbage crop cultivation in the Berambadi

watershed.

Figure 53 Cabbage crop growth stages (a) to (b).
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Ragi (finger millet) is a type of millet grown in a rainfed condition during the kharif
cropping season. It needs very less attention of the farmer and can grow with less rainy
days. Figure 54 presents the growth stages of the ragi crop. The crop density of ragi
crop is about nine bunches per m*. In the last decade, ragi production has reduced in
the watershed as the market price of maize/sunflower/sorghum was high compared
to the ragi crop. Presently farmers’ in the Berambadi watershed are cultivating ragi

millet crop according to the requirement of the family.

Figure 54 Ragi crop growth stages from (a) to (c).

Solar bean is growing majorly during the rabi cropping season, and some farmer grows
during kharif too. It needs irrigation facility with intensive care of farmer as it has to
grow by hanging without contact with the soil like a tomato. Solar bean also has
various harvestings after maturing during the crop growth. Figure 55 presents some
crop growth stages of the solar bean. Majority of farmers are using a sprinkler to
initiate solar bean and then switching to the drip irrigation till the final stage of the

crop.

Figure 55 Solar bean crop growth stages from (a) to (c).
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Country bean is a rainfed crop majorly growing in the kharif and rabi cropping
seasons. Three and a half months after seeding, a farmer can do the first harvesting
and then one or two more harvestings can depend on the crop growth. Country bean
seeds have used a pulse and farmer not need to more intention if rain is good.
Otherwise, as sown in Figure 56(a) farmer has to plough the soil and rotate it in the
roots of the plants to retain soil moisture for the plant growth. Figure 56 shows various

growth stages of the country bean crop in the watershed.

Figure 56 Country beans crop growth stages from (a) to (d).

Beetroot is an irrigated crop which is used as a vegetable or salad. The crop growth
duration of beetroot is about three months. In the kharif cropping season majority of
farmers are growing beetroot with turmeric as a double crop. During the rabi and
summer cropping seasons, farmers are growing beetroot individually. Majority of
farmers are using a sprinkler for the beetroot, but some farmers are using drip
irrigation too. Figure 57 shows the various growth stages of the beetroot crop. Beetroot
foliage cover is high during the mature stage with crop density approximately 12 crops

per sqm.
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Figure 57 Beetroot crop growth stages from (a) to (d).

There are other several crops also grown in the Berambadi watershed, as shown in
figure 58. The other major crops are chili, horse gram, beans, watermelon, black gram,
pearl millet, cotton, pumpkin, groundnut, etc. In the kharif cropping season, chili
(Figure 58(a)) is usually grown with the turmeric (Figure 58(a)), as both crop duration
is of eight months. And farmer can get financial support with several harvesting of
chilies. Some farmers are growing chili alone with drip irrigation facility. Horse gram
(Figure 58(b)) is one of the major rainfed crops cultivating during the rabi cropping
season. Horse gram is used as a pulse and farmer is not required to perform intensive
farming practices, and the market rate is quite good. So, the majority of farmers prefer
to grow horse gram during the rabi cropping season. During rabi cropping season
some farmer prefers to cultivate various other beans (Figure 58(c)) together like
kidney beans, peas, etc. Majorly, these beans are cultivating under rainfed condition
in the Berambadi watershed. Watermelon (Figure 58(d)) can be seen in rabi and
summer cropping seasons. Some farmers prefer to grow watermelon with banana
(Figure 58(b)) as a mixed and some prefer to grow individual. Watermelon can
cultivate only with irrigation facility. Majority of farmers are cultivating with drip

irrigation with mulching (to maintain the soil moisture).
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Chickpea (Figure 58(e)) is one of the major rainfed crops of the rabi cropping season.
It is from the legume family, and it’s also known as gram or Bengal gram. Chickpea is
about four-month non-irrigated crop which can grow in rainfed conditions. Chickpea
doesn’t require intensive farming practices and farmers are getting a good market
price as it’s from the legume family. Due to this majority of farmers without irrigation
facility are preferring chickpea to grow in rabi season. Few farmers are also cultivating
pearl millet (Figure 58(f)) crop. Majorly, this is cultivating in rabi season to utilize a
fodder for the livestock. Cotton (Figure 58(g)) is also one of the widely cultivated crops
of rabi season. It is a non-irrigated crop majorly grown in sloppy terrain. Farmlands in
sloppy terrain with sandy soil or soil with gravels use to cultivate cotton during the
rabi season. Pumpkin (Figure 36(h)) is cultivating by a few farmers in the watershed
during rabi and summer cropping seasons. In rabi season farmer prefer to grow
pumpkin with banana (Figure 58(c)) and in summer they grow individually. Pumpkin
is irrigated crop usually cultivating by drip irrigation. Some farmers use sprinkler
irrigation too for the cultivation. Groundnut is also cultivating widely in the watershed
during kharif and rabi seasons. It is a non-irrigated crop which can be cultivated in

sandy or loamy soils.

100

SHARMA, Amit Kumar. Evaluation d'images satellitaires a haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 2: Study area and Dataset

Figure 58 Other crops like Chilli (a), horse gram (b), beans (c), watermelon (d),
chickpea (e), pearl millet (f), cotton (g) and pumpkin (h).

Farmlands without cultivation for particular cropping season or multiple seasons
comes under the fallow land category. Farmers are letting their farmland fallow due
to non-sufficient initial rainfall or lacking of irrigation resources or between two crop
cultivation seasons or other personal factors. Figure 59 shows various types (six) of
surface soil texture in the watershed. Apart from the high variability of surface soil
texture, the surface soil roughness is also varied parcel to parcel. In figure 59 various
combination of fallow land has been presented. The high variability in the surface soil
texture and roughness makes system complex for study using microwave remote

sensing (Bablet et al., 2018; Baghdadi et al., 2016; Renmin et al., 2016; Wang et al., 2015).
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Figure 59 Fallow land variability (from (a) to (z)) in the Berambadi watershed.
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2.2.3 Irrigation practices

Cropping practices in the Berambadi watershed depend on the rainfall and
groundwater. Rainfall during two cropping seasons (kharif and rabi) assists farmers to
cultivate the seasonal crops but the undulation in rainy days is compensating by the
groundwater by partial irrigation. Farmers with rich in groundwater yield cultivate
intensive irrigation crops (turmeric, banana, sugarcane, etc.) without being
dependent on the rainfall. The spatial distribution of borewells in the watershed exists
due to there is no other source of irrigation except groundwater in the watershed
(Figure 60). The groundwater pumping borewell density is high in valleys of the

watershed.

11°48'0"N

11°45'0"N

__ Groundwater pumping borewell
' for irrigation purposes

KM _ Y
76°33'0"E 76°36'0"E 76°39'0"E

Figure 60 Groundwater is pumping borewell locations in the Berambadi watershed.

Most of the regions of India electricity for agricultural purposes is free (Shah et al.,
2009). Farmers use to install highly dense borewells in/and surrounding valleys, and
it was noticed that the depth of the borewell is varying from 50 m to 250 m. To pump

the water from the 250 m depth to the earth surface most of the farmers have installed
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motor of 7.5 KW. Government use to provide four-hour to eight-hour free electricity
in the Berambadi watershed for agricultural purposes. Due to the short duration of
electricity, farmers favour pumping the groundwater and store in an open water tank

(Figure 61).

Figure 61 Groundwater pumping and storage in the tank.

The stored water later farmers are supplying to farmlands via various irrigation

methods like a flood, drip, and sprinkler. Before supplying stored water to the drip or
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sprinkler, farmers use to filter it to prevent choking in the irrigation system. Figure
62(b) shows the groundwater filtering mechanism. Pumping groundwater and storing
in open water tank cause huge water loss by evaporation and high energy (electricity)

loss (Badiani et al., 2012; Barik et al., 2016; Kumar et al., 2012; Shah et al., 2008, 2006).

From the year 1975 till 2000 small farmland holder showed their high-interest in diesel
or electric pump for the irrigation purposes (Molle et al., 2003; Shah, 2007). With high-
interest, India farmers have invested in pumps and it took the shape of green
revolution (Molle et al., 2003). Due to intensive groundwater pumping in the
watershed open wells or dug wells got dried. Figure 62 presents some of the dried open

wells which were earlier utilized for the irrigation purposes.

Figure 62 Dug wells which were used for the crop irrigation purposes.
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With intensive groundwater pumping and starting cultivation in the drainage areas
results disappearing of surface runoff and small water bodies started getting dried
(Javeed, 2010; Sekhar M et al., 2011; Sreelash et al., 2013). Figure 63 shows some of the
dried water bodies in the watershed. Figure 63 (c) shows that farmers are taking the
tank soil and mixing in their farmlands as it is rich in minerals. But in some cases,
these soils are becoming saline (figure 63 (d)) and farmers are losing their crops due
to high saline soils (Kizza, 2016). With intensive groundwater irrigation farmers are

also utilizing various kind of organic and inorganic fertilizers (Sriramulu et al., 2017b).

Figure 63 Dried water tanks (from (a) to (c¢)) and tank saline soil(d) mixed in the

farmland.

The intensive groundwater irrigation leads to dug wells dried than surface water tanks

dried and now huge amount of the borewells are getting dry (Fratzl, 2014; Robert et
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al., 2018, 2017b; Sriramulu et al., 2017b). Figure 64 shows an example of dried borewells

in the watershed.

Figure 64 Dried borewells in the watershed.

2.3 Ground observations and in-situ measurements

Ground observations have been realized in the framework to monitor land use
practices the Berambadi watershed under the following research projects:
(i)  AICHA (Adaptation of Irrigated agriculture to climate CHAnge) (IFCPAR-
DST, Govt. of India) (Sekhar and Ruiz, 2010),
(i)  ATCHA (Accompanying The adaptation of irrigated agriculture to climate
CHAnge) (ANR, Govt. of France) (Ruiz and Sekhar, 2016), and
(iii)  Irriga-detection (TOSCA, CNES, Govt of France) (Corgne and Hubert-Moy,

2017).

All the research mentioned above projects were led by the Indo-French Cell for Water
Sciences (IFCWS) based in Indian Institute of Sciences, Bangalore collaborated

between Indian and French research institutes.

Ground campaigns were focused on organized to satisfy all funded research projects
contribution for land use studies. The ground observations and in-situ measurements
in the Berambadi watershed were broadly divided into three parts:

(1) history of land use practices in the watershed,
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(ii)  long-term intensive (15 to 24 days’ interval) ground observation from spatial
distributed 60 fixed identified parcels with focused to the Radarsat-2
satellite pass dates (Figure 67),

(iii)  short-term (few days) random crop survey for various cropping season
seasonal with an objective to monitor various cropping practices in the

watershed.

The long-term crop monitoring for identified spatially distributed 6o parcels in the

different soil types was performed from the year 2013 till 2017. The objectives of these
ground observations and in-situ experiments were:

(i) to perform crop phenology and soil moisture measurements at 12 days’
interval throughout the cropping season,

(i)  cropand water management practices information collection from farmers,

(ili)  groundwater level monitoring from fixed identified 205 pumping borewells,

(iv)  adaptive farmers are cropping decision in changing climate conditions at

the watershed scale.

Short term crop surveys were conducted during kharif (monsoon) and rabi (post-
monsoon) cropping seasons from the year 2013 till 2017 in the watershed. The objective
of these crop monitor survey was to collect information on the spatial distribution of
the various crops in the watershed includes the following variables:

(i) crop type,

(i)  crop height,

(iii)  crop density,

(iv)  soil color,

(v) rainfed or irrigated, and

(vi)  ifirrigated then the mode of irrigation (drip, sprinkler or flood)

Berambadi watershed is an excellent example of a highly complex agro-system, and it
requires intensive and precise experimental studies (Corgne and Hubert-Moy, 2017;
Ruiz and Sekhar, 2016; Sekhar and Ruiz, 2010). Agro-hydrological studies were
performed by various fixed continuous monitoring sensors and portable manual

measurements in the watershed (Sekhar et al., 2016). Figure 65 presents some of the
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installed sensors and manual measurement apparatus. Land use monitoring in the
Berambadi watershed were conducted for the surface soil moisture (Figure 65(f))
(Tomer et al., 2015), root zone soil moisture (Figure 65(b)) (Sreelash et al., 2017), in-
situ flux tower for evapotranspiration studies (Figure 65(h)) (Eswar et al., 2016; Senay
et al., 2016), leaf area index measurement for crop growth monitoring (Figure 65(g)),
groundwater level monitoring (Figure 65(d)) (Sekhar M et al., 2011), GPS (Figure
65(e)), etc.

6 7
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Figure 65 Instruments used for the soil (a, b, ¢, f), crop (e, g) and weather parameters

(h) in the watershed.
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2.3.1 Ground observation parcels identification

As mentioned in the above section the ground campaigns were divided into two main
parts:
(i) long-term ground observation from fixed identified parcels and

(i)  random seasonal crop survey.

As presented in figure 66, spatially distributed 60 parcels were identified for long-term
crop monitoring situated in different soil types and crop/water management practices.

These 60 parcels are representing the land use practices in the watershed.

Figure 66 Long-term (for the year 2010-18) ground observation monitoring locations.

The short-term random surveys for kharif and rabi cropping seasons were conducted
to understand the heterogeneity and complexity of cropping practices in the

watershed. Mainly during kharif and rabi cropping seasons from the year 2013 till 2017
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this kind of random surveys were performed to collect parcel scale crop/soil
information like crop type, crop height, crop density, crop management practices,
surface soil moisture, etc. (Mangiarotti et al., 2018, 2016; A K Sharma et al., 2018;

Sharma et al., 2016).

2.3.2 Parcel digitization in the Berambadi watershed

Small land holding with a high diversity of crop types studies required precise parcel
delineation (Dheeravath et al., 2010; Graesser and Ramankutty, 2017; Gumma et al.,
2016; Sitokonstantinou et al., 2018). Farmers use to divide their croplands into small
parcels to cultivate various crops. The parcel boundary delineation was performed
using a google earth image of the year 2012 of 2 m spatial resolution. And then the
reexamination and updating were done for the years 2014 and 2015 using IRS LISS IV
5 m spatial resolution and 2016 SPOT6 1.5 m spatial resolution. Approximately 20,100
land use/land cover polygons were examined, and approximately 19,000 agricultural
parcels were precisely delineated in the watershed. Figure 67 shows the parcel
boundary map in the Berambadi watershed. It was noticed by field survey that, big
agricultural parcels with area > 1ha are mainly cultivated coconut, banana, sugarcane,

etc. crops whereas small field is cultivating all types of crops.
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Figure 67 Parcel boundary delineation.

The histogram shows that the majority of parcels are falling around o.2 ha area (Figure
68). The histogram shows that the farmers prefer to divide their farmlands into small
parcels. Normally farmers are dividing their farmlands into small parcels according to
their cultivation resources. If the farmer has an irrigation facility, then according to
the groundwater yield farmer is deciding to divide into irrigated and non-irrigated
parcels. In some cases, farmers are borrowing or purchasing water for irrigation
purposes from the neighborhood. In these cases, farmers are deciding parcel size
according to the possibility of irrigation to avoid crop loss (Robert, 2017). Farmers also
decide the parcel size according to the government’s aids like drip irrigation pipe
distribution and other support. To normalize all possibilities of the cropping parcels,
we have refined the parcel boundary with several year images. They are small, but it
is clear that farmers are using these fixed parcels for the cultivation. Sometimes

farmers are deciding the same crop cultivation in neighbor parcels too. These precise
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parcel boundaries help to track farmer’s cultivation strategy using remote sensing

technique.
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Figure 68 Parcel area histogram.

2.4 Remote sensing dataset

High spatial resolution (from 1 m to 30 m) time-series remote sensed images were
procured for the land use monitoring in Berambadi experimental watershed. Images
from optical, and microwave satellites were procured, and the ground observation was
performed for the concern satellite pass date and time for precise land use

identification and characterization.
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2.4.1 Multispectral optical images

Cloud cover for two main cropping seasons (kharif and rabi) is noticed as the biggest
obstacle for optical remote sensing (Hansen and Loveland, 2012; Sekhar et al., 2016).
Figure 69 presents the available cloud free optical images were procured from multiple

optical satellite platforms for cropping practices monitoring.

The study was performed into three sections using optical images:

(i) history of irrigation (from the year 1990 till 2016) using multitemporal
optical satellite images,

(i)  thespatial distribution of irrigated croplands in the various cropping season
for the year 2014-2016,

(iii)  seasonal crop monitoring using optical satellite time-series of images for

the year 2014-2016.

2 LA Y/AN A A /AN Landsat 8
(Optical Land Imager)
Y AY///AY/ AN
IRS-P6 (LISS-4) AA

A

Spot5 Take5 (HRG-2) a

Earth Observation-1 (ALI) A

1990 1995 2001 2006 2012 2017

Figure 69 Optical satellite images.
Where LISS, HRG, and ALI represents to the Linear Imaging Self Scanning Sensor, High

Resolution Geometrical, and Advance Land Imager.
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The figure 70 shows for example a color composite image of the Berambadi watershed
using 5%5 meters spatial resolution IRS LISS-4 sensor. We can see here the forest part
in blue/red in the west on north part of watershed due to presence of active vegetation.
As image was acquired during the summer period (January 2014), crops (in bright red
color) are localised along to the drainage and majority of fields are not cultivated in

the east part of the study area.

Figure 70 FCC (NIR Red Green) of IRS-LISS-4 satellite image (Date: 28" Jan 2014).

2.4.2 Synthetic Aperture Radar (SAR) images

Microwave images are the best available alternate of optical images to avoid cloud
cover during two main cropping seasons (kharif and rabi). Radarsat-2 synthetic
aperture radar (SAR) time-series images were procured from the year 2013 till 2017
(Figure 71). Ground observations were performed during all of the Radarsat-2 satellite
pass date and time in the Berambadi watershed. All Radarsat-2 images procured
(quad-pol or ultrafine HH-pol) were preferred to procure in descending mode only.
As the descending mode satellite passes at 6 AM and the ascending mode satellite is

passing at 6 PM. It was noticed that the anthropogenic activity like irrigating
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farmlands, harvesting crops or any other farming practices, farmers use to perform in
the evening. These anthropogenic activities bring bias in the ground observation data,
apart from this due to evening temperature changes rapidly comparison to the
morning. [t was observed that the surface soil moisture uses to be constant for a long
duration with comparison to the evening. Which gives us sufficient time to collect
surface soil moisture from entire watershed. These reasons directed to prefer

descending pass images for the Radarsat-2 data procurement.

We present here for example a color composite image of Radarsat-2 qual-polarization
acquired the 8 june 2013 (figure 71). We have here Red, the HH polarization, in green
the HV polarization and in blue the VV polarization. The forested area appears at the
west part of the stufy area in green as HV is sensitive to volume scattering, in magenta,
we have crops fields characterized by diferent types of surface scattering. We observed

here in black the waterbody in the center of the image which have a specular

scattering.

‘Fir 71 Multiteporal FCC of the SAR backscattering from HH HV and VV
polarizations.
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Radarsat-2 C-band SAR quad polarization (HH, HV, VH, VV) were procured for years
2013 and 2014 (Figure 72). For the year 2013 all images were procured with low

incidence angle (incidence angle < 30°) with the objective of surface soil moisture

estimation (Aubert et al., 2011; Srivastava et al., 2009; Tomer et al., 2015; Ulaby, 1975).

The all procured images for year 2013 were having 24.55°and 26.43 near-incidence

angle and far-incidence angle respective. The quad-pol SAR images procured for the

year 2014 were having 39.26°and 40.71° near and far incidence angle respectively. The
purpose of procuring high incidence angle (incidence angle > 30°) images were
procured with an objective of crop monitoring (Hosseini and McNairn, 2017; Ulaby,

1975).
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Figure 72 Radarsat-2 SAR quad polarization and ultrafine HH- polarization data.
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Crop monitoring in small size parcel characterized watershed required high spatial
resolution SAR images. The time-series of ultrafine HH-pol SAR Radarsat-2 satellites
images for the years 2015 and 2017 were procured (Figure 72) with an objective of crop
biophysical properties monitoring. All ultrafine images were procured with high

incidence angle (incidence angle > 30deg) and fine spatial resolution.

