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Executive Summary

Chapter 1: The founding of the IPCC in 1990 made it evident that climate change
is a genuine problem that must be tackled in order to the planet sustainable. The
manifestations of climate change and global warming are becoming prominent
and disastrous. The hydrological and climatological systems are being modified
by the growing global mean temperature. These factors influence the availability
of water and the hydrological regime. These are the most influential elements
on cropping patterns and techniques. Extreme climate events, such as tropical
cyclones, floods, and storm surges, pose challenges for the agriculture sector and
are difficult to manage.

Agriculture and livelihood in theDelta region are threatened by climate change.
In the future decades, sea level rise will be one of the several issues that deltas
will face. The objective of this study was to assess the effects of climate change
on agricultural practises in the Mahanadi Delta.
Chapter 2: The presence of greenhouse gases is essential for preserving the equi-
librium of the global temperature. Since the industrial revolution, however, the
concentration of greenhouse gases has risen to an alarming level. Understand-
ing the state of greenhouse gases in the atmosphere is essential for the research
of climate change consequences. Climate projections are methods for projecting
future situations and the related radiative forcing. There are a range of climate
models available to meet various global and local objectives. In its fifth reassess-
ment report, the IPCC introduced four typical concentration paths as four distinct
climatic scenarios. RCP 2.6 represents the least amount of warming, whereas RCP
8.5 represents the most amount of warming.

Changes in the hydrological regime or climate as a whole affect the agricul-
tural system in a variety of ways, apart from climatological dangers. For instance,

xiv
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greater CO2 enhances biomass output, higher temperatures accelerate crop mat-
uration, and heat stress occurs during the flow and maturation phases, etc.

A crop model includes functions for simulating the development and yield of
crops. There are a variety