2.5 Crop monitoring

Groundcontrol campaigns are required for precise crop monitoring (Low et al., 2013;
Sitokonstantinou et al., 2018; Zhao et al., 2014) to calibrate the satellite images and
perform the image classification. The classified results can be further validated and
their precision evaluated using the ground observations (Liu et al., 2014; Loosvelt et

al., 2012; Mangiarotti et al., 2018; Sharma et al., 2016; Vuolo et al., 2018).

Several groundcontrol campaigns have been realized between 2013 and 2017 in the
framework of the Indo-French Water Cell of Benaglore and several research programs
as “AICHA”, “ATCHA” and “Irriga-Detection”. Groundcontrol campaigns were
generally made during the Kharif and Rabi seasons with others research teams on the
Berambadi watershed. For the thesis, we sampled about 8o to 100 fixed fields during
Kharif and Rabi seasons where different type of informations were collected and
randoms samples were also collected. As mention in figure 73, the ground observation
or in-situ measurements for crop monitoring can be broadly divided into four sections:

agronomy, irrigation, soil and hydrology, and others.

In the thesis, we didn’t used all the database, as as for the agronomy part, we focused
on crop type (CT), leaf area index (LAI), crop height (CH), crop density (CD) variables.
For the irrigation practices, we noted first if at the field scale we have irrigation or
non-irrigation. In the case of irrigation, the type of irrigation as drip irrigation, flood
irrigation or sprinkler irrigation was mentionned. Soil and hydrology monitoring
focused on surface soil moisture, root zone soil moisture information, groundwater
level, depth of the borewell, power of the motor and total crop irrigation days, etc.
During groundcontrol campaigns,we also realized interviews for a better

undertsanting of farming management practises.

118

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 2: Study area and Dataset

In-situ experiments and ground observation for

crop monitoring

[
_ ! ] }
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Cropping season Soil moisture - Soil texture - Rainfall

Crop type Irrigation/Non-Irr. Color (visual) - ET

Height(m) Mode of Irrigation Surface roughness - Cropping practices
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LAl (m% m?) - Depth of the BW (pond/tank soil) - Pesticide usage
Yield/ha - Motor power (KW) - Fertilizer usage
Seeding date - Total irrigation days

Harvesting date

Cropping history

Figure 73 In-situ measurements and ground observation for crop monitoring
(AICHA,ATCHA project and Irriga Detection), in red variables used in the thesis.

Conclusion

The objective of this chapter was to present the experimental Berambadi watershed
and the data used for the research work. The Berambadi experimental agricultural
watershed’s location, topological variables, climatic variables, crop calendar,
agricultural parcel delineation, and other informative components were presented in
details. The satellite dataset with real-time ground observations like crop survey,
groundwater monitoring, and other inputs to train and validate the satellite datasets
is presented in the chapter. The chapter 2 shows that the Berambadi experimental
agricultural watershed is a very complex agrosystem with very high spatiotemporal
dynamics which represents an important challenge to monitor with remote sensing

data.
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cropland identification

Summary

This chapter aims to present the evolution of irrigated croplands in the experimental
watershed using multitemporal optical satellite images. The study comprises spatial-
temporal irrigated cropland ground observation and its used to evaluate irrigation history

(1990-2016) in the watershed for two main irrigated cropping seasons (Rabi and Summer).

3.1 Introduction

Groundwater has rapidly evolved as a primary source for irrigation in Indian
agriculture. Over-exploitation of the groundwater substantially depletes the natural
water table and has negative impacts on the water resource availability. The
overarching goal of the proposed research is to identify the historical evolution of
irrigated cropland for the post-monsoon (rabi) and summer cropping seasons in the
Berambadi watershed. Approximately five-year interval irrigated area maps were
generated using 30 m spatial resolution Landsat satellite images for the period from
1990 to 2016. The potential of Support Vector Machine (SVM) was assessed to
discriminate irrigated and non-irrigated croplands. Three indices, Normalized
Difference Vegetation Index (NDVI), Normalized Difference Moisture Index (NDMI)
and Enhanced Vegetation Index (EVI), were derived from multi-temporal Landsat
satellite images. Spatially distributed intensive ground observations were collected for
training and validation of the SVM models. The irrigated and non-irrigated croplands
were estimated with high classification accuracy (kappa coefficient greater than o0.9).
At the watershed scale, this approach allowed highlighting the contrasted evolution
of multiple-cropping (two successive crops in rabi and summer seasons that often
imply dual irrigation) with a steady increase in the upstream and a recent decrease in

the downstream of the watershed. Moreover, the multiple-cropping was found to be
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much more frequent in the valleys. These intensive practices were found to have
significant impacts on the water resources, with a drastic decline in the water table
level (more than 50 m). It also impacted the ecosystem: Groundwater level decline was

more pronounced in the valleys, and the rivers are no more fed by the base flow.

3.2 Dataset used in the study

The irrigation history is developed using multi-temporal Landsat satellite images from
the year 1990 to 2016. The study is focused on the post-monsoon (rabi) and summer
(zaid) season, as the monsoon (kharif) season is mostly cloudy. The Shuttle Radar
Topography Mission (SRTM) product 1 arc-second (30 m spatial resolution) Digital
Elevation Model (DEM) was used for drainage and watershed delineation. Google
Earth image, IRS (Indian Remote Sensing) LISS-IV (Linear Imaging Self Scanning
Sensor) and SPOT-6 (Satellite Pour 'Observation de la Terre) images were used for

cropland parcel delineation.

3.2.1 Remote sensing data used for the study

Multi-temporal Surface Reflectance (SR)-based products from Landsat (30 m spatial
resolution) were used for irrigated vs. non-irrigated croplands classification. Twelve
available cloud-free images (with approximately 5-year interval) were downloaded
from the United States Geological Survey (USGS) website, includes ten Landsat 5
Thematic Mapper (TM) images and two Landsat 8 Optical Land Imager (OLI) images
(Table 6). These twelve images span six agricultural years, with six rabi seasons and
the following six summer seasons. Dates are towards the end of the respective seasons,
corresponding to the stage of crop maturity. India being a tropical country cloud-free
satellite images are rarely available during the Kharif cropping season. Therefore,
while non-availability of images is the main limitation for using optical satellite images
in monsoon regime contexts (Gumma et al., 2011), the present study is restricted to

the rabi and summer cropping seasons.
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Table 6 List of the dataset used with Day Of Year (DOY), season and sensor
specifications (Thematic Mapper (TM), and Optical Land Imager (OLI)).

Year Rabi Season Summer Season

Date (DOY (Sensor))
1990-1991  26-12-1990 (360 (TM)) 28-02-1991 (059 (TM))
1994-1995  05-12-1994 (339 (TM))  12-04-1995 (102 (TM))
2000-2001  21-12-2000 (356 (TM)) 11-03-2001 (070 (TM))

2004-2006 16-12-2004 (351 (TM))  09-04-2006 (100 (TM))
2008-2009 27-12-2008 (362 (TM)) 01-03-2009 (060 (TM))
2015-2016  31-12-2015 (365 (OLI))  20-12-2016 (080 (OLI))

3.2.2 Ground observation

The ground observation was divided into two parts: manual groundwater level data
collection in various cropping seasons and irrigated/non-irrigated cropland survey
with farmers. The intensive irrigated and non-irrigated cropland ground observation
survey was conducted with the help of local farmers. The complete survey was done
with individual interviews of around 8o to 120 farmers. The extensive field visit was
undertaken to cover all land parcels in collecting the irrigation history in the

watershed.

To maintain the survey accuracy, the information collected was cross-checked with
the adjacent farmers. The questions include:
i. When was the borewell installed and/or re-installed?,

ii. How much deep the borewell is?,
iii. What are the pump specifications (motor power, etc.)?,
iv. Which crop was growing during the study period?,
v. What is the groundwater yield?,
vi. What are the borewell re-drilling and service history?,
vii. How much cropland area is cultivated using borewells?,
viii. The borewell yield is sufficient or not to cultivate the crops?, and

ix. Did farmer switch from traditional crops to other crop types? etc.
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While doing a ground survey with farmers help, we noticed that in 9o's the parcel size
was bigger than present in the present (the year 2016). Farmers divided the irrigated
cropland according to their financial resources and groundwater availability. As
shown in Table 7, around 2500 parcels were used as samples for supervised
classification using SVM algorithm. For the calibration of SVM model, 50% random
and spatially distributed parcels were selected and remaining 50% random parcels
were used for validation (Betbeder et al., 2015b; Jia et al., 2014). Care was taken to
perform precise ground surveys and farmer interviews to obtain precise information

on cropping and water management practices.

Table 7 Training and validation samples of irrigated and non-irrigated cropland in the

Berambadi watershed.

Year Irrigated Non-Irrigated Total
2015-2016 76 204 280
2008-2009 72 380 452
2004—2006 69 412 481
2000-2001 77 374 451
1994-1995 85 352 437
1990-1991 48 342 390

The groundwater level and borewell yield in the Berambadi watershed are monitored
by spatially distributed 205 operational piezometers (Figure 74). Most of these
piezometers belong to the farmers, who are using them for irrigation purposes.
Monthly groundwater level monitoring is realized since May 2010 during non-
pumping hours. The transect AA’ is drawn to retrieve the groundwater level from
upstream to downstream of the watershed. Inverse Distance Weighting interpolation
was done at the watershed scale using distributed piezometers for three cropping
seasons. Along the transect AA’ the interpolated groundwater level was extracted for

various cropping seasons with 100 m interval.
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Figure 74 Calibration and validation parcels in the watershed. The X, Y, and Z belong

to three regions which represent respectively upper, middle and downstream sections

of the watershed.

All pre-processed (geo-referencing, atmospheric correction, optical indices

estimation) Landsat images and indices were downloaded from ESPA (Earth
Resources Observation and Science (EROS) centre Science Processing Architecture)
project of USGS (USGS and U.S. Geological Survery, 2016). The downloaded indices
were NDVI, NDMI, and EVI as presented in the table 8. The atmospheric correction
was performed using the Landsat Ecosystem Disturbance Adaptive Processing System
(LEDAPS) algorithm (USGS and U.S. Geological Survery, 2016). All optical indices
were resampled using nearest neighbor (NN) resampling method to the pixel size 5 m

spatial resolution for a better precise mean and standard deviation at agriculture

parcel scale (Xu et al., 2015).
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Table 8 Indices used were: Normalized Difference Vegetation Index (NDVI),
Normalized Difference Moisture Index (NDMI), and Enhanced Vegetation Index
(EVI).

Indices Name Equation

NDVI pNIR — pRed
NDVI= pNIR + pRed
E _ pNIR — pRed
Vi EVI=G pNIR + C1(pRed) — C2(pBlue) + L
pNIR — pSWIR
NDMI NDMI =

pNIR + pSWIR

Where G = 2.5 (the gain factor), p is the atmospherically corrected value for near-infrared
(NIR), Red and Blue bands, Ci and Cz are coefficients with constant values 6.0 and 7.5

respectively, and L is the soil adjustment factor, and its value is 1.0 (Muhammad et al., 2016).

The overview of the comprehensive methodology to classify multi-temporal irrigated
and non-irrigated cropland area is presented in Figure 75. The parcel scale median
value (Tomer et al., 2015) and standard deviation (SD) were estimated for the various
indices (NDVI, NDMI, and EVI) (Table 8). Parcel mean values were estimated for all

36 optical indices (3 indices x 12 multi-temporal products).

Support vector machines (SVM) classifier is a supervised non-parametric statistical
learning mechanism. The Support vector machine classification was performed using
the scikit-learn library (Pedregosa et al., 2011). Support vector machine classification
was done individually for the various optical indices (NDVI, NDMI, and EVI) using
50% random spatially distributed intensive ground observed training samples.
Remaining 50% random samples were used for the classification validation. The
comprehensive methodology leads to identify irrigated and non-irrigated croplands.
[t was noticed that the indices together could perform better than the individual one
to remove the classification overshoots. Therefore, the decision rule in the form of
AND boolean operator was implemented on SVM classified outputs of these indices,
and we have found that it removed the overshoot error of irrigated cropland outputs.
After a generation of all irrigated cropland maps, the kappa coefficient was estimated.

Kappa index is considered to be a better index for determining classification accuracy
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from the confusion matrices (Cheema and Bastiaanssen, 2010; Ozdogan and Gutman,
2008). The primary results of irrigated and non-irrigated croplands were generated,
and the kappa coefficient was calculated for all classified outputs. These individually
classified outputs were further used to estimate irrigation history and to identify the
evolution of dual season irrigated cropland (post-monsoon and summer cropping
seasons) in the watershed. The validation of classified cropland parcels was done with

randomly selected 50% (around 1250 parcels) of ground observed datasets.

Landsat Images Very high spatial Ground
(1990-2015) resolutionimage Observation Shuttle Radar
T Topography
5 Mission (SRTM])
Pre-processing Plots digitization Digital Elevation
Model (DEM)
3
NDVI, NDM! and
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Soil and Water
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Support Vector Machine .- (SWAT) model
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_
AND operation between Validation Samples k] Watershed and
classified indices alication samp-es drainage network
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irrigated/non | irrigated/non Classification Accuracy
-irrigated -irrigated Validation and Kappa coefficient
cropland cropland Accessment
classification | classification

Figure 75 Workflow of the methodology.

After assigning 1 and o to respectively irrigated and non-irrigated croplands, the
multitemporal values obtained for each parcel were summed to produce the irrigation
intensity maps. The irrigation intensity maps were generated for the post-monsoon
and summer cropping season by adding multitemporal images of concern seasons.
The cumulative irrigation intensity map for the year 1990 to 2016 was generated by
adding all 12 images, including both cropping seasons. This process gives a synoptic

view of the spatial distribution of irrigated cropland intensity in the watershed.
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3.3 Results and discussion

The first subsection explains about plot (parcels) delineation procedure and parcel
size variation in the watershed. The second subsection shows the inter-comparison of
results obtained from different indices for rabi and summer seasons. The third
subsection is about spatiotemporal irrigated cropland evolution in the Berambadi
watershed. The impact of intensive irrigation on groundwater is discussed in the

fourth subsection.

3.3.1 Irrigated and non-irrigated cropland classifications

The kappa accuracy (%) of irrigated and non-irrigated cropland classification using
NDVI, NDM], and EVI, individually and together multitemporal images (36 images (12
dates x 3 indices)) of rabi and summer cropping seasons is shown in Figure 76. The
classification was performed with SVM algorithm using EVI, NDMI, and NDVI indices.
First, SVM algorithm was applied separately to each date and then to the rabi season
dates and the summer season dates considered as two different datasets, and finally
to all dates considered together as one dataset. It was evident in Figure 76 that,
individually all three indices (EVI, NDVI, and NDMI) were given poor classification
outputs when compared the same with combined indices. For the year 1990-1991, the
classification results of each of the NDVI and NDMI were poor than EVI, even though
combined indices performed further better than EVI. From 1994 to 2016 all indices
improved the irrigated cropland classification performance with an error of 15 to 20%.
However, indices performed higher classification accuracy together than the
individual. Besides, these results confirm that SVM performs very well for the

classification of irrigated cropland (Guzman et al., 2018; Zheng et al., 2015).
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Figure 76 Accuracy assessment of SVM classified irrigated and non-irrigated

croplands.

3.3.2 Irrigated and non-irrigated cropland analysis during Rabi season
(post-monsoon)

The spatial distribution of irrigated and non-irrigated (or fallow land) cropland areas
for the rabi cropping season depicted in Figure 77 with the approximately five-year
interval from the year 1990 to 2015. It was noticed that in the 199os few farmers
(approximately 5%) with irrigation facility was cultivating in rabi season. In 1994,
about 16% of irrigated cropland clustering was identified in the downstream of the
watershed. The results show that the farmers were interested in growing irrigation
crops in rabi season. As shown in Table 9, during the year 2015 rabi season irrigated
cropland has reached 31%, compared to 21% in the year 2008, which requires a huge
quantity of groundwater for the crop irrigation. The rabi season irrigated area in the
up and middle stream regions has increased by 27% and 6%, respectively from 2008

to 2015 (Table 9). However, in the downstream, the irrigated area has been reduced by
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2.5% for the same period. These figures indicate farmers’ interest for rabi season

irrigation in the upstream region.

Table g Rabi season irrigated cropland evolution from 1990 to 201s.

Irrigated Cropland Area (%) with Respect to the
Total

Total Area Total Agricultural Cropland
Year Number

(ha) Upstream Middle Downstream
of Parcels Total
(X) Stream (Y) (Z)
1990 812 201.4 3.45 5.92 4.16 4.57
1994 2431 684.24 16.18 16.00 14.36 15.54
2000 3123 859.73 17.78 22.47 18.14 19.52
2004 2346 649.29 14.59 14.48 15.19 14.74
2008 3584 936.31 24.39 18.46 21.19 21.26
2015 4934 1380.36 51.13 24.15 18.81 31.34
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Figure 77 A temporal map of irrigated and non-irrigated croplands in Rabi season

from 1990 to 2015.

The total irrigated cropland area was divided into the three zones upstream, middle
stream and in downstream. The temporal variation of irrigated cropland was analyzed
for the rabi season in these zones (regions). The regional irrigated cropland statistics
gave an idea about their shifting towards upstream. The irrigated cropland in the

upstream has significantly increased during the last decade (Figure 78). However, due
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to tremendous depletion of groundwater in the downstream, the total rabi season

irrigated cropland area of downstream got stabilized.
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Figure 78 Rabi irrigated cropland evolution in the watershed.

The combined spatiotemporal map of the irrigated area was generated to distinguish
the spatial distribution of high and less intensity irrigation practices. The light red to
dark red color in the map shows the temporal intensity of irrigation (Figure 79). The
irrigated croplands are clustered to the drainages and shifting towards upstream of
the watershed. The shallow groundwater level in the upstream is attracting farmers to
adapt irrigation practices during multiple cropping seasons. The irrigation intensity
map (Figure 79) shows that new rabi irrigating cropland are emerging in the upstream.
This tendency of farmers to adopt irrigation led them to pump an enormous amount
of groundwater to fulfill the crop water requirement. This intensive irrigation activity
can further deplete upstream groundwater, which can disconnect the baseflow and

can disturb adjacent reserve forest ecology.
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Figure 79 Spatiotemporal map of Rabi irrigated cropland for the duration 1990 to 2015.

3.3.3 Irrigated and non-irrigated cropland analysis during the summer
season

Historical evolution of irrigated and non-irrigated cropland maps for summer
cropping season (Figure 8o) is also providing insightful information on spatial
distribution and evolution of irrigation in the watershed. The detailed maps confirmed
the observation that irrigation was preferentially developed along the valleys. Due to
the insufficiency of high-resolution satellite images, a good number of studies used
coarse resolution satellite images for the cropland classification with high definition

gaps in rainfed and irrigated croplands (Dheeravath et al., 2010).
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Figure 8o Temporal map of irrigated croplands in the Summer season from 1991 to

2010.

In 1991, few farmers with irrigation facility were growing summer crops. These
farmlands existed for the most part near the outlet of the watershed. Slowly with time
summer irrigated croplands moved towards upstream (Figure 80), but they were

clustered around mainstream of the watershed. Summer irrigated cropland expansion
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in the watershed was noticed from 1991 to 2016 (Figure 80). Due to intensive irrigation
impact on groundwater farmers started quitting taking the risk of crop failure in the
case of poor borewell yield (Sekhar et al., 2016). In 2016 most of the downstream
farmers stopped summer irrigation, as groundwater depleted drastically. It is evident
in the figure 8o that at present mostly summer irrigated cropland clusters exist in the
upstream area of the watershed along the drainage. The total summer season irrigated
area was increased threefold from 1991 to 1994, and after that, it got stabilize till 2009,

and then it reduced to 2.5% in 2016 (Table 10).

Table 10 Summer season irrigated cropland evolution from 1991 to 2016.

Irrigated Cropland Area (%) with Respect to the

Total Total
Total :
Year  Number of Agricultural Cropland
Area (ha) ;
Parcels Upstream Middle Downstream Total
ota
(X) Stream (Y) (Z)
1991 816 210.55 2.74 4.76 6.92 4.78
1995 2406 694 19.82 13.31 14.52 15.76
2001 2560 684.4 14.24 16.39 16.06 15.54
2006 2837 789.64 21.69 16.66 15.65 17.93
2009 2805 723.79 16.79 15.48 17.23 16.43
2016 2170 616.24 19.06 13.60 9.28 13.99

Summer cropping is entirely dependent on the irrigation, and in the Berambadi
watershed, there is no alternate source for the farmers except groundwater irrigation.
Irrigated area has increased tremendously during 1991-1995 (Figure 81). From 1995 the
upstream part of the watershed was leading in total irrigated cropland area as
compared to downstream (Figure 81). Due to intensive groundwater and a huge
number of borewells in the downstream, the farmers belong to the downstream region

of watershed started quitting to grow summer season crops.
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Figure 81 Summer irrigated cropland evolution in the watershed.

Summer season cropping is wholly dependent on the groundwater resources in the
watershed. In go’s the irrigated cropland was mainly at downstream and slowly it
clustered around all three main tanks of the watershed; however, presently all tanks
are dried. The spatiotemporal map was generated from low intensity (once irrigated)
to high intensity (always irrigated) (Figure 82). The non-irrigated croplands (rainfed
croplands) are shown in yellow color. These croplands were not under any irrigation
in summer cropping season during the year 1990-2016. In the absence of rainfall and
no surface water availability during the summer cropping season, farmers generally

irrigate the crops using groundwater.
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Figure 82 Spatiotemporal map of Summer irrigated area for the duration 1991 to 2016.

3.3.4 Dual season (Rabi and Summer) irrigated and non-irrigated
cropland analysis

The total number of parcels of dual irrigated croplands has increased from 1990 to
2009, but during 2015-2016 the dual irrigated parcels have reduced (Table 11). At
present farmers like to grow cash crops like turmeric, sugarcane, banana, onion, garlic,
vegetables. All of these cash crops need intensive irrigation facility. Farmers with
sufficient irrigation facility are switching to 2 or 3 irrigated crops per year. Apart from
monsoon season, these farmers are cultivating crops in rabi and summer seasons. The
total area is under dual irrigation, which is about 10% of total agricultural cropland
(Table 11). These farmers have sufficient groundwater yield throughout the year for
cultivation. These croplands are contributing maximum to the water loss in the

watershed.
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Table 11 Dual irrigated cropland evolution from 1990 to 2016.

Total Total Irrigated Cropland Area (%) with Respect to
ota

Numbe the Total Agricultural Cropland
Year Area .

r of Upstream Middle Downstream

(ha) Total

Parcels (X) Stream (Y) (Z)
1990-1991 332 98.52 1.28 2.98 2.36 2.24
1994-1995 1072 356.4 11.34 6.51 6.60 8.09
2000-2001 1219 395.37 10.32 9.20 7.50 8.98
2004-2006 1028 345.26  10.41 6.75 6.50 7.84
2008-2009 1463 429.97 12.22 8.12 9.17 9.76
2015-2016 888 342.04 14.01 6.32 2.98 7.77

The temporal evolution of dual irrigated cropland in the upper stream, middle stream
and downstream of the watershed are depicted in Figure 83. During 1994-1995 the
dual irrigated cropland shoot-up in the upstream with an approximate 1% area
occupation with respect to total cropland area of the upstream region. The high
probability of groundwater yield in the upstream motivates farmers for dual season
irrigation. As the groundwater of upstream region of the watershed is recharged by
the adjacent humid reserve forest, this region helps to maintain dual irrigated
cropland area from 1994-1995 to 2015-2016 (Figure 83). Middle stream and the
downstream regions of the watershed has increased and stabilized their total irrigated
cropland between 1994-1995 and 2008-2009. Intensive irrigation in the whole
watershed depleted the groundwater by more than 50 m in downstream resulting the
dual season irrigation depletion during 2015-2016. Due to over-exploitation of
groundwater, many borewells were dried up, and farmers lost their crops in the last
decade. After understanding the groundwater depletion pattern and poor borewell
yield, the majority of farmers quit their plan for the summer crops in the downstream

areas.
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Figure 83 Dual (Rabi and Summer) irrigated cropland evolution in the watershed.

Figure g1 shows the spatial distribution of dual cropping season intensity from 1990 to
2016. In go's the Berambadi watershed had three major water bodies in downstream
near the outlet of the watershed, one at the middle stream and one at upstream (Figure
84). In 2017, the most significant perennial water body, which exists in the upstream
of the watershed, also disappeared. Due to a continuous increase in irrigated cropland
in the upstream, the farmers are exhausting their resources. In the 19g9os the
groundwater yield in the upstream was better, and surface flow also existed in
monsoon and post-monsoon seasons. Economically strong farmers purchased big-
sized farmlands (Figure 84) and started growing high water demanding crops like
banana, sugarcane, coconut, turmeric, and vegetables. However, now these big
farmers, as well as farmers in the middle stream and downstream, are dividing their
croplands into smaller parcels for precision management and avoiding crop failure.
Figure g1 represents dual (rabi and summer seasons) irrigation croplands evolution in
the watershed. Other than cultivating in summer and rabi seasons, these farmers are

also cultivating in the kharif season. Intensive cropping of three seasons in a year is
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leading to extensive utilization of water resources, and use of various fertilizers is
exerting significant negative impacts on the soil quality and groundwater availability

(Sriramulu et al., 2017b). The major dual irrigated croplands are clustered along the

drainages or valleys of the watershed (Figure 84).
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Figure 84 Spatiotemporal map of Dual (Rabi and Summer) irrigated cropland area for

the duration 1990 to 2016.

Conclusions

Characterizing the spatiotemporal evolution of irrigated croplands is essential for
sustainable resource exploitation in intensive agriculture areas. This study showed
that available multitemporal remote sense data could be used to retrieve historical
evolution of irrigation and its impact on groundwater resources for the last four
decades. While we used Landsat multi-temporal imagery, it would be interesting in

future studies to apply our approach to Sentinel 2 time-series to compare the results
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obtained with these two different types of datasets. We have shown that the combined
use of multispectral indices like NDVI (vegetation), EVI (soil impact correction to
vegetation) and NDMI (moisture) could provide accurate classification of irrigated
cropland. Using SVM algorithm (trained with intensive ground sample dataset)
allowed us to generate irrigated cropland statistics for the past four decades in a semi-
arid watershed in South India, which was a challenge considering with the small parcel
dimensions (less than o.5 ha). The resulting irrigated and non-irrigated cropland
classified maps were generated for rabi and summer seasons with high classification
accuracy and kappa coefficient. Results show the contrasted spatial distribution of
irrigated cropland in the watershed and its evolution over time: while irrigation was
developed very early in the valley areas in the East (downstream), it expanded recently
to all the upstream areas while decreasing in the East. This was found consistent with
the observed evolution of groundwater resources in the watershed: while in the East
part groundwater was severely depleted since 2010, the decline in water table levels is
more recent in the West. The constructed irrigated cropland statistics can be used as
an input to groundwater models for understanding the interactions between climate,
agricultural practices, and water resources. Kharif or monsoon cropping season is the
most cultivated among all cropping season, but the limitation of optical satellite is the
cloud cover. The kharif cropping season irrigated cropland monitoring using

polarimetric SAR images is presented in the following chapter.
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Summary

This chapter aims to monitor spatial distribution of irrigated cropland in the
Berambadi watershed for all cropping seasons. The chapter is divided into two main
sections: Evaluation of Radarsat-2 quad-pol SAR time series images for monitoring
groundwater irrigation, and Seasonal intensive groundwater irrigated cropland
identification using multiple satellites NDVI time-series images. In the first section
use of various polarization indices obtained from radarsat-2 SAR data used for the
irrigated cropland monitoring is demonstrated. In the section two, the use of multiple
optical satellite images during the all cropping seasons for the experimental watershed

for the irrigated cropland monitoring is demonstrated.

4.1 Evaluation of Radarsat-2 quad-pol SAR time series
images for monitoring groundwater irrigation

Groundwater assists farmers to irrigate crops for fulfilling the crop-water requirement.
Indian agriculture system is characterized by three cropping seasons known as kharif
(monsoon), rabi (post-monsoon) and summer (pre-monsoon). Optical and
microwave remote sensing provides an opportunity to monitor the irrigated croplands
with high spatial and temporal resolution. In this chapter the irrigated cropland
monitoring using Radarsat-2 quad-pol SAR microwave and multi-satellite optical

time-series images is presented for the Berambadi watershed.

In this section of the chapter, the strength of C-band polarimetric Synthetic Aperture
Radar (SAR) time series images were evaluated to classify groundwater irrigated
croplands for the kharif and rabi cropping seasons of the year 2013. The present study
was performed in the Berambadi experimental watershed of Kabini river basin,
southern peninsular India. A total of fifteen polarimetric variables were estimated

includes four backscattering coefficients (HH, HV, VH, VV) and eleven polarimetric
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indices for all Radarsat-2 SAR images. The cumulative temporal sum (seasonal and
dual-season) of these parameters was supervised classified using Support Vector
Machine (SVM) classifier with intensive ground observation samples. Classification
results using the best equation (highest accuracy and kappa) shows that the kharif,
rabi and irrigated double croplands are respectively 10.1 km? (21.7%), 10.5 km? (22.6%)

and 6.2 km? (13.4%) with a kappa coefficient respectively 0.82, 0.79 and 0.94.

4.1.1 Ground observation

The ground observation was carried out at Berambadi watershed (Figure 85) (Ruiz et
al., 2016; Sekhar and Ruiz, 2010). The southwest (SW) and northeast (NE) monsoon
seasons are assisting farmers to grow non-irrigated crops during respectively kharif
and rabi cropping seasons. Groundwater irrigation is fulfilling the crop water
requirement partially or fully for the irrigated crops (Robert et al., 2017b; A K Sharma
et al., 2018; Sriramulu et al., 2017a). The Berambadi watershed is having three main
cropping seasons, known as monsoon (kharif), post-monsoon (rabi) and summer (pre-

monsoon) season.

Berambadi Watershed
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Z
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e
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76°33'E 76°36'E 76°39'E
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Figure 85 Study area and ground observation locations.
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Crops like solar beans, garlic, tomato, beetroot, cabbage, turmeric, sugarcane, and
banana need irrigation. Summer cropping season comprises of 100% irrigated cash
crops. The major summer crops in the watershed are cabbage, beetroot, onion,
vegetables, watermelon, sugarcane, and banana (A K Sharma et al, 2018). In
Berambadi watershed groundwater is the only source of irrigation, due to
unavailability of canals and restriction to pump water from the water bodies (tanks).
The dug wells and open wells almost disappear in the Berambadi watershed due to
the groundwater level is approximately 3om from the surface (Sekhar et al., 2016).
Farmers are using drip, sprinkler, or furrow irrigation techniques based on the
individual financial condition, availability of borewells, groundwater yield and the

support from the government.

4.1.2 Satellite images used for the study

Radarsat-2 is an active SAR (synthetic aperture radar) microwave satellite with a
payload of C-band (frequency = 5.4 GHz ) (MacDonald Dettwiler and Associates Ltd.,
2014). Nine Radarsat-2 satellite quad pol (HH, HV, VH, VV) images at fine-quad (FQ6)
mode were acquired for the period from June 2013 to December 2013 (Table 12). The
quad pol images consist of four polarization combinations (quad pol) includes
horizontal transmission & horizontal receiving (HH pol), horizontal transmission &
vertical receiving (HV pol), vertical transmission & vertical receiving (VV pol) and
vertical transmission & horizontal receiving (VH pol). The low incidence angle (~25°)
with 5.3 GHz frequency antenna (C-band SAR) is one of the ideal conditions to
estimate surface soil moisture (Tomer et al., 2015; Zribi et al., 2014). Low incidence
angle has the least attenuation with the crop canopy, and the backscattering
coefficient is mainly representing the surface soil humidity (Srivastava et al., 2009;
Ulaby, 1975). The ground and azimuth resolutions for all acquired images were
respectively 10.9m and 4.7m. More characteristics of the satellite images were

presented in Table 12.
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Table 12 Characteristics and dates of acquired Radarsat-2 satellite images.

Radarsat-2 satellite images characteristics

Ground resolution 10.99m
Azimuth resolution 4.7m
Polarization Quad pol (HH, HV, VH, and VV)
Mode Fine quad (descending)
Incidence angle 24.6 (near) - 26.4 (far)
Data acquisition dates 08- 06-2013

02-07-2013

26-07-2013

19-08-2013

12-09-2013

06-10-2013

30-10-2013

23-11-2013

17-12-2013

4.1.3 Ground observations

A ground survey was carried out during kharif and rabi cropping seasons to collect
field data. A total of 301 samples were collected which include 74 samples for irrigated
croplands and 227 samples for others category includes rainfed or partially irrigate
fields (Figure 86). Ground control campaign was conducted for the kharif and rabi
cropping seasons on the day of Radarsat-2 satellite passes. The intensively irrigated
parcels represent long duration (eight months or more) irrigated crops (viz. banana,
sugarcane, turmeric, and plantations) or irrigated crops during two consecutive
cropping seasons for the kharif and rabi (viz. beetroot, cabbage, garlic, onion,
watermelon, etc.). The other cropland includes either partially irrigated in the absence
of rainfall or cultivation under only in rainfed condition for both cropping seasons.
The summer cropping season is not included in the analysis due to non-availability of
Radarsat-2 dataset. The data collected on crop type, irrigation type (drip, sprinkler or

furrow) and groundwater level measurement for the better understanding the
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cropping practices in the watershed. The randomly selected calibration and validation

samples of irrigated and other croplands were presented in four categories (Figure 85):

i. irrigated double crop training samples (groundwater irrigated cropland
samples (performed irrigation in kharif and rabi cropping seasons) used to
train SVM classifier),

ii. other (rainfed and partial irrigated) training samples (the rainfed in both
cropping seasons or partial irrigated cropland samples (performed irrigation
activity in absence of rainfall according to groundwater availability) used to
train SVM classifier),

ili.  irrigated double crop validation samples (groundwater irrigated cropland
samples (performed irrigation in kharif and rabi cropping seasons) used for the
validation of SVM classified output and,

iv.  other (rainfed and partial irrigated) validation samples (the rainfed in both
cropping seasons or partial irrigated cropland samples (performed irrigation
activity in absence of rainfall according to groundwater availability) used for

the validation of SVM classified output).

Agricultural parcels of the Berambadi watershed were manually digitized using google
earth image of the year 2012 and updated using 1.5m spatial resolution SPOT-6
(Satellite Pour 'Observation de la Terre) satellite image (A K Sharma et al., 2018).
Total 18,500 agricultural parcels were identified in the Berambadi watershed out of the
total approximately 19,600 parcels. It was noticed that the majority of agricultural

parcels were of approximately o.2ha area.

Berambadi watershed is having a high number of rainy days during southwest
monsoon (kharif cropping season) compare to the northeast monsoon (rabi cropping
season) (Figure 86). The daily rainfall data was observed during the Radarsat-2
satellite data acquisition period. In the year 2013, total rainfall during kharif and rabi

cropping seasons was respectively 6o2.5mm and 227.5mm.
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Figure 86 Daily rainfall of the Berambadi watershed for the Radarsat-2 pass duration

Image pre-processing consists of radiometric calibration, speckle filtering and
geometric correction (Battude et al., 2014). The radiometric calibration was done for
all Radarsat-2 images to extract backscattering coefficients c°HH, o°HV, ¢°VH and

o°VV (Betbeder et al., 2014a).

The Lee sigma speckle filter (Duguay et al., 2016; Lee, 1983; Lee et al., 2009) with 4 look
intensity, 5 x 5 window size, sigma=0.9, and target window 3 x 3 was used to reduce
speckle noise. The improved Lee sigma speckle filter's characteristics were
quantitatively evaluated and validated with SAR images (Lee et al., 2009). All SAR
images were geocoded using 3sec SRTM (shuttle radar topographic mission) DEM
(digital elevation model). After geocoding all SAR images were geometrically
corrected with ground survey locations with UTM (Universal Transverse Mercator)

projection and 43! Zone of North hemisphere.
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4.1.4 Image processing

On the basis of the current state of the art, total 11 polarization indices (PI's) using
polarimetric backscattering coefficients (o°HH, o°HV, o°VH, and o°VV) and
individually all four backscattering coefficients (c°HH, o°HV, 0°VH, and ¢°VV) are
extracted. As presented in the figure 87 for all nine Radarsat-2 images acquisition
dates (Table 12) during kharif and rabi cropping seasons were processed to classify
irrigated cropland in the watershed. These PI’s are representing various combinations
of polarimetric backscatter coefficients (Figure 87). The parcels mean values of various
polarimetric indices and backscattering coefficients were calculated using digitized
agricultural parcel boundaries for all nine acquisition dates (9 dates * 15 indices = 145

outputs).
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Pol Images (2013)

Very high spatial
resolution image

Ground
Observation
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Plots digitization
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polarization
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SVM Classification

Training Samples

Parcel mean value
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Validation

Validation Samples

Addition of all
images

Overall Accuracy
and Kappa
coefficient
accessment

Irrigated cropland
classification

Figure 87 Image processing workflow.

To classify groundwater irrigated double croplands the parcel scale cumulative sums

output (Eq" 31) were calculated from the time series images (during kharif and rabi
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cropping seasons). This double cropping season cumulative sum was estimated for all

four backscattering coefficients and eleven polarimetric indices (Eq" 31 to Eq" 45).

?_10°hh(i) = o°hh (08J/une) + a°hh (02July) + a°hh (26]July) +
o°hh (19Aug) + 6°hh (12Sept) + o°hh (060ct) + 6°hh (300ct) +
o°hh (23Nov) + a°hh (17Dec) Equation 31

The equation Eq® 31 till Eq® 34 are representing the polarization backscattering
coefficients and the Eq" 31till EqQ™ 45 are representing the various polarization indices.

The proposed cumulative backscattering coefficients and polarization indices are:

i=1 0°hv (i) Equation 32
Z?:l a°vv(i) Equation 33
Z?:l o°vh(i) Equation 34

9 (a"vh(i))
=1 (govw (i)
9 (a°hv(i))
=1 (o°hh(D))
.9 (O'ohh(l))
=1 (g°hv(i))
9 (o°vv(D))
=1 (¢°nn(i))

Equation 35
Equation 36
Equation 37

Equation 38

X = Z?=1 o°vh(i) — ovv(i) Equation 39
E?=1 o°vv(i) — o°hh(i) Equation 40
i9=1 o°hh(i) + o°vh(i) Equation 41

9 (cr°hh(i)—a°vv(i))

=1 (a°hh(i)+a°vv(i))

9 (o°hh(i)—c°hv(i))

1=1 (gonn(i)+0°hv(i))
RVI = Si e Sl

0°hh(i)+0°vv(i)+(2 o hv(t)))

9 (o°vv(i)—o°hh(i))
=1 [(o°vw())2—(o°hh (D)2

Equation 42

Equation 43

Equation 44

Equation 45

Backscattering coefficients (Eq" 31 to Eq™ 34) were used for the soil moisture and crop

classification (Betbeder et al., 2014a; Canisius et al., 2018; Susan Moran et al., 2012;
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Yusoff et al., 2017). The co-polarized correlation coefficient (pvvhh) represents the

correlation between co-polarized channels like HH and VV. Eq" 37 (Betbeder et al.,
2014a), Eq" 38 (Canisius et al., 2018), Eq™ 40 (Susan Moran et al., 2012), Eq™ 42 (Haldar
et al., 2016) and Eq"45 (Gherboudj et al., 2011) are computed with co-polarized
backscattering coefficients for various crops and soil moisture studies. De-
polarization (y,) (EQ™ 39) calculated using VH and VV backscattering coefficients
(Gherboudj et al., 20n; Ulaby et al., 1983) which is used for agro-hydrological
applications and to calibrate water-cloud model (Gherboud;j et al., 2011). The cross-
polarized indices like Eq" 35 and Eq" 36 (Canisius et al., 2018), Eq" 41 and Eq” 44
(Canisius et al., 2018; Kim et al., 2012a) and Eq" 43 (Haldar et al., 2016) have also been
used widely to understand the crop phenology and the surface soil moisture. The
scikit-learn library (Pedregosa et al., 201) was used to perform SVM supervised
classification. Out of total 301 ground observed samples, randomly selected 50%
samples were used for the training (supervised learning) and remaining 50% samples

used for the validation of classified output.

The individual cumulative sum for all 15 polarization indices were fed to the SVM
classifier with intense ground observed training samples and followed with validation
of SVM classification outputs by remaining ground observed samples (Figure 87). The
validation of classification outputs was performed by confusion matrix, user’s
accuracy, producer’s accuracy, overall accuracy and kappa coefficients estimation
(Gumma et al., 2016; Olofsson et al., 2013; Yan and Roy, 2016). The polarization
parameter with highest classification accuracy and kappa coefficient for the irrigated
double crop classification is further used to classify seasonal (kharif and rabi

individually) irrigated croplands.

4.1.5 Results

Irrigated double cropland for the kharif and rabi cropping seasons were classified
using SVM classifier. Total fifteen classified outputs were generated using indices
mentioned above (four backscattering coefficients and eleven polarisation indices).

These classified outputs were representing parcels which were under irrigation for the
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two consecutive cropping seasons (kharif and rabi seasons). These classified irrigated
cropland outputs were calibrated and validated using respectively 149, and 152 ground
observed sampling parcels. The classified outputs were validated by calculating
producer’s accuracy, user’s accuracy, overall classification accuracy and kappa
coefficient with the confusion matrix (Table 16) (Foody et al., 2006; Gumma et al.,
2016). The SVM classification calibration and validation were performed at pixel scale
(5m spatial resolution), and the confusion matrix was generated in percentage (Gao
et al., 2018; Hill et al., 2005). Validation of the classification output was performed by

dividing samples into two categories known as:

i. irrigated double crop (irrigated parcels during both kharif and rabi cropping
seasons) and

ii.  the other croplands (rainfed croplands during both kharif and rabi cropping
seasons and partial irrigation in the absence of rainfall according to the

groundwater availability).

Out of fifteen classified outputs from the above mention equations for irrigated
double crop classification, five classified outputs (Eq" 31, Eq" 34, EqQ" 39, EqQ" 43, and
Eq" 46) has a zero-kappa coefficient and 62.6% classification accuracy. These five
classifications outputs were able to classify other croplands precisely but not able to
classify irrigated double crop. The precise classification of other croplands and not
able to classify irrigated double crop satisfies the validation for only one category. For
these (five equations Eq"31, Eq"34, Eq"39, Eq"43, and Eq"46) classified outputs the
precise classification of the other cropland category bags the classification accuracy of
62.6%, but the irrigated double croplands were not classified precisely in these

outputs, which makes kappa accuracy 0%.

The kappa classification accuracy for the six classified outputs (Eq" 35, Eq" 36, EqQ™ 37,
Eq™ 41, EQ™ 43, and Eq" 44) were less than 70%, and for two classification outputs
(Eq"32 and Eq" 34) the kappa classification accuracies were more than 70% but less
than 80%. Only Eq" 39 and Eq" 40 classified the irrigated double crop and other
croplands precisely with a kappa classification accuracy respectively 93.9% (OA =

97.2%) and 93.3% (OA = 96.9%) (Table 16). The errors of omission (producer’s
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accuracy) and errors of commission (user’s accuracy) for highest kappa classification
accuracy output (Eq" 39) were respectively for the irrigated double crop 0.94 and 0.98,
whereas for other croplands respectively 0.99% and 0.97% were estimated
(Dheeravath et al., 2010; Du et al., 2013; Lunetta et al., 2006; Thenkabail et al., 2008;

Yan and Roy, 2014) were also respectively highest for the Eqng and Eqnio.

Table 13 The table presents confusion matrix, user’s accuracy, producer’s accuracy, overall
classification accuracy (OA), and the kappa coefficient for all SVM classified outputs from

various polarization indices.

Confusion Matrix (%)| User’s |Producer’|Overall

Eq" . . Kappa
N Polarization Indices Accurac|s accuracy|Accurac %)
o.
2| b Tl yon) | @) |y |
a o o o
9
a-o, a=o,
31 Za"hh(i) b |37.4|62.6] 100 62.6 o
el b=0.63 b=1
Total| 37.4 |62.6] 62.6
a |27.2|0.6]|278
9
a=0.98, | a=o0.73,
32 zc°hv(i) b |10.2 [62.0] 72.2 89.2 | 75.8
~ b=0.86 | b=0.99
Total| 37.4 [62.6| 89.2
a o o o
9
Z v (i b 62.6| 100 a=o a=e 62.6 o
o . . .
33 vv(i) 373 b=0.63| b=

i=1
Total| 37.4 |62.6| 62.6

a [27.9(0.6|285
9

a=o0.98,  a=o.75,

°vh(i b 4 |62. . 89. .
34 Za’ vh(i) 9-4 |02.1| 71.0 b=0.87 | b=0.99 99 | 773

Total| 37.4 |62.6] 9o0.0

. a [27.2(5.7](329

o°vh (i) a=0.83, | a=o0.73,
—_— b . .0| 67. 841 65.2
35 Z o°vv (i) i b=0.85 | b=0.91 4 >

i=1
37.4 [62.6] 84.2

9
o°hv (i) a=o0.79, | a=0.76,

6 Z__ b 4| 64.
3 o°hh () 2 1P4%**| b=0.86 | b=0.88

835 | 64.5

i=1
37.4 |62.6| 83.7

a (288} 7 |358|a=0.81,| a=o0.77, 84.4 | 66.4
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9 o°hh (i) b | 85 |55.7| 64.2 | b=0.87 | b=0.89
37 ;GOhV ey 37.4 [62.6| 84.5
. a o o o
38 [o*vv (DI b | 373 (62.6| 100 a=o 4= 62.6 o

b=0.63 b=1

£i1o°hh ()
37.4 {62.6; 62.6

. a (353|0.7| 36

, a=o0.98,| a=o0.94,
39 ZG”vh(l) — o°vv(i) b | 2 |62.0 64 97.2 | 93.9
~ b=0.97 | b=0.99

37.4 |62.6| 97.3

a (353|112 |365

9
a=0.97, | a=o0.95,
40 Za°vv(i)—o°hh(i) b | 2 |615|635 ? 2| 969 | 033
b=0.97 | b=0.98

i-1
37.4 |62.6] 96.8
a 62| o | 6.2
° a=1, a=o0.17,
41 Za@hh(i) + o°vh(i) b | 311 [62.7]| 93.8 bo.67 bet 68.93 | 20.07
i-1 : =
Total| 37.4 |62.6| 68.9
a o | o o
9
(e°hh(i) — o°vv(i)) a=o, a=o,
2 2. @D + (D) b 3731626/ | 63| b | 6| °
Total 37.4 |62.6| 62.6
a |283]|6.5]34.8
9
(¢°hh(i) — o°hv(i)) b a=0.82, | a=0.76,
e 6.2| 65, 84. 66.
43 £ (@b (D) + o"hu() O P27 ho0.86| beog | ¥* 3
Total| 37.4 |62.6] 84.5
a |275|6.41339
9
(8 * o°hw(i)) a=0.9, | a=0.73,
44 ;(a°hh(i)+a°vv(i)+(2 oy P | 98 |563| 662 b=0.85 | b=o.g 83.7 | 644
Total| 37.4 |62.6| 83.8
a o | o o
9
(e°vv(i) — ¢°hh(i)) a=o, a=o,
b .3 |62.6 62.6 o
4 ;J(o°vv(i))2—(a°hh(i))2 373 (9281 190 1 063|  bar 2

Total| 37.4 {62.6 62.6

Where a and b represent respectively irrigated double-croplands (irrigated in kharif
and rabi cropping seasons) and other (partial groundwater irrigation during or

rainfed) croplands.
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4.1.5.1 Irrigated double cropland classification

The dual season (kharif and rabi cropping seasons) irrigated cropland is classified
using the equation with highest kappa coefficient and overall classification accuracy
(Figure 88). The Eq"39 represents the cumulative sum of the difference between VH
and VV backscattering coefficients. The proposed research shows that the dual season
cumulative sum from Eq"39 (subtraction between cross-polarized backscattering
coefficient and co-polarised backscattering coefficient) is performing irrigated double
cropland classification with the highest overall classification accuracy and kappa
coefficient. Total area estimated using Eq"39 under dual season (kharif and rabi

cropping seasons) irrigation is 6.22 km? and this irrigated double cropland area is

13.4% of the total cropland area in Berambadi watershed.

Reserve Forest

- Road Network - Irrigated double croplands
Settlement (kharif and rabi seasons)

= [ Other croplands
m Waste land :] P

e ) Il Water Bogy

Drainage Network

Figure 88 Spatial distribution of dual-irrigation in the Berambadi watershed in 2013.

Where the other croplands are partially groundwater irrigated in the absence of

rainfall or grown under only rainfed condition.

The overall classification accuracy and kappa coefficient for the classification output
using Eq"39 are respectively 97.2% and o0.94 (Table 14). The user’s accuracy and

producer’s accuracy for the irrigated double cropland (a) estimated respectively 0.98
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and 0.94 (Table 14). For the other croplands (b) user’s accuracy and producer’s
accuracy were estimated respectively 0.97 and 0.99. The Eqng bags the highest overall
classification accuracy, kappa coefficient, user accuracy, and producer accuracy, with

highest diagonal value (97.3%) (Table 14).

Table 14 Total irrigated area and classification accuracy for the dual-irrigation
practices in the Berambadi watershed. Were a and b are representing respectively

irrigated croplands and other (rainfed and fallow) croplands.

. . . User’s Producer’s  Overall

Cropping Irrigated Irrigated Kappa
Accuracy accuracy accuracy

Season area (km?)  area (%) Coef.
(%) (%) (%)

Dual a=0.98, a=0.94,

(Kharif+Rabi) 6.2 13.4 97.2 0.94

2013-14 b=0.97 b=0.99

4.1.5.2 Kharif cropping season irrigated cropland classification

The spatial distribution of irrigated croplands in the Berambadi watershed for the
kharif cropping season is presented in figure 89. As the Eq" 39 bags the highest overall
classification accuracy, kappa coefficient, user accuracy and producer accuracy for the
irrigated double cropland identification, the same equation is used to classify kharif
season irrigated cropland. The cumulative sum of Eq" 39 outcomes for the all kharif
season four Radarsat-2 SAR images (Table 15) was performed SVM classification with
the same training and validation samples (Figure 89) to generate classification output
and the accuracy assessment. [t was noticed from the classification output (Figure 89)
that the high concentration of the kharif season irrigated cropland is in the North-
West (NW) region of the watershed. The NW region of the watershed is in the
upstream which is between reserve forest and the biggest waterbody of the Berambadi

watershed.
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Reserve Forest Drainage Network
- Road Network - Imigated croplands

Setti ot (Khanf season)
- Waste land | Other croplands
) ) I \Vater Body

Figure 89 Spatial distribution of irrigated croplands during kharif cropping season.
where the other croplands are partially groundwater irrigated in the absence of rainfall

or grown under only rainfed condition.

The total irrigation area under kharif cropping season is 10.1 km? and approximately
21.7% area of the total cropland. The overall classification accuracy and kappa
coefficient for the kharif irrigated cropland classification are respectively 91.4% and
0.82 (Table 15). The user’s accuracy and producer’s accuracy for the kharif season
irrigated cropland (a) estimated respectively 0.85 and 0.94 (Table 15). For the other
croplands (b) user’s accuracy and producer’s accuracy were estimated respectively

0.96 and o.9.
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Table 15 Total irrigated area and classification accuracy for the kharif cropping season.
Were a and b are representing respectively irrigated croplands and other (rainfed and

fallow) croplands.

U >
Cropping Irrigated [rrigated A Sers Producer’s Overall  Kappa
ccura
Season area (km?)  area (%) (;) d accuracy (%)  Acc. (%)  Coef.
0
a=0.83, =0.94,
Kharif 2013 10.1 21.7 e =094 9L.4 0.82
b=0.96 b=0.9

4.1.5.3 Rabicropping season irrigated cropland classification

The rabi cropping season spatial distribution of irrigated croplands in the Berambadi
watershed is presented in figure go. As the Eqng bags the highest overall classification
accuracy, kappa coefficient, user accuracy and producer accuracy for the irrigated
double cropland identification. The same equation is used to classify rabi season
irrigated cropland classification. The cumulative sum of Eq" 39 outcomes for the all
rabi season five Radarsat-2 SAR images (Table 12) was undergone with SVM
classification with the same training and validation samples (Figure go) to generate
classification output and the accuracy assessment. The rabi cropping season irrigated
cropland is spread in all parts of the Berambadi watershed (Figure 9o). The NW and
the west region of the watershed is in the upstream of the Berambadi watershed are

respectively having big irrigated parcels.
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Reserve Forest
- Road Network - Imigated croplands

Drainage Network

(Rabi season)
Settlement
| Other croplands
_ Waste land
) ) I Vater Body

Figure go Spatial distribution of rabi cropping season irrigated croplands. The other
croplands are partially groundwater irrigated in the absence of rainfall or grown under

only rainfed condition.

The total area under rabi season irrigation is 10.5 km? and approximately 22.6% area
of the total cropland in the watershed. The overall classification accuracy and kappa
coefficient for the rabi irrigated cropland classification are respectively 90.4% and 0.79
(Table 16). The user’s accuracy and producer’s accuracy for the rabi season irrigated
cropland (a) estimated respectively 0.88 and 0.86 (Table 16). Rabi season other
croplands (b) user’s accuracy and producer’s accuracy were estimated respectively

0.92 and 0.94.
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Table 16 Total irrigated area and classification accuracy for the rabi cropping season.

User’

Cropping Irrigated [rrigated A ° Producer’s Overall Kappa
ccurac

Season area (km?) area (%) (%) Y accuracy (%) Acc. (%) Coef.
0

. a=0.88, a=0.86,

Rabi 2013-14 10.5 22.6 90.4 0.79

b=0.92 b=0.94

4.1.6 Discussion

In this study, the main objective was to evaluate the strength of C-band polarimetric
SAR time series images to identify groundwater irrigated croplands. For that purpose,
we classified polarimetric indices and backscattering coefficients calculated from

Radarsat-2 quad-pol SAR images using SVM classifier.

The Berambadi watershed is mostly covered with clouds during kharif and rabi
cropping seasons; the microwave remote sensing is the only available solution to map
the spatial distribution of irrigated croplands in the watershed (Mangiarotti et al.,
2018). Microwaves remote sensing uses respectively longer wavelengths (2.7 mm to 1.2
m) than optical wavelengths (0.435um to 12.5um) (https://landsat.usgs.gov/what-are-
band-designations-landsat-satellites) which are not sensitive to atmospheric
conditions (clouds, aerosols, etc.) (Hosseini et al., 2015; Karthikeyan et al., 2017; Ouchi,
2013). The Radarsat-2 data was used for the present study, (i) the unavailability of
other high spatial resolution satellite images during the study period and (ii) Radarsat-
2 is a quad pol satellite whereas Sentinel-1satellite is dual-pol (Engelbrecht et al., 2017).
Nevertheless, the study can be extended using freely available Sentinel-itimeseries
images for all three cropping seasons (kharif, rabi, and summer) and intra-annual

analysis.
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4.1.6.1 Selection of the polarimetric indices and backscattering coefficients for
irrigated cropland mapping

The use of single polarimetric backscattering coefficient for crop monitoring or
irrigated cropland monitoring is quite limited (Blaes et al., 2006). Radarsat-2 satellite
products are comprising of four polarizations, which assists for multiple polarimetric
combinations or polarimetric indices (Yang et al., 2017). The widely recognized
polarimetric backscattering coefficients and polarimetric indices for crop and soil
parameters monitoring were reviewed and implemented to identify seasonal irrigated
croplands (Li and Lampropoulos, 2016; Yonezawa et al., 2012). The best index (Eqng)
to identify dual cropping season groundwater irrigated croplands is identified with
the highest overall classification accuracy (97.2%) and kappa coefficient (0.94). The
same equation (Eqng) is further implemented to classify kharif and rabi cropping
season groundwater irrigated croplands. For the kharif cropping season, the overall
classification accuracy and kappa coefficients were respectively 91.4% and 0.82.
Whereas for the rabi cropping season the overall classification accuracy and kappa

coefficients were respectively 90.4% and o.79.

4.1.6.2 Methodological considerations and study area complexity

In the Berambadi watershed majority of farmers are fully dependent on kharif and rabi
cropping seasons. Farmers with borewell facility and good borewell yield are
cultivating crops which require long term irrigation (e.g., turmeric, banana and
sugarcane). Others are growing short duration irrigated cash crops (e.g., onion, garlic,
beetroot, etc.) or non-irrigated crops (e.g., marigold, sunflower, maize, etc.). Very few
farmers with good groundwater yield are growing water-intensive long duration crops

(e.g., banana and sugarcane).

The spatial distribution of intensive groundwater irrigation in the Berambadi
watershed (Sekhar et al., 2016) for the two main cropping season can be identified
from the present study. The classified irrigated double croplands are majorly
occupying with turmeric, sugarcane, banana, dual-season irrigated vegetables (e.g.,

onion, garlic, beetroot, chili, tomato, etc.), and the plantations. In the Berambadi
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watershed, the groundwater is recharging from the rainfall during SW and NE
monsoons and declining after the rabi cropping season (Maréchal et al., 2010). After
recharging during SW and NE monsoons, groundwater table becomes shallow from
the mid of kharif season till the end of the rabi cropping season. With the high
possibility to supply water through borewells during these two cropping seasons
enables the farmers to irrigate their crops which are comparably not possible during
the summer season. Only farmers with multiple borewell facilities and shallow
groundwater level are adapting long duration annual crops (A K Sharma et al., 2018).
The depth of the groundwater from the surface in the watershed for the year 2013 was

approximately between 15 m to 30 m (Sekhar et al., 2016).

In the year 2010, the World Bank has notified that in India approximately 36% (581 x
103 km?) of the total agricultural croplands (160 x 104 km?) are reliably irrigating. In
the Karnataka state, the total groundwater irrigated area is approximately 10%
(https://en.wikipedia.org/wiki/Irrigation_in_India). The proposed study shows that
the dual cropping season groundwater irrigated croplands are approximately 13.4%,
and for the individual kharif and rabi cropping season total irrigated areas are
respectively 21.7% and 22.6%. The study can extend for the summer cropping season
irrigated cropland monitoring. Excessive use of groundwater in the downstream areas
of the watershed, the upstream of the watershed has shallow groundwater level with
a comparison to the downstream (A K Sharma et al., 2018; Sriramulu et al., 2017b).
Moreover, the downstream groundwater is highly contaminated with a high amount
of nitrate (Sriramulu et al., 2017b). As the groundwater table become shallow in the

upstream, farmers are started growing long duration irrigated crops.

4.1.7 Conclusion

Our study demonstrated the potential of using time series of Radarsat-2 quad-pol data
to identify irrigated croplands in the context of south India. This constitutes an
important advance, as kharif and rabi cropping seasons are very difficult to monitor
with optical satellite imagery due to quasi-permanent cloud cover during the South

West and North East monsoon. The SVM classifier has been proved to be a potential
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candidate in order to classify irrigated double crop with 97.2% overall classification
and 93.9% kappa classification accuracies. The result shows 13.4% croplands are
cultivating irrigated double crops with intensive groundwater irrigation. However,
due to the small parcel size (less than 0.5 ha), the high diversity of crop types and crop
management practices in the watershed, crop classification remains a challenging
task. The study brought out the uneven spatial distribution of irrigated double crop
areas in the watershed. It is an important input for understanding the interactions
between groundwater dynamics and cropping systems. This information retrieved
will be crucial for constraining groundwater models such as the one being used in the
Berambadi watershed, which will allow recommending suitable practices that need to
be adopted by the farmers to ensure the sustainability of their farming systems. The
situation can further lead to groundwater depletion and contamination in the
upstream region too. The methodology used in this study could be applied at regional
or national scales using freely available Sentinel-1 datasets for seasonal or annual
irrigated cropland monitoring. Indeed, socio-economic sustainability and food
security of this region depends on the judicious use of the groundwater and planning
the cropping sequence with optimal utilization of groundwater resources in critical to

reaching this goal.
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4.2 Seasonal intensive groundwater irrigated cropland
identification using NDVI time-series images

The overarching goal of this section is to monitor seasonal intensive irrigated
croplands using multiple optical satellite NDVI time series images at watershed scale.
Cloud cover during the crop growth is the biggest obstacle for optical remote sensing
studies. Cloud-free images from the same satellite during complete cropping season
is difficult in semi-arid or humid regions. Multiple optical satellite images can fill the
gap for crop monitoring during various cropping seasons. The cloud-free images of
LS-8, EO-1, IRS-P6, and SpotsTakes satellites were collected from various payloads
over Berambadi watershed, southern peninsular India. Optical images were procured
for the all three cropping seasons from summer of the year 2014 till the summer of the
year 2016. All images were atmospheric and geometric corrected followed with
resampling at 5m spatial resolution. The Normalized Differential Vegetation Index
(NDVI) values were estimated for all images at parcel scale, and seasonal cumulative
NDVI products were generated at the parcel scale. The novel algorithm is aimed to
identify seasonal intensive irrigated croplands like beetroot, cabbage, turmeric,
sugarcane, banana, etc. Support Vector Machine (SVM) classification algorithm was
implemented on seasonal cumulative NDVI images with intensive ground
observations. The kappa coefficient was between 0.81 to 0.96 for summer, kharif and
rabi of the year 2014-15 for the classified outputs. The kappa coefficient for the
summer, kharif, and rabi of the year 2015-16 were between 0.62 to 0.89, and for the
summer of the year 2016 kappa was 1. Results show that the intensive groundwater
irrigation during various cropping seasons in the Berambadi watershed is between 5%

to 20%.

4.2.1 Dataset used for the study

The study aimed to identify groundwater irrigated cropland using time-series of
optical images from the summer cropping season of the year 2014 till the year 2016
summer cropping season. The study was conducted in the Berambadi watershed of

southern peninsular India under research projects titled “Assimilation of Multi-
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satellite data at Berambadi watershed for Hydrology And land Surface experiment”
(AMBHAS) (Sekhar and Ruiz, 2010). Clouds are the biggest obstacle to use the same
satellite images for the complete study period. To avoid the data gap, we have
procured multiple optical sensor images of the study area for the monitoring period.
The spatially distributed throughout the watershed intensive ground survey was done
for the various monitored cropping seasons. Detail of the study area used datasets,

and the methodology is presented in this section.

4.2.1.1 Remote sensing data collection and image pre-processing

Cloud cover during cropping seasons is the biggest obstacle for optical remote sensing
for earth observation studies. To overcome the unavailability of same satellite time-
series images we have procured optical images from various platforms like Landsat-8,
Spot-5 (Takes), Earth Observation-1 (EO-1) and IRS-P6 (Figure 91). Optical Land
Imager (OLI) sensor images from the Landsat-8 satellite, Advance Land Imagine (ALI)
sensor images from the EO-1 satellite, High Resolution Geometrical (HRG-2) sensor
images from Spots satellite and Linear Imaging Self Scanning Sensor (LISS-3 and LISS-
4) sensor images from the Indian Remote Sensing (IRS) satellite IRS-P6 (Resourcesat-
2) were procured from summer cropping of the year 2014 till summer season of the
year 2016. All procured images were pre-processed for atmospheric correction using
Second Simulation of a Satellite Signal in the Solar Spectrum (6S) (Claverie et al., 2015;
USGS and U.S. Geological Survery, 2016; Vermote et al., 1997) radiative transfer model
followed to the geometric correction. Figure 98 presents total 43 optical satellite cloud
fee images from various platforms were procured and resampled at sm spatial

resolution without changing the pixel values (Roy et al., 2014; A K Sharma et al., 2018).
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Figure g1 Multi-satellite images used for the study.

Berambadi watershed is characterized mainly with the parcels of an area less than a
hectare. A total number of parcel in the Berambadi watershed are approximately
19,600, and total agricultural cropland is 18,500 (A K Sharma et al., 2018). All procured
43 satellite images were resampled at 5 m spatial resolution using the nearest
neighbour (NN) resampling method without changing the original pixel values (Xu et

al., 2015).

4.2.1.2 Ground observation data

Ground observation information was collected from the farmers and personally for all
monitored cropping seasons (summer 2014, kharif 2014, rabi 2014-15, summer 2015,
kharif 2015, rabi 2015-16 and summer 2016). Due to the limited funds, the ground
survey was performed in mid of kharif and rabi cropping seasons of the year 2014 and
2015. During these surveys summer cropping of the year 2014 and 2015 were also
collected from the farmers. Summer 2016 crop information was collected in the kharif

season of the year 2016. While doing the filed survey quality of the collected
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information is maintained (like if the farmer is sure, then only the information is
collected). The ground survey was performed in the Berambadi watershed with an
objective to collect maximum information about crop management practices and the
water management practices at field (parcel) scale. Various information’s were
collected from the field survey to keep in knowledge while processing the datasets and

result generation.

The main information’s noticed during the field survey were:

(i) seasonal crop type,

(ii)  irrigation practices information (number of irrigations, etc.),

(iii))  crop seeding date,

(iv)  crop harvesting dates (marigold has multiple harvesting and farmers use
to cultivate mixed crops like onion, chili, and beetroot with the turmeric),

(v)  weather crop is irrigated or rainfed or partial irrigated, and

(vi)  source of the irrigation (own borewell or neighbor’s borewell used for the

irrigation) were collected.

The intensive spatially distributed survey was done throughout the watershed. It was
noticed while survey that the farmers are performing unplanned partial irrigation
during crop growth in the absence of rainfall, according to their groundwater facility
(Sharma et al.,, 2019). After finishing all surveys to minimize the heterogeneity of

cropping practices in the watershed, the datasets were divided into two categories:

(i) annual irrigated croplands (irrigated during all cropping seasons like
summer, kharif, and rabi), and

(ii))  others (rainfed, partially irrigated and left fallow for a cropping season).

Total 628 parcels were surveyed for the year 2014-15, 731 parcels were surveyed for the
year 2015-16, and 604 parcels were surveyed for the year 2016 (Table 17). The intensively
irrigated crops are long duration crops during all three cropping seasons (like banana,
sugarcane, irrigated coconut, irrigated plantation, etc.), irrigated during two season

and followed with summer irrigation (like turmeric (kharif and rabi) and summer crop
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(like beetroot, cabbage, carrot, vegetables, etc.)), and individual three irrigation crops

like onion, garlic, beetroot, cabbage, carrot, watermelon, vegetables, etc.

Table 17 Training and validation samples of intensively irrigated cropland and other

croplands.

Year Intensive irrigated Others Total

2014-2015 182 446 628
2015-2016 218 513 731
2016 152 452 604

Spatially distributed intensive irrigated croplands were surveyed for the years 2014,
2015 and 2016 in the Berambadi watershed. Figure 92 shows the training (calibration)
and validation samples locations for all years. The training and validation samples
were randomly divided 50-50% from the total collected samples of table 17. These

training and validation further used to classify the irrigated croplands and to validate

the classification outputs.

.| Irrigated Cropland (Validation)
| Other Cropland (Training)
| Other Cropland (Validation)
1 waste land

Figure 92 Ground observed training (calibration) and validation parcels of annual

(summer + kharif + rabi) irrigated (intensive irrigation) and other (partial irrigation
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in the absence of rainfall, rainfed only and fellow land) croplands for the years 2014,

2015 and 2016.

4.2.1.3 Monthly rainfall and its relation to cropping practices in the Berambadi
watershed

The Berambadi watershed is characterized in three main cropping seasons known as
summer, kharif, and rabi. Figure 93 shows the monthly rainfall for various cropping
seasons from summer-2014 till summer-2016. The kharif cropping season is also
known as monsoon season, and major farming practices are depending on the SW
rainfall. The rainfed (non-irrigated) crop seeding during kharif season depends on the
first rainfall of the season. Farmers with irrigation facility are sometimes doesn’t wait
for the first rain and sometimes they are starting seeding crops like turmeric (with
onion and beetroot) in the first week of May also. The rabi cropping season is also
known as post-monsoon cropping season as it credits with the NE monsoon rainfall
for the crop cultivation. Less rainy days during the NE rainfall (for the example year
2014) is having a direct impact on the total cultivation. According to the groundwater
condition farmers with the borewell facility are selecting the crop for seeding in the
concern cropping season. During summer cropping season thunders may come but as
there is no surety of the rainfall, only farmers with completely depends on the

groundwater irrigation only.
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Figure 93 Monthly rainfall during cropping seasons for the year 2014-16.

The figure 93 shows the SW monsoon’s weaker (monthly rainfall ~ 25 mm) starting
and high rainfall (approximate 150 mm) at the end. Due to the weaker starting of the
SW monsoon majority of rainfed farmers quit cultivating crops this year. The SW
monsoon plays a major role to recharge groundwater (A K Sharma et al., 2018), but
due to weaker monsoon the groundwater got depleted more than 50 m in downstream

villages of the watershed (Sekhar et al., 2016).

4.2.2 Methodology

Hierarchical diagram of the comprehensive methodology to classify seasonal intensive
irrigated croplands using multiple satellite images is presented in Figure 94. The pre-
processed and resampled 5 m spatial resolution images further used to estimate NDVI
time-series. The seasonal cumulative NDVI values at agricultural parcel scale were

further used to classify the irrigated croplands for the concern cropping seasons.
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Figure 94 Methodology flow chart.

Available cloud-free Landsat-8, IRS-P6 (LISS-3 and LISS-4), EO-1 and Spot-5 (Takes)
images of the Berambadi watershed were procured during the study period. The
spatial resolution of various satellite images was varying from 5 m to 30 m. All images
were resampled at 5 m spatial resolution using NN resampling method without
changing the pixel value (Borra-Serrano et al., 2015). The parcel means NDVI values
were estimated for all satellite dates using manually digitized parcel boundary (A K
Sharma et al., 2018). The NDVI equation is presented below, here NIR represents to
the Near InfraRed spectral band. The Figure 95 shows satellite derived NDVI for the

different acquisition dates from the various satellite sensors.
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14t Feb 2015 (LS8-OLI) 15% Feb 2015 (EO1-ALI)

Figure 95 Pre-processed NDVI obtained from various sensors.

The uncertainty between various satellite sensors needs to be taken care to avoid
sensor errors (Ke et al., 2015; Roy et al., 2016). These sensor uncertainties are causing

due to:

(i) the spectral response differences between different sensors,
(i) surface and atmospheric differences between the satellite sensors pass
dates, and

(iii)  the bi-directional reflectance effects.

The parcel scale linear regression was performed between LS8 NDVI values with other
satellite NDVI values (using only cloud-free images) for the same or nearby date. This
exercise was performed to bring all NDVI products from various satellite to an equal
platform. This NDVI correction is reducing the uncertainty between various NDVI

products (Hwang et al.,, 2011; Ke et al., 2015). Figure 96 shows the high regression
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coefficient of determination (R2) for all corrected NDVI values (generated from
various sensors) with respect to the LS-8 NDVI values at the parcel scale. The same
day procured satellite images from Spot-5 (Take-5), and EO-1 satellites were presents
high regression coefficient of determination with R* > 0.85. Due to the IRS LISS-3 and
IRS LISS-4 were procured with two days interval the regression coefficient of

determination estimated R*> > 0.67.
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Figure 96 Linear relation between LS8 OLI NDVI and other corrected NDVI values.

Once the individual linear regression equations were established, then these linear

regression equations were implemented on the other satellite NDVI datasets. EqQ" 46
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to EqQ" 49 are presenting the exact values which were used to correct other satellite

(except LS-8) NDVI products values, with respect to the Landsat-8 OLI NDVI values.

LS8 _OLI = -0.155706319634976+1.39822591634092*EO1-ALI Equation 46
LS8 _OLI = 0.021738909990993+0.934879319774955*S5T5 Equation 47
LS8 _OLI = 0.295175896235947+0.952761076512895*IRS-L3 Equation 48
LS8_OLI = 0.125452753894342+0.925746713756807*IRS-L4 Equation 49

Multi-source corrected temporal NDVI for the various main crops of the experimental
watershed is presented in the figure g7. Sugarcane and banana are the annual crops
and if the cultivation started in the last rabi season it will harvest in the respective
next rabi cropping season. As presented in the figure 97, sugarcane NDVI is high (~o.5)
in the summer and it harvest in the rabi cropping season due to it was cultivated in
the last rabi season. Turmeric is cultivating alone or with other short (3 months) crops
like onion, beetroot, etc. As the turmeric crop duration is of eight months so some
farmers are seeding turmeric with other crops and by the time turmeric leaves are
becoming big the other short duration crops are getting harvest. Figure 104 shows the
cultivation NDVI time-series of turmeric crop alone and turmeric with onion
cultivation. The sorghum, marigold, maize, sunflower, and country beans (beans) are
four-month crops and these crops are commonly cultivating under rainfed condition

only.
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Figure 97 The re-constructed temporal NDVI for various crops in the watershed.

4.2.2.1 SVM image classification

The support vector machine (SVM) algorithm (Betbeder et al., 2014a; Xiong et al., 2017)
with the scikit-learn library (Pedregosa et al., 2011) was used to classify intensively
irrigated croplands for the all cropping seasons. The 50% random ground observed
samples (Figure 92) from both categories (intensive irrigated and other croplands)
were used to train the SVM classifier and classified the seasonal irrigated maps. The
remaining 50% random samples (Figure 92) were used to validate the SVM classified
outputs. The seasonal cumulative NDVI from various satellite sensors at parcel scale
were used to classify intensively irrigated cropland in the watershed. The SVM
classifier is the best example of supervised non-parametric discriminative statistical
classifiers (Li et al., 2007). The supervised classification using SVM classifier
discriminates training samples with multidimensional hyperplanes in the feature

space (Mavroforakis and Theodoridis, 2006).

176

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 4: Irrigated cropland identification

4.2 .3 Results and discussion

Seasonal irrigated cropland and successive double and triple cropping season
irrigation are classified using SVM classifier. Due to the cloud cover its difficult to
procure the same satellite products for the multiple cropping seasons during crop
growth. These clouds are hiding the crop growth period during two main cropping
seasons. To overcome this challenge, we have used multiple satellite missions together
for the seasonal irrigated cropland monitoring. The intensive spatial distributed
ground observation was performed for all cropping seasons from summer 2014 till
summer 2016. These intensive ground observations were further used for the training
of SVM classifier and to validate the classified outputs. The classified outputs were
validated by calculating producer’s accuracy, user’s accuracy, overall accuracy, and the
kappa coefficient (Gumma et al., 2016; Olofsson et al., 2013). First, the cumulative
seasonal NDVI, dual season NDVI and annual NDVI were estimated. Then the parcel
boundary of the Berambadi watershed (A K Sharma et al., 2018) is used to estimate
mean cumulative NDVI at parcel scale. These parcels mean cumulative NDVI further

used for the SVM classifications.

Using multiple satellite cloud-free images and intensive ground observations (table
20), all cropping seasons were analysed to identify intensively irrigated croplands in
the Berambadi watershed. In this study, the major focus was to demarcate intensively
irrigated croplands for various cropping seasons. The seasonal cumulative NDVI
outputs were generated at agricultural parcel scale to classify seasonal intensive
irrigated croplands. During the kharif cropping season, major focus was to identify
croplands with the cultivation of long duration irrigated crops like turmeric, banana,
sugarcane, chili, and two irrigated crops in a season (like onion followed with
beetroot). During rabi cropping season all kharif crops like turmeric, banana,
sugarcane, chili, etc. are extending with the new cultivation of tomato, banana, and
sugarcane for the further cropping season. Some farmers during rabi season are
cultivating short duration crops (two to three months) like beetroot, garlic or cabbage
just after turmeric harvesting. During summer cropping season banana and sugarcane
are extending from the last season, and farmers with irrigation facility are cultivating

short duration crops like cabbage, beetroot, watermelon, etc. During the summer
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season cultivation, it completely depends on the irrigation facility of the farmer. So,
the farmers with groundwater facility are only plans to cultivate in this cropping
season. All classified outputs are presenting a high concentration of intensively
irrigated croplands in the upstream of the Berambadi watershed. This section is
dividing into subsections to provide a concise and precise description of the
experimental results and their interpretation followed with the experimental

conclusions.

4.2.3.1 Irrigated cropland classification for the year 2014-15

Three progressive cropping seasons for the year 2014-15 were analyzed to identify
intensively irrigated croplands in the watershed. Table 18 shows that during summer,
kharif and rabi cropping seasons respectively 6.3%, 9.2%, and 15.7% croplands are
performing intensive irrigation. The croplands performing dual season irrigation are
approximately 5% to 7% of the total cultivation area in the Berambadi watershed.
About 4.6% croplands are cultivating throughout the year; these croplands are

cultivating banana, sugarcane, plantation, etc.

Table 18 Classification accuracy assessment of intensively irrigated cropland and
other croplands for the year 2014-15. Where Irr and Oth represents to the Irrigated and

other cropland respectively.

_ Irrigated Irrigated Error of Error of Overall
Cropping . .. Kappa
area area (%) Omission Commission Acc.
Season Coef.
(km?) (%)
S 3 p [rr=9.17 [rr=2.87 3
ummer 2014 2. 2 0.90 .
4 7 / Oth=2.05 Oth=6.67 0 94-57
[rr=2.14 Irr=7.6
Kharif 201 18 1 0.91 .
4 4 o5 Oth=6.15 Oth=1.71 0 95-59
Rabi g Irr=4.52 Irr=7.65 8 6
abi 2014-1 1 15.72 0. 62
LA > Oth=6.04 Oth=3.54 o o4
Summer Irr=14.3 [rr=2.82
AND Kharif 2. 12 0.8 2.
. > Oth=1.9 Oth=9.99 > 9275
2014
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Kharif AND " Irr=10.57 Irr=5.19 .

1 , 0. 3
Rabi 2014-15 A w2 Oth=3.58 Oth=8.05 g st
Summer [rr=18.39 Irr=2.96
AND  Kharif

_ _ Oth=1.89 Oth=12.49 8 .
AND Bl 09 4.57 0.81 90.2
2014-15

In the upstream region of the watershed, the groundwater is shallow compared to the
downstream (Figure 98). Due to the shallow groundwater scenario in the upstream
farmers are likely to cultivate intensive irrigation in the upstream (Figure 98). Summer
season cultivation can be performed by only groundwater irrigation. Kharif cropping
season is mainly occupied with rainfed cultivation. During rabi cropping season
irrigation is dominant after getting groundwater recharge by the monsoon season

(Figure 98).

Kharif 2014

Summer 2014

Total Irngated Area = 4 18 Km*
Total Irrigation = 9.15 %

Total Imgated Area = 2 87 Km*
Total Irrigation = 6.27 %

Rabi 2014-15

Irrigated Cropland
Other Cropland

Total Irmgated Area = 7 18 Km?
Total Irrigation = 15.72 %

Figure 98 Seasonal intensive irrigated cropland classification for the year 2014-15.

Dual season irrigation in the watershed requires good groundwater availability. Figure

99 shows that the dual and annual irrigated croplands are situated in the upstream of
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the watershed. The high concentration of irrigated croplands in the upstream is due
to the shallow groundwater scenario (Figure 99). During kharif and rabi season dual
irrigation parcels can be found in the downstream and middle of the watershed. These

dual irrigated croplands can be of turmeric crop.

Kharif AND Rabi
year 2014-15

Summer AND Kharif
year 2014

Total Irrigated Area = 2.34 Km?
Total Irrigation = 5.12 %

Total Irrigated Area = 3.17 Km?
Total Irrigation = 6,95 %

Irrigated Cropland
Other Cropland

Total Irrigated Area = 2.09 Km”
Total Irrigation = 4.57 %

Figure 99 Dual and annual irrigated cropland classification for the year 2014-15.

4.2.3.2 Irrigated cropland classification for the year 2015-16

Intensively irrigated croplands for the cropping seasons in the year 2015-16 are
reasonably more than the year 2014-15 (Table 19). For the summer kharif and rabi
cropping seasons of the year 2015-16 respectively 15.9%, 16.5%, and 14% croplands are
performing intensive irrigation. The dual season irrigated croplands for the summer
and kharif seasons of the year 2015 were 10.6%. For kharif and rabi cropping season
dual irrigation was in 9.4% croplands. The annual irrigated croplands in the watershed

was occupying around 7.3% area.
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Table 19 Classification accuracy assessment of intensively irrigated cropland and

other croplands for the year 2015-16. Where Irr and Oth represents to the Irrigated and

other cropland respectively.

. Irrigated Irrigated Error of Error of Overall
Cropping - .. Kappa
area area (%) Omission  Commissio Acc.
Season oef.
(km?) n (%)
Irr=22.98 Irr=9.92
Summer 2015  7.16 15.86 0.72 86.66
Oth=6.25 Oth=15.29
Irr=13.73 Irr=5.26
Kharif 201 . 16. 0.8 2.1
5 7.43 47 Othesss | Otheg.48 4 9215
[rr=21. [rr=7.32
Rabi 2015-16  6.43 13.98 243 73 0.76 88.28
Oth=4.57 Oth=14.19
Summer Irr=35.75 Irr=4.3
AND Kharif 4.76 10. 0.6 83.6
+7 > Oth=2.11 Oth=21.05 > 359
2015
Kharif AND Irr=35.56 [rr=1.88 P 3
2 . 0. :
Rabi 2015-16 +23 943 Oth=0.9 Oth=20.77 4 447
Summer Irr=41.06 Irr=1.3
AND  Kharif
) 58 Oth=0.57 Oth=23.17 6 8>,
AND  Rabi >/ [ o B34
2015-16

During summer all cropping season for the year 2015-16 the irrigation croplands were

intensified in all regions of the watershed (downstream, middle-stream and the

upstream). Figure 100 shows the intensity of irrigated croplands is following the main

drainage network of the watershed.

181

SHARMA, Amit Kumar. Evaluation d'images satellitaires a haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 4: Irrigated cropland identification

Kharif 2015

Total Irngated Area = 7 43 Km?
Total Irrigation = 16.47 %

Total Irngated Area = 7 16 Km?
Total Irrigation = 15.86 %

Rabi 2015-16

B irrigated Cropland
Other Cropland

Total lmgated Area = 6 43 Km?
Total Irrigation = 13.98 %

Figure 100 Seasonal intensive irrigated cropland classification for the year 2015-16.

Dual irrigation and annual irrigation is mainly intensified in the upstream of the
watershed (Figure 101). The high intensity in the upstream is due to shallow
groundwater level in the upstream and groundwater recharge by neighbor reserve

forest.

Kharif AND Rabi
year 2015-16

Summer AND Kharif
year 2015

Total Irrigated Area = 4. 23 Km?

Total Irrigated Area = 4.76 Km?
Total Irrigation = 9.43 %

Total Irrigation = 10.55 %

Summer AND Kharif AND Rabi
year 2015-16

B irrigated Cropland
Other Cropland

Total Imgated Area = 3 27 Km*
Total Irmgation = 7.28 %

Figure 101 Dual and annual irrigated cropland classification for the year 2015-16.
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4.2.3.3 Irrigated cropland classification for Summer 2016

In the Berambadi watershed, during the summer cropping seasons cultivation can
only be possible by groundwater irrigation. The croplands cultivating in this season
are having sufficient groundwater resources for irrigation purposes. During the
summer season of the year, 2016 12.8% croplands cultivate their crops with

groundwater facility (Table 20).

Table 20 Classification accuracy assessment of intensively irrigated cropland and

other croplands for the year 2016.

, Irrigated Irrigated Error of Error  of Overall
Cropping . .. Kappa
area area (%) Omission Commissio Acc.
Season Coef.
(km?) n (%)
Irr=0 Irr=0
Summer 2016 5.88 78 .
ummer 2016 5 12.7 Otheo Otheo 1.0 100

The irrigated cropland in the summer season of the year 2016 is distributed along to
drainage in the watershed (Figure 102). The Downstream and middle-stream regions
of the watershed are also cultivated in the summer 2016 season after good
groundwater recharge in kharif and rabi seasons of the year 2015-16. The kharif (SW-
monsoon) and rabi (NE- monsoon) season rainfall for the year 2015-16 were
respectively 37smm and 354mm. And for the summer season of year 2016 total rainfall
was 63mm. Due to the good rainfall during SW and NE monsoons the ground water
is recharged and spatially distributed intensive irrigated parcels can be seen in the

figure 102.
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B irrigated Cropland
Other Cropland

Total Irrigated Area = 5.88 Km?
Total Irrigation = 12.78 %

Figure 102 Summer irrigated cropland classification for the year 2016.

4.2.3.4 Irrigated cropland classification validation

The present study used spatially distributed annual irrigated cropland ground
observed samples for the training and validation. The classification was performed
with high accuracy even though the uncertainty has increased in present samples due

to we used annual irrigated cropland, which can have three possibilities of irrigated

cropland:
i. short duration crops (like onion, garlic, beetroot, cabbage, etc.) of three
months each with fifteen days to a month gap between progressive crops,
il. one moderate duration crop (like turmeric) of eight-month duration
followed with short duration crop of three months,
iii. or annual crop like banana, sugarcane, and coconut.

The purpose of using a spatially distributed vast number of annual irrigated samples
was to validate the proposed methodology’s sensitivity for seasonal irrigated croplands

classification.
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The seasonal irrigated cropland classification outputs using the proposed
methodology was validated with Sharma et al. (2018) seasonal training & validation
samples and vice versa. Table 21 shows the kappa coefficient and overall classification
accuracies for the methodology proposed in Sharma et al. (2018) and the present work.
The total irrigated area for the rabi cropping season of year 2015 in the study Sharma
et al. (2018) was 31.34% and with the present methodology total intensive irrigated
cropland estimated is 14%. The remaining about 17% irrigated cropland were seasons

partial irrigation which was not estimated by the present study.

Table 21 Validation of the proposed study.

Sharma et al. (2018) Proposed classification

Cropping wusing annual using seasonal using annual using seasonal

Season irrigated irrigated irrigated irrigated
samples samples samples samples
Kappa = 0.32 Kappa = 0.94 Kappa = 0.76 Kappa = 0.80
Rabi 2015
OA = 711% OA = 96.9% OA = 88.28% OA = 89.81%
Summer Kappa = 0.94 Kappa = 0.99 Kappa =1.0 Kappa =0.83
2016 OA =97.2 OA =99.7% OA =100% OA = 91.7%

The kappa coefficient for the Sharma et al. (2018) for rabi 2015 irrigated cropland
classification was very low due to the training and validation samples were collected
from annual irrigated croplands. The possibility of fallow land between two cropping
seasons is high, which feeds the error to classification outputs. The rabi cropping
season starts in mid-September and finishes in mid-January, so the possibility of
harvesting short duration crops like onion, garlic, beetroot, and cabbage is high in
November-end or December-starting. But crops like turmeric, banana, sugarcane,
coconut exist due to they are long duration crops. The proposed classification
methodology is stable (Table 21) for both annual and seasonal samples to monitor

irrigated cropland during rabi and summer cropping seasons.
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Conclusion

Groundwater on the Beramabadi watershed is becoming scared due to uncontrolled
pumping for irrigation purposes. We presented here an approach to precisely
identificate the presence of irrigation for different cropping seasons. In absence of
same optical satellite images for complete cropping season, multiple satellite images
(Landsat-8, SPOT-5, EO-1and IRS-P6) have been used to identify irrigated cropland.
Overall classification accuracy from NDVI timeseries using SVM classifier for all
studied cropping seasons was higher than 0.82 when considering irrigation. The study
shows that the majority of farmers are performing groundwater irrigation along
drainages which impact the surface flow in the major part of the watershed. The study
shows less irrigated cropland during various cropping seasons of the year 2014-15
compared to cropping seasons of the year 2015-16 due to a severe drought. The
methodology presents the way to identify irrigated cropping areas in the scarcity of
the same satellite time series images. The study can further perform partial irrigation
and rainfed cropland identification. The intensive groundwater irrigation can be

further related to the groundwater quality and quantity of concern cropping seasons.
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CHAPTER 5: Crop type monitoring and

characterization

Summary

This chapter aims to monitor agricultural crop physical properties (crop height) and
classify turmeric crop using SAR and optical data with ground observation. The
chapter is divided into two main sections: Sensitivity analysis of Radarsat-2 SAR
ultrafine multitemporal images with the crop growth is presented, and turmeric crop
monitoring is performed using Radarsat-2 quad pol SAR and Landsat-8 time series

images.

5.1 Sensitivity analysis of multitemporal Radarsat-2 (UF)
images with crop growth

Farmers in the Berambadi watershed are cultivating various irrigated and non-
irrigated crops according to their availability of irrigation resources. The groundwater
is only source of irrigation in the watershed and the non-irrigated farmlands are
completely depending upon the rainfall. During less rainy days or undulation in the
monsoon, the rainfed farmers also uses partial irrigation ton save their crops. Optical
remote sensing facing the limitation of cloud cover which is overcoming with the
microwave remote sensing images. In the present study we have used time-series of
Radarsat-2 ultrafine SAR images to monitor crop growth during the Kharif season in
2017 on the Berambadi watershed. The objective of this study is to investigate the
potential of ultrafine (UF) synthetic aperture radar (SAR) images for crop growth
monitoring. HH polarized multitemporal images of the Radarsat-2> UF SAR images
with high incidence angle (~36°) were procured for the year 2017 over Berambadi
watershed, southern peninsular India. A total of two images were acquired for the
kharif cropping season, and one image was acquired for the rabi cropping season. Field
observations were performed according to three Radarsat-2 satellite pass dates. It was

observed that six major crops of the watershed have a strong positive correlation with
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the SAR backscattering coefficients. The six major crops were maize (R* ~ 0.83),
marigold (R*> ~ 0.85), sorghum (R? ~ 0.68), sunflower (R*> ~ 0.70), banana (R* ~ 0.61),
and turmeric (R* ~ 0.72). The study also demonstrated the intra-crop heterogeneity of
crop height in the Berambadi watershed but demonstrated nevertheless the potential

of Radarsat-2 SAR UF data for crop growth monitoring.

5.1.1 Ground observation locations

The crop survey was performed two times in the kharif cropping season and once in
rabi cropping season. Three ground control campaigns were performed at the same
time of the Radarsat-2 satellite pass on the Berambadi watershed. While performing
crop survey the crop type, crop height, crop density, crop yield per plant, leaf area
index (LAI) and information about crop management practices were collected. A total
of 562 crop parcels were surveyed together all three surveys, which includes 79
turmeric parcels, 71 banana parcels, 123 maize parcels, 9o sorghum parcels, 78
marigold parcels, and 121 sunflower parcels (Figure 103). The watershed is consisting
of huge variety of crop types with several water management practices and with a

combination of six major soil types.

z
°
o
S
=
o
o
~
> Kharif crop survey Settlement
Rabi crop survey  [JJli] Water bodies
o = GWL monitoring Reserve forest

76°33'0"E 76°36'0"E 76°39'0"E
Figure 103 Ground observation locations during kharif and rabi cropping seasons in

2017.
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5.1.2 Materials and methods

Kharif and Rabi are the two main cropping seasons in Berambadi watershed with the
majority of farmlands cultivation. To avoid the cloud cover obstacle Radarsat-2 SAR
ultrafine HH-polarization images with high incidence angle (Lee and Pottier, 2009;
Srivastava et al., 2009) were procured. Two SAR images are acquired during the kharif
season and one image during the rabi season in the framework of VIGISAT program

(Table 22).

Table 22 Characteristics and dates of the acquired Radarsat-2 UF satellite images.

Radarsat-2 satellite images characteristics

Ground resolution 1.99m
Azimuth resolution 1.56m
Polarization HH
Mode Ultrafine (descending)
Incidence angle 35.5 (near) - 36.8 (far)
Data acquisition dates 05-06-2017

29-06-2017

16-08-2017

The RGB color composite of ultrafine (UF) HH-polarization for the three dates were
estimated at pixel scale (Figure 104). This RGB color composite represents the spatial
distribution of three dates combined image in the Berambadi watershed. We can see
here clearly the forest at west part of the watershed in grey, blue colour on the false
composite image indicate highest level of backscattering in HH polarization the 16th

of August, in red, highest level of backscattering for the 5™ of June, etc.
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Figure 104 Multitemporal composite color of Radarsat-2 UF images (in red : 05"
June 2017, in green : 29" June 2017, in blue : 16th Aug 2017).

The two irrigated crops (turmeric and banana) and four non-irrigated crops (maize,
sorghum, marigold, and sunflower) were analysed for the present study as shown in
Figure 105. Turmeric crop is normally seeding in the May second or third week;
banana is seeding every year in rabi cropping season. And maize, sorghum, and
sunflower are seeding in the month June first week, depending on the first rain of the
cropping season. Marigold is first seeding in a nursery then planting in the field during
the first or second week of June. For, Rabi cropping season, seeding is realized in mid

of the September month.
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Figure 105 Major crops (turmeric (a), banana (b), maize (c), sorghum (d), marigold

(e), and sunflower (f)) grown in the Berambadi watershed.

Radiometric calibration was done for all procured Radarsat-2 images. The
backscattering coefficient for HH were estimated in decibels (dB) and the Lee sigma
speckle filter (Duguay et al., 2016; Lee, 1983; Lee et al., 2009) with 4 look intensity, 5x5
window size, sigma=0.9 and target window 3x3 is used to reduce speckle noise. The
improved Lee sigma speckle filter’s characteristics were quantitatively evaluated and
validated with SAR images (Lee et al.,, 2009). All images were geocoded using 3sec

SRTM (shuttle radar topographic mission) DEM (digital elevation model). After
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geocoding all SAR images were geometrically corrected with ground survey locations
with UTM (Universal Transverse Mercator) projection and 43rd Zone of North
hemisphere. The parcel mean backscattering coefficient at the parcel scale was
evaluated for all three Radarsat-2 images. All parcel mean values were then
representing at a field scale by calculating mean backscattering coefficients of pixels
inside the digitized plots, an example of false colour composite is presented on the

Figure 106.

N

Figure 106 Multitemporal composite color of Radarsat-2 UF images parcel mean
values (in red : 05" June 2017, in green : 29" June 2017, in blue : 16th Aug 2017)

5.1.3 Results and discussion

A total of 562 parcels were surveyed together for kharif and rabi cropping seasons. The
mean backscattering coefficient of HH polarization was extracted for surveyed 562
parcels. And then for surveyed six crops (turmeric, banana, maize, sorghum, marigold,
and sunflower), the linear relation between parcel mean HH backscattering coefficient
and crop height has been established. The correlations between crop height and

backscattering coefficient are detailed in Figure 107.
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Figure 107 Linear relation between ground observed crop height and the parcel mean

HH backscattering coefficient value.

Figure 107 presents individual sensitiveness with crop height for various crop types
with coefficient of determination (R?) between 0.61 to 0.85. Here maize and marigold
crops are showing R* > 0.83, and other crops like turmeric, banana, sorghum,
sunflower are showing R> between 0.61 and 0.72. The linear regression between the all
surveyed crops (six-crop) height and their corresponding parcel mean backscattering
coefficients were established (Figure 108). The linear and exponential relation is not
marquant with a coefficient of determination respectively of r’=0.5 and 0.6. This huge

heterogeneity is due to intra-parcel heterogeneity height and especially different
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phenological stages for similar crops due to planting delays according to farmers'

agricultural practices.

400 -
£ 350 -
E)
® ea» o 0o® o 300 - —
ot £
@0 @ oWm® o 250 A —
ot
™ i o
200 { .20
. 2
®e 150 { o
* o
L J L J
oo * 100 { *
[
®
E)
[ J 50 -
-18.00 -16.00 -14.00 -12.00 -10.00 -8.00 -6.00

c°,y (dB)

Figure 108 Relationship between the ground observed crop height (irrespective to the

crop type) and parcel mean backscatter value.

Crop height (cm), crop land area (ha) and o° HH backscattering variability is
presented in Figure 109. The banana crop is noticed with highly heterogeneous crops
heights in the watershed characterized by various water management practices as
drip, sprinkler or flood irrigation (El Hajj et al., 2016). Due to the high variability crop
height, it is having a weaker relation with mean backscattering coefficient comparison
to the other crop types. High heterogeneity concerned also maize height and
backscattering coefficient because of phenological stages differences observed on the
watershed. Turmeric is characterized by the fewest variations in terms of height and
cropland areas because of a homogeneous agricultural practise for this crop. No
conclusions can be done for the interpretation of the backscattering coefficients
values even if we can note that we obtain the highest value for banana and sunflower

and the lower value for marigold.
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Figure 109 Crop height and surface heterogeneity representation for samples fields of
turmeric, banana, maize, sorghum, marigold, sunflower and backscattering

coefficients values .
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5.2 Turmeric monitoring using Radarsat-2 (QuadPol) and
Landsat-8 time series images

The objective of this study is to evaluate the combined use of time-series optical and
SAR data for precise turmeric crop monitoring in the Berambadi watershed of
southern peninsular India. Turmeric is considered as an important “cash crop” on the
Berambadi watershed with a cycle of 8 months which necessitate specifics agricultural
practises as irrigation, thus, his monitoring at a field scale represents an important
stakeholder for local users and managers. To monitor turmeric crop, information’s on
phenological stages were taking during entire growth duration in 2014. Backscattering
coefficients and polarimetric indicators were derived from the seven time-series quad-
pol SAR RADARSAT-2 images. The NDVI and LAI were derived from four Landsat-8
OLI optical images. The analysis of covariance (ANCOVA) was applied to all the time-
series parameters to identify the best informative variables which can discriminate
turmeric and non-turmeric parcels. These informative variables were further classified
using the Support Vector Machine (SVM) algorithm. Results show that in the absence
of optical images, polarimetric parameters derived from SAR time-series can be used
for precise turmeric crop identification. The combined use of SAR and optical

parameters can further improve the classification accuracy to identify turmeric crop.

5.2.1 Introduction

Precise crop type monitoring is the key input variables for a sustainable management
system of agricultural landscapes (Atzberger, 2013; Betbeder et al., 2016b).
Groundwater is the biggest freshwater resource and is used as a principal irrigation
resource in several parts of the world including India (Bhaduri et al., 2012; Gorelick
and Zheng, 2015; Lee et al., 2018; Pefia-Arancibia et al., 2016). Excess use of this
resource for irrigation purposes has led to widespread depletion and affected crop
yields (Rodell et al., 2009; Roy and Shah, 2002; Sekhar M et al., 2011; Shah et al., 2006).
It is required to identify and monitor the groundwater irrigated crop types to apply
improved water management plans and save these irrigated crops from the impact of
water stress. Precise crop type classification remains a challenge as in India

approximately 94 % of farmers have small farm holdings (Ambika et al., 2016; Robert
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et al., 2017a; Shah, 2007). Challenge begins with small parcel size, mixed cropping
practices and two-three cropping seasons annually. Assessing irrigated crop
identification may be performed using time-series of optical remote sensing images
with a high spatial resolution (Ameline et al., 2016; Betbeder et al., 2016a; Fieuzal and
Baup, 2016; Rolim et al., 2016; Waske and Van Der Linden, 2008). The objective of this
study is to evaluate the combined use of high spatial resolution multi-temporal optical
and radar images to improve the precision of crop identification by taking into

account information on crop phenological stages.

5.2.2 Ground observation and dataset

At the time and dates of the Radarsat-2 satellite pass, the ground observations were
conducted. As the objective of this study is to discriminate turmeric crop with other
crop types, two data sets were collected on only turmeric crop parcels and the other,

with mixed land use categories. A total of 100 parcels were used for the study, includes

62 turmeric parcels and 38 non-turmeric parcels (Figure 110).

Parcel
I:] Boundary

Drainage
3 5 » - Water Bodies
1 3 '
Turmeric Survey |: Settlement

. 7 ]
® Non-Turmeric MY Reserve Forest

Figure 110 Ground survey location of turmeric and non-turmeric parcels during kharif

and rabi cropping season of the year 2014.

200

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 5: Crop type monitoring and characterization

5.2.2.1 LAl growth curve for the turmeric crop

The phenological stages of turmeric crop can be represent by temporal LAI. Figure 111
shows the ground monitored LAl from the 11 turmeric parcels. The monitored
turmeric LAl was between 0.8 to 5.2. Mostly parcels were having high LAI in the

month of July and Aug except parcel number 57D and 41.

61 —41 32D 57D —55A —FT4 - |
—64 —64A  —T45A - 22A —62

LAI
w

0 T T T T T T T T 1
07-Jun 16-Jun 11-Jul 05-Aug 01-Sep 14-Oct 08-Nov 02-Dec 02-Jan

Figure 111 Measured LAI growth curves for the monitored turmeric parcels.

5.2.2.2 Satellite data

As shown in table 23, a series of seven quad-pol SAR Radarsat-2 images (from June
2014 to November 2014) and four Landsat-8 cloud-free images were acquired during
the monsoon cropping season. The time-series of SAR images were covering the

complete growth stages of turmeric crop.

201

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 5: Crop type monitoring and characterization

Table 23 Optical and SAR satellite images.

SAR images Optical images s
RADARSAT-2{ LANDSAT-8
Dates 17-06-2014 21-09-2014 18-05-2014
11-07-2014 15-10-2014 22-08-2014
04-08-2014 08-11-2014 23-09-2014
28-08-2014 09-10-2014
Spatial  resolution Ground resolution: 7.6 m 30 m
(m) Azimuth resolution: 5m
Spectral, C-Band (5.23 cm, 9.65 GHz) Operational Land Imager (OLI)
geometric and Quad polarization (HH, VV,HV,VH) [B3: 0.53 - 0.59 um (Green)
polarimetric Fine-Quad-Pol mode B4:0.64 - 0.67 um (Red)
characteristics Incidence angle: from 39.43° B5: 0.85 - 0.88 um (NIR)
(Descending)

5.2.3 Methodology

The two-step methodology used in this study to identify turmeric using optical and
SAR multi-temporal data are summarized in Figures 112 (a) and (b). The first step
consisted of pre-processing optical and radar images. Optical images were corrected
from radiometric and atmospheric perturbations using the 6S model (USGS and U.S.
Geological Survery, 2016; Vermote et al., 1997). They were then geometrically
corrected to the Universal Transverse Mercator (UTM) datum-WGS 1984 zone-43N.
Normalized Differential Vegetation Index (NDVI) and Modified Triangular
Vegetation Index (MTVI2) were derived from the optical images. MTVI2 was used to
estimate the Leaf Area Index (LAI) using the empirical relationship described by

equation 50 (Betbeder et al., 2016a; Liu et al., 2012):

LAI = -6.247xIn (0.943-0.643xMTVI2) Equation 50

The Figure 113 shows the multitemporal composite colour combination of three dates
estimated LAl values. In red colour in the figure 113, we have land use with the highest
LAI value during November, in green the highest LAI value during September and in

blue, the highest LAI value in May.
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(a) Preprocessing of Optical

MTVI 2

Radiometri . Calanlat Calculatio
Optical - —>| Geometri on
images Atmospheri = NDVI

¢ correction

LAI

Calculati
\ = J
(b) Preprocessing of SAR CloutisFotar
Decomposition
. | b} t ™ -
SAR images Cohereney ﬁ [ Freeman Dgr_den ]
. C Decomposition
matrix
f )
Shannon
Entropy, RVI
L and Span
. . > f
Radiometric |——>| Geometri |—> Backscattering
calibration o Coefficient
L calculation F

Figure 112 Image pre-processing workflows for optical and SAR datasets.

LAl (estimated)

B 10 Nov 2014
I 25 sept 2014
B 18 May 2014

Figure 113 Estimated LAl RGB color composite of the three dates
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SAR images were firstly radiometrically calibrated to extract the backscattering
coefficients (6°HH, 6°VV, and 6°HV) according to (Baghdadi et al., 2017b). The images
were then geocoded using the Shuttle Radar Topography Mission (SRTM) data to
correct the topographic deformations (geometric correction accuracy less than 1 pixel)

and projected into the Universal Transverse Mercator (UTM) datum-WGS 1984 zone-

43N.

The most used polarimetric parameters were extracted from each RADARSAT-2
image(Betbeder et al., 2015a). First, the coherency matrix (T3) was extracted from the
scattering matrix (Lee et al., 1994; Pottier et al., 2012). The T11, T22 and T33 elements
of the diagonal were used to estimate single-bounce, double-bounce, and volume
scattering (Figure 114) mechanisms, respectively. Both Cloude-Pottier (eigenvector-
eigenvalue) (Furtado et al, 2016) and Freeman-Durden decompositions were
performed on the T3 coherency matrix (Lee and Pottier, 2009; Pottier et al., 2012;

Yamaguchi et al., 2005).

Standard deviation (SD) and parcel mean values were calculated for the all SAR and
optical variables to take in account intra parcel heterogeneity of backscattering

signals. The SD was calculated using below mention formula

N

1 2

o= |52
=1

here o, N, i, x, and p are representing respectively to the standard deviation, total
number of observations, initial value, observed values, and mean value of these
observations.

As examples, Figure 114 and 115 are representing respectively the T33 component of T3

matrix and Volume scattering from Freeman-Durden values at a pixel, mean and

standard deviation scales, for a Radarsat-2 Quad pol acquired the u® July 2014.
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T33 matrix mean
High : 0.22

-Lowo

T33 Matrix
High 09

Low: 0

T33 matrix SD
High : 0.122

- KM O~ -Lowo

Figure 114 Example of the representation of the T33 component issue of Radarsat-2
Quad Pol data at a pixel (a), plot mean (c) and plot standard deviation (c) scales (1ith

July 2014).

FD (Vol. scatt.) mean
High : 0.84

-Low'o

FD (Vol. scattering)
High : 3.8

-Low 0

FD (Vol. scatt.) SD
High : 0.44

= KM - Low: 0

Figure 115 Example of the representation of the Freeman Durden volume scattering
intensity of Radarsat-2 Quad Pol data at a pixel (a), plot mean (c¢) and plot standard
deviation (c) scales (uith July 2014).
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Three parameters [entropy (H), Alpha angle (o) and Anisotropy (A)] were also derived
from the Cloude-Pottier decomposition and three parameters [Freeman single-
bounce (FD_SB), Freeman double-bounce (FD_DB) and Freeman volume-scattering
(FD_Vol)] were extracted from the Freeman-Durden decomposition. Moreover, other
polarimetric parameters including the SPAN, the Shannon entropy (SE) and the radar
vegetation index (RVI) (Betbeder et al., 2016b; Kim et al., 2012b) were estimated

(Figure 116).

The second step of the methodology consisted of processing the 14 time-series
parameters derived from the optical and SAR time-series (Figure 117). The time-profile
mean and standard deviation were calculated at the parcel scale for the parameters.
To select the best parameter to discriminate turmeric crops, an analysis of covariance
(ANCOVA) was applied to all the time-series parameters using 100 field samples (62
for turmeric and 38 for other crops). ANCOVA is evaluating whether the parcel or
pixel mean value of a dependent variable are equal across level of a categorical
independent variable or not. This statistically controlling the effects of other
continuous variables (known as covariates or nuisance variable) that are not of
primary interest. The ANOVA model assumes a linear relation between the response
and covariate values. Below mention equation represents the mathematical

representation of ANCOVA model.
yij =1T; + B(Xij — f) + Eij

here, the dependent variable, y;;is the j*observation under the i*"categorical group
and the covariates, x;; is the j™* observation of the covariate under the i*" group.
Variables in the ANCOVA model derived from the observed data: p (the grand mean)
and x (the global mean for covariate x). The variables to be fitted are 7;, B, and ¢,
these variables are respectively representing to the effect of i* level of independent
variable, the slope of the line, and the associated unobserved error term for jt*

observation in i** group.
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The best informative variable were selected using ANCOVA and integrated to the SVM
supervised machine learning classification (figure 117) (Betbeder et al., 2014a; Pal and
Mather, 2005). The classification results were validated using confusion matrices and

kappa coefficients (Lunetta et al., 2006).

Optical Radar
variables variables
Mean and SD Mean and SD extraction
extraction (Plot scale) (Plot scale)
Training Samples
from Ground ANCOVA ]
Observation J{ \L
[ Best informative variables ]

( SVM
L Classification

T

Turmeric
identification

Figure 16 ANCOVA implementation and SVM classification.

5.2.4 Results and discussion

The mean NDVI values for all 62 parcels of the turmeric crop phenology were
extracted and plotted with time (Figure 117). The NDVI standard deviation (SD) is high
during crop growth but after September all parcels were presenting least
heterogeneity. After the mature stage in August and September with a NDVI mean at
0.56, we observed a strong decrease of the NDVI for all turmeric parcels till December

asscociated with a weaker Standard Deviation.
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Figure 117 Turmeric NDVI curve evolution

The linear correlation between ground observed LAI with satellite NDVIand LAI show
a positive correlation in figure n8 with respectively a R? of 0.65 for the NDVI and 0.79

for LAI variables.

» Estimated NDVI R2~ 0.65

0.8 7 - Estimated LAl R?~0.79 - 6
e °*° 8% |5
S 06 - *es . -
o [ )
g AL S
° il . g F bt
% 04 - v - - 3 E
E . 2
7 ’ -2 9
“ 0.2 -
L1
0 = T I - 0
0 2 4

Ground Observed LAI
Figure 118 Satellite NDVI and LAI relation with ground observed LAI

208

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 5: Crop type monitoring and characterization

For polarimetric variables, the correlations are lower. Correlations between Ground

observed LAI with T11, Shannon entropy, Shannon Entropy Intensity (SEI) and span

have respectively a coefficient of determination (R?) of 0.61, 0.64, 0.57 and 0.53 (figure

119).
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Figure 119 Relation between polarimetric decomposition variables and ground
observed LAI relation. where SE I and Tu represents to the Shannon Entropy

(Intensity) and single-bounce diagonal component intensity of the Coherency matrix

respectively.

The ANCOVA results indicate that 8 out of 14 time-series parameters (one optical and

seven polarimetric parameters) are discriminant to identify turmeric crop (LAI, T33,

o’iv, Freeman-Durden Volume, Alpha angle, Shannon Entropy, T22 and Entropy).
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Since the correlation with ground reference data is higher (R? = 0.6) to these variables,
these variables were selected and integrated in the SVM algorithm for turmeric / non-

turmeric classification.

Results are satisfactory with Kappa = 0.79 for more than half of these eight parameters
(Table 24). We can notice that the biophysical parameter (LAI) derived from the time-
series of Landsat-8 images is highly suitable to identify turmeric (Kappa = 0.87).
Moreover, the results show that polarimetric parameters and backscattering
coefficients can detect turmeric crop with a high level of precision. They also point
out that the three most discriminant radar parameters are all related to volume

scattering mechanism.

Table 24 Estimation of the kappa coefficient.

Variable Kappa coefficient
LAI 0.87
T33 0.95
0°Hv 0.79
FD_Vol 0.75
Alpha 0.75
Shannon Entropy 0.76
T2z 0.79
Entropy 0.80

The T33, which is sensitive to volume scattering, appears as the more explicative
variable with the highest kappa coefficient to classify turmeric crop parcels from non-

turmeric crop parcels.

Conclusion

This chapter focused first on crop height sensitivity to multiple Radarsat-2 UF data. A

simple approach has been tested to estimate crop height. The crop growth can be
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modelled using ultrafine SAR images as for Marigold with one R?=0.85 between
backscattering coefficients and crop height. Secondly, turmeric monitoring is
performed with Radarsat-2 and Landsat-8 images. A total of twelve polarimetric
variable and two optical variables were analysed. Among them, LAl variable appears
as the optical variable the more informative to discriminate turmeric crop from other

crops.
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CHAPTER 6: Assessing impact of intensive

irrigation on groundwater resources

Summary

This chapter presents the relation between gridded mean depth of the groundwater
table and total irrigated area percentage for the same grid. The purpose of this chapter
is to contribute of a better understanding of the relation between groundwater table
and total irrigated area in the Berambadi experimental watershed. Total number of
borewells in the various villages of the watershed is also compared with the manually
monitored present depth of the groundwater table at upper-stream, middle-stream

and downstream of the watershed.

6.1 Introduction

In this study, we investigated relations between groundwater levels and evolution of
irrigated areas on the Berambadi watershed. Three analysis are proposed here. The
first one focus on the study of spatial relationships between the groundwater level and
irrigated areas for the years 2015 (Rabi) and 2016 (Summer). Second analysis aimed to
analyse the evolution of total number of borewells according to the evolution of
irrigated areas (outputs from the Chapter 3). The third one used a transect from the
upper stream to the downstream of the watershed in order to analyse groundwater

level fluctuations for various cropping seasons.

6.2 Material and methods

The Figure 120 presents the general methodology to achieve our 3 objectives. Three
types of data are used: (1) The irrigated evolution maps were produced in the chapter
3, they spatialized irrigates and non-irrigated plots between 1990 to 2016; (2)

groundwater levels issued of agricultural borewells and (3) borewells evolution.
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Borewells Irrigated areas maps Groundwater level sampling
evolution between 1990 to 2016 (Rabi 2015 / Summer 2016)
1 Km? gridded irrigated 1 Km? gridded groundwater

area (%) level (meters) using IDW

v

Correlation analysis between irrigated cropland and
groundwater level

Evolution of total number of borewells and irrigated areas
Transect analysis of groundwater level

Figure 120 Methodology to assess the impact of intensive irrigation on groundwater

resources.

Groundwater levels have been sampled the Berambadi watershed (Figure 122).

GWL monitoring
locations
Reserve Forest

[ ]erd
- Water Bodies

Settlement

Drainage

Figure 121 Borewell monitoring location in 2015 and 2016.
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A total of 205 borewells were monitored during non-pumping hours. All borewells
were monitored in December 2015 (rabi cropping season) and in March 2016 (summer
cropping season) with four/five days’ uncertainty in measurement. To collect the
groundwater level data, we monitored before farmer pumps for the day because of
once farmer started the pumping, groundwater fluctuates very rapidly. During
collecting the groundwater level from borewells, we have taken care of the knowledge
of electricity provided for these wells to obtain unaffected groundwater level
measurements (Sekhar et al., 2016; Sekhar M et al., 2011). The groundwater level from
agricultural borewells in Berambadi watershed were collected with respect to the
earth surface. It was noticed that some borewell were at height from the earth surface
which was further reduced to maintain the data quality and equality. For borewells
evolution, they have been collected from the Central Groundwater Board (Dhiman,

2012a).

For interpolation, as presented in the Figure 121, 1 Km? grids were used to estimate
total irrigated area in the grid as it is the scale used for agro hydrological modelling
developed in the framework of ATCHA project. Interpolation method of the data in
these grid represent an important stake for the interpretation of results. Spatio-
temporal distribution of any physical and socio-economic phenomenon can be
approximated by functions depending on the sampling locations in a multi-
dimensional space, as a multivariate scaler, vector, or a tensor field (Mitas and
Mitasova, 2005). The selection of an appropriate interpolation methods is challenged
as the modelled fields are usually very complex due to the data is spatially
heterogeneous, data often based on far from optimal sampling, and data may contain
significant noise or discontinuities. Broadly interpolators can be divided into two
categories: deterministic, and stochastic. These interpolators are using a function with
a combination of known functions with different weighting and neighbouring
methods. The closer data to the interpolation point is having more influence (weight)
during computation with comparison to the faraway data, according to the first law of
Geography (Garnero and Godone, 2013; Tobler, 1970). As presented in the figure 122,
commonly used interpolation methods are Voronoi polygons, TIN-based linear

interpolation, Inverse Distance Weighing (IDW), Kriging (spherical variogram),
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spline with tension and stream enforcement, and regularised spline with tension

smoothing.
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Figure 122 Various interpolation methods implementation on scattered elevation

point data.
Source: (Mitas and Mitasova, 2005)

The Inverse Distance Weighing (IDW) was choosen for the study as it is an
interpolator based on an assumption that the value at an unsampled point can be
approximated as a weighted average of the certain cut-off n closest values. Tomeczak
et al. (2003) presented that the IDW is particularly suitable for narrow datasets, where
other interpolation techniques may be getting affected by the errors. The IDW
interpolation is highly flexible and it allows to estimate dataset with trends and
anisotropy (Garnero and Godone, 2013). The formula of IDW interpolation can be

represents as:

216

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 6: Assessing impact of intensive irrigation on groundwater resources

Z?:l'Lﬁ'
(hij +8)

no_ =
- (hiz + 5)B

where Z;, Z;, B, 0, and hl-j are respectively value at the unsampled location, known

values, weight, smoothing parameter, and separation distance.

The h;; is the distance between known and unknown point, which can be measured

with Euclidean distance: h;; = J(4x)2 + (4y)?

where Ax and Ay are the distances between the unknown point j and the sampled

location i, with respect to the reference axes.

The interpolated groundwater level of the watershed was converted to the gridded
mean values for the Rabi 2015 (Figure 123) and Summer 2016 (Figure 124) cropping
seasons. As shown in figure 123, groundwater level of downstream of the watershed is
depleted up to som from the surface and in the upstream groundwater level is
touching to the topological surface. Upstream of the watershed is also getting a

recharge from the adjacent reserve forest.

\“”’V;vdL (m) Dec 2015
Max : 49.87

Min: 0

Figure 123 Gridded means of groundwater level (GWL in meters) in December 2015.
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The gridded mean groundwater level map for the watershed was generated from the
interpolated groundwater level data (Figure 125). As rabi cropping season, in summer
season also downstream grids of the watershed have deeper groundwater than the
upstream grids. We note also that the maximum level of groundwater is about 55
meters during summer at the east part of the watershed against 50 meters in rabi

season.

GWL (m) Mar 2016

Max : 54.89
Min - 1.93

Figure 124 Gridded mean value of groundwater level in the summer of the year 2016.

For irrigated areas evolution, the gridded percentage irrigated cropland was generated
for both studied cropping seasons: Rabi 2015 (Figure 125) and Summer 2016 (Figure
126) in the Berambadi experimental watershed. Due to some gridded are not fully
occupied by the watershed boundary, the irrigated cropland percentage was preferred
to relate with gridded mean groundwater level. It was noticed that the irrigated

percentage was varying from 1% to approximately 64% in the watershed (Figure 125).
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The upstream of the watershed was having a high percentage ofirrigated area compare

to the downstream (Figure 125).

% Irr Area (Dec 2015)
Max : 63.62

-—
Min : 0.536

Figure 125 Gridded percentage of irrigated cropland in rabi 2015.

During the summer cropping season the gridded irrigated cropland was variating
between 0.11% to 51.58% (Figure 126). And it was noticed from the figure 126 that these
highly irrigated grids are along to the drainage network. The gridded irrigated
cropland percentage and gridded mean groundwater level were further related to the

study.
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% Irr Area (Mar 2016)
Max : 51.58

Min - 0.11

Figure 126 Gridded percentage of irrigated cropland in summer 2016.

Finally, AA’ transect (100 meter interval) was drawn as shown in figure 127, to retrieve
the spatially distributed groundwater level and elevation data as it was noticed by the
survey during the last three decades that’s huge number of farmers switch from
rainfed to irrigated cropping. It have been built using a DEM (SRTM, 30*30 meters)

and interpolated groundwater level in 2015 and 2016.
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Crop land

- Reserve Forest
- Road Network

Transect AA' . Settlement
. @© Piezometer I Waste Land
KM — Drainage Network I \ater Body

Figure 127 Sampled borewell locations and the transect from upstream towards
downstream of the watershed.

6.3 Results and discussion

Berambadi watershed is categorized for three main cropping seasons known as kharif
or monsoon (mid-May to mid-Sept), rabi or post-monsoon (mid-Sept to mid-Jan) and
summer (mid-Jan to mid-May). Farmers are following these cropping for the
cultivation in the watershed. Sometimes, due to delayed rainfall in the kharif cropping
season and different agricultural practises, we note difference between seeding dates
for the same crop. Rabi cropping season is partially benefitted with North-East rainfall
but both the Rabi and summer cropping seasons are majorly depending on
groundwater resources. The presented results show the possibility of relation between

total irrigated cropland and mean groundwater level at gridded scale in the watershed.
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6.3.1 Relation between irrigated cropland and groundwater level.

As the Rabi cropping seasons begins after the monsoon and due to during monsoon
majority of crops are rainfed, the groundwater is getting a recharge at this time. With
positive economic conditions and disponibilty of groundwater, farmers are cultivating
either annual crops like banana and sugarcane or cultivating in rabi and summer
season continuously like garlic and vegetable respectively. Farmers with partial facility
condition for groundwater extraction may plan for short duration crop like garlic,
beetroot, cabbage, watermelon, etc. Finally, a farmer without any groundwater is

cultivating non-irrigated crops like gram, maize, ragi, etc.

The gridded irrigated areas are distributed between 5% to 65% in the watershed and
the gridded groundwater level mean were between 5m to som (Figure 128). It was
noticed from the study that the watershed is having very high spatial variability in
terms of groundwater level and the total irrigation. Results shows that the intensive
irrigated grids (gridded irrigation > 30%) are not available in deeper groundwater grids
(mean groundwater level > 15m). The relation tells high possibility of irrigated

cropland in the shallow groundwater level zones in the Rabi cropping season.
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Figure 128 Relation between gridded mean groundwater and percentage irrigated

area for rabi 2015 (in yellow, the grid cells).

The summer season cultivation completely depends on groundwater resources and
farmer's economic condition. So the farmers with sufficient groundwater availability
and good economic condition only plan for the crop cultivation in this season. During
summer season, either the annual crop like banana and sugarcane (which is extending
from last season) or short-duration crops like vegetables or watermelon were
commonly seen during this cropping season. In summer season of the year 2016, the
gridded irrigation is distributed between from 0.1% to 30% mainly, and the gridded
mean groundwater level is between 7 m to 55 m (Figure 129). It was noticed that the
irrigated grids with 10% to 25 % are having majority in the watershed, so the intensive

irrigated grids like Rabi cropping season do not exist in this cropping season.
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Figure 129 Relation between gridded mean groundwater and percentage irrigated

area for summer 2016 (in yellow, the grid cells).

6.3.2 Relation of borewell evolution and intensive irrigation

As per the Census of India 2011, the area under irrigation in the Gundulupet taluk is
27% of the net sown area with borewell density of 11 borewells/km? (Ruiz and Sekhar,
2016; Sekhar M et al., 20m1). Figure 130 shows growth of the temporal cumulative
number of borewells in the Berambadi watershed with annual cumulative rainfall and
total irrigated cropland area estimated for the multitemporal summer and rabi
cropping seasons. The temporal increment of groundwater pumping borewell and
increment in total irrigated cropland is noticed in the watershed. Results shows that,
in the year 2012, the total number of borewells in the watershed were approximately

1300 and approximated 22% of croplands were under irrigation.
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Figure 130 Evolution of total number of borewells in the watershed with cumulative
annual rainfall and corresponding total irrigated area.

During weak monsoon, farmers keep borewell option open as an alternative (Sekhar
et al., 2016). A total of 13 villages exist in the watershed, and we have found the number
of borewells is on the rise. Figure 131 highlights the large change in groundwater levels
due to the rapid addition of borewells. Downstream groundwater depleted by 40 to 50
m due to intensive irrigation history and drainages runs dry. Now irrigated cropland
clustered in the valleys and shifted towards upstream of the watershed. This
uncontrolled growth in several borewells can cause further groundwater depletion in
the upstream region of the watershed and will have a severe impact on the adjacent
reserve forest groundwater level located in the upstream area. It was observed that the
valley portions are having deeper groundwater levels, while in the topographically
higher zones have relatively shallow groundwater level (Figure 132). This pattern of
groundwater base flow is non-classical in hydrogeology. Figure 132 also shows that
borewell density in the valleys, and now the borewell failure rate is also increased

significantly in the valleys of the watershed.
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Figure 131 Groundwater level (GWL) along transect AA’ for the Kharif, Rabi and
Summer season and the total number of borewells in villages of the experimental

watershed in 2015.

The extracted interpolated groundwater level was plotted in Figure 132, with a total
number of groundwater pumping borewells in villages, passes through the transect
AA’. It is observed that the valleys are having a maximum number of borewells, as
there is more probability of getting good borewell yield. The groundwater recharging
in the monsoon (Kharif) cropping season and the groundwater level is at its highest
level in a post-monsoon (rabi) season. This increased groundwater level tempts the

farmers to plant banana and sugarcane in the rabi season.

226

SHARMA, Amit Kumar. Evaluation d'images satellitaires & haute résolution spatiale et temporelle pour le suivi de I'utilisation des sols dans les zones agricoles irriguées :
application au bassin versant du Berambadi en Inde - 2019



CHAPTER 6: Assessing impact of intensive irrigation on groundwater resources

Conclusion

The relationship between groundwater level and irrigated cropland area was
presented for the rabi and summer cropping seasons. In both seasons, it was noticed
that farmers are performing irrigation according to the seasonal groundwater level
conditions. It is individual farmers decision that for the particular cropping season he
would like to cultivate crop in irrigation or rainfed condition (Robert et al., 2017b,
2017a; Sriramulu et al., 2016). During the Rabi cropping season of the year 2015, for the
shall groundwater level grids (from 5m to 15m), the irrigated cropland percentage
grids were distributed from 10% to 64% of irrigation. Whereas, in summer cropping
season for shallow groundwater grids (from sm to 15m), major dense irrigated
cropland grids were distributing from 0.1% to 30%. It is clear that farmer decision for
the irrigated crop cultivation not only depends on groundwater condition but also on
other factors as climate, socio-economy, etc. Majority of summer irrigated cropland
situated in the valleys of the watershed and neighborhood of water tank area. This
overexploitation of groundwater and occupying the valleys for cropping obstructs the
surface flow. At present, the surface flow in the Berambadi watershed is disappeared
and all water bodies are getting dry, it happens first time in history after the
construction of the Berambadi water tank. This intensive irrigation is also
contributing to obstacle base flow and groundwater table in the valleys are depleting
with time. This overexploitation of groundwater is affecting the ecosystem and
creating various environmental issues. With the intensive groundwater irrigation,
farmers also utilizing various organic and inorganic fertilizes in the watershed
(Sriramulu et al., 2017b, 2016). The present study can also extend to relate the
groundwater contamination zones with total irrigated cropland. This kind of result to
relate irrigated cropland area with groundwater level situation or groundwater
condition can be extended for regional or national scale. These studies can help in the

directions for sustainable agriculture adaptation to climate change conditions.
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This Ph.D. thesis explores approaches to monitor irrigated areas using multi source
data (remote sensing, ground control campaigns...) on an experimental watershed
located in Karnataka India characterized with important stakes for water resource

management in the framework of the climate change.

The first chapter presents literature review of the context of irrigation in India with a
special focus to see the impacts of the green revolution on water resources
management. It was noticed that the India is world leader in groundwater abstraction
for the irrigation purposes. Furthermore, basics of optical and SAR remote sensing
which appear relevant for irrigation monitoring is presented. It was noticed that to
monitor irrigated cropland in a tropical country like India at a local scale, it is required
to process high spatial and temporal optical and SAR variables associated with ground
control campaigns. Irrigated watersheds in India are effectively characterized by very
complex spatiotemporal dynamics which necessitate to use multi source remote
sensing data (SAR for data acquisition during monsoon). Furthermore, to understand
agricultural practises and land use dynamics during crop seasons, it is required to

realized intensive ground observation.

Second chapter presents geographical characteristics of the experimental Berambadi
watershed which by his location represents an interesting study area to analyse
irrigation evolution in the framework of global change. Located in the south west of
Karnataka near the western Ghats, it is situated in a semi-arid region and his
agriculture has known an important evolution due to groundwater exploitation. Crop
management and water management practises are then presented and show high
variability of crops according to seasons and high dependence of the monsoon and
groundwater resources. For this thesis, only optical and SAR data are used with
ground observation study irrigated crops at different temporal scales. Ground

campaign have been realized according to different satellites data acquisitions and
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permit to obtain spatialized information on land use, biophysical variables and
groundwater level which will permit the evaluation of the satellite database for mains

objectives of the thesis.

Thus, the third chapter of the thesis presents the use of optical remote sensing for
irrigated cropland evolution mapping. The main conclusions of this chapter show that
Landsat data could be used to retrieve historical evolution of irrigation. The combined
use of multispectral vegetation index (NDVI), soil moisture index (NDMI) and soil
impact correction to vegetation index (EVI) are relevant to monitor irrigated
croplands. The SVM classification algorithm is used and permit to monitor the
seasonal irrigated cropland parcels over decades. Results show the contrasted spatial
distribution of irrigated cropland in the watershed and its evolution over time.
Irrigation was developed in the early gos in the valley areas of the watershed, and it

expanded recently to the upstream areas.

As southern peninsular India is characterized as a dual monsoon region, the
Southwest (SW) and the Northeast (NE) (Douglas et al., 2009; Sekhar et al., 2016; Shah,
2009), cloud cover during two main cropping seasons (kharif and rabi) is the biggest
obstacle for optical remote sensing to monitor the cropping practices. Microwave
remote sensing can be the best alternate solution for land use studies in cloudy or
diverse climatic condition (Dusseux et al., 2014; Lievens et al., 2016). The fourth
chapter of the thesis presents two evaluations to overcome the cloudy conditions to
monitor irrigated croplands. The first is by the use of only microwave time-series
images and the second one by using multi-source optical satellite images. Main results
to monitor irrigated croplands using SAR time-series images are that various
polarization indices can be used to classify seasonal irrigated croplands using time-
series of Radarsat-2 quad pol images. Furthermore, the polarizations variables for dual
season irrigated croplands offer interesting results with 0.82 kappa coefficient for two
classes: irrigated areas and non-irrigated areas. The second evaluation aims to classify
seasonal irrigated cropland using multiple and multisource optical satellite time-
series images. A simple methodology base on NDVI temporal analysis to identify
seasonal irrigated croplands, dual irrigated croplands, and annual irrigated croplands

in the Berambadi watershed was developed. Results show overall classification
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accuracy higher than 0.82 when considering irrigation areas. The study shows high
heterogeneity between years with for example less irrigated cropland during various
cropping seasons of the year 2014-15 compared to cropping seasons of the year 2015-16

due to a severe drought.

At a field scale, very few studies are realized in India to characterize irrigated areas as
mean surface of fields are about 0.2 ha. Chapter 5 shows a possible way to monitor
crop growth using ultrafine Radarsat-2 SAR images (2*2 meters of spatial resolution,
HH polarization) to identify the turmeric crop using optical and SAR data. We focus
here first, on crop growth and a coefficient of determination (R?) from 0.61 to 0.85 is
obtained for various six crops (Turmeric, Banana, Sorghum, Maize, Marigold, and
Sunflower). Secondly, we analyse turmeric crop as it is the famous cash crop of the
Berambadi watershed which necessitates important water resource extraction. The
NDVI time series values for the turmeric gave a synoptic view of the turmeric
phenological stages. The linear regression between ground observed LAI from eleven
turmeric parcels with satellite estimated LAI, NDVI, SE, SE-I, and Span showed a
coefficient of determination (R?) between 0.53 to 0.79. Eight best informative variables
issued of optical and radar variables (LAI, T33, ooHV, FD_Vol, Alpha, SE, T22, and

Entropy) were able to classify turmeric crop with kappa coefficient greater than o.7.

The intensive groundwater irrigation over decades is becoming a global challenge for
the freshwater availability and quality (Bohlke, 2002; Gorelick and Zheng, 2015;
Sriramulu et al, 2017b). The sixth chapter is focused on understanding the
relationship of irrigation on groundwater level in the Berambadi watershed. It was
noticed by the field survey that the farmer decisions to irrigate their farmland for the
crop cultivation does not only depend on groundwater condition but also on the
farmer's financial condition and government aides. The conclusions of the sixth
chapter show that during the rabi cropping season, the irrigated cropland grids
between 10% to 64% were distributed in shallow groundwater level grids (from 5 m to
15 m). Whereas, during the summer cropping season the shallow groundwater grids
(from 5m to 15m) were having up to 30% of irrigated cropland. In both cropping
seasons, it was noticed that farmers are performing irrigation according to the

seasonal groundwater level conditions. It is individual farmer’s decision that for the
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particular cropping season he would like to cultivate crop in irrigation or rainfed

condition.

This Ph.D. thesis opens numerous operational, methodological or thematic
perspectives for earth observation studies applied to irrigated cropland monitoring.
High spatial and temporal satellite images (inferior to 1 m) can be used for further
studies of irrigated cropland monitoring and crop type classification. Freely available
Sentinel-1, 2 or 3 time-series images could be used for present years to monitor various
cropping seasons. Future satellite missions like Fluorescence Explorer (FLEX),
Biomass, EarthCARE, etc. can be used for crop biophysical property studies. The
simple logical approach that tested the capacity of HH-pol SAR to detect crop height
precisely could be further implemented on other crops. The scattering phenomena
should be studied to monitor farm management practices and crop physical
properties. The proposed results were limited to estimate intensively irrigated
croplands, whereas the partial irrigation and precise non-irrigated cropland area
estimation were not considered. The study can further implement to perform partial
irrigation and rainfed cropland identification. With the intensive groundwater
irrigation, farmers also utilizing various organic and inorganic fertilizes in the
watershed (Sriramulu et al., 2017b, 2016). The study could further expend to relate the
groundwater contamination zones with total irrigated cropland. This kind of result to
relate irrigated cropland area with groundwater level situation or groundwater
condition could be extended for regional or national scale. The outcomes of thesis
could also be used use for a better estimation of the groundwater pumping during
these critical agronomic periods. They will be integrated to the AMBHAS groundwater
model (Sekhar and Tomer, 2018), and can be used to study the relationship between
irrigated cropland area with surface soil and groundwater contamination (Sriramulu

et al., 2017b).
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Evaluation of high spatial and temporal resolution satellite images for land use monitoring
in irrigated agricultural areas: application to the Berambadi watershed in India

Abstract: Agriculture is the backbone of India's economy and India uses a significant
proportion of the fresh water available for irrigation. After the Green Revolution in the 1960s,
India's agricultural sector grew exponentially, resulting in the overexploitation of fresh water
for irrigation purposes. The main objective of this thesis is to monitor irrigated crops and
cropland in the experimental Berambadi watershed using optical and radar satellite image
time-series. The evolution of irrigated cropland in the watershed over three decades was
studied using indices derived from optical images and the identification and characterization
of irrigated land were carried out using optical and radar time-series. The results show the
relevance of using several optical satellite products in cloudy weather for seasonal monitoring
of irrigated cropland. They also highlight the potential of synergy between SAR Radarsat-2
polarimetric and optical image time-series for monitoring crop growth. This research shows
that the intensive increase in irrigation in the Berambadi watershed over the decades has
caused surface water in the downstream areas to disappear. Intensive irrigation of crops with
groundwater for three seasons per year results in the cessation of surface runoff in the
catchment area, with groundwater being depleted to 50 m from the surface.

Keywords : Agriculture, Irrigation, Remote sensing, Optical images, SAR images, Leaf Area
Index, time-series analysis, SVM, ANCOVA, Image classification.

Evaluation d'images satellitaires a haute résolution spatiale et temporelle pour le suivi de
I'utilisation des sols dans les zones agricoles irriguées: Application au bassin versant de
Berambadi en Inde

Résumé : L'agriculture est 1'épine dorsale de 1'économie indienne et 1'Inde utilise une part
importante de l'eau douce disponible pour l'irrigation. Aprés la révolution verte qui a eu lieu
dans les années 1960, le secteur agricole indien a connu une croissance exponentielle qui a
entrainé une surexploitation de I'eau douce a des fins d'irrigation. L'objectif principal de cette
these est d’effectuer un suivi des cultures et des terres cultivées irriguées dans le bassin
hydrographique expérimental du Berambadi a I'aide de séries temporelles d'images satellite
optiques et radar. L'évolution des terres cultivées irriguées dans le bassin versant au cours de
trois décennies a été étudiée a l'aide d’indices dérivés des images optiques et I'identification
et la caractérisation des terres irriguées ont été effectuées avec des séries temporelles optiques
et radar. Les résultats montrent la pertinence de |'utilisation de plusieurs produits satellitaires
optiques par temps nuageux pour la surveillance saisonniére des terres cultivées irriguées. Ils
soulignent également le potentiel de la synergie entre les séries d'images polarimétrique SAR
Radarsat-2 et les séries d'images optiques pour le suivi de la croissance des cultures. Cette
recherche démontre que l'augmentation intensive de l'irrigation dans le bassin versant de
Berambadi au fil des décennies a fait disparaitre les eaux de surface dans les parties avales.
L'irrigation intensive des cultures par les eaux souterraines pendant trois saisons par an
entraine 'arrét de 'écoulement de surface dans le bassin versant, les eaux souterraines étant

épuisées jusqu'a 50 m de la surface.

Mots-clés : Agriculture, Irrigation, Télédétection, Images dptiques, Images SAR, Indice de
surface foliaire, Analyse de séries temporale, SVM, ANCOVA, Classification des images.
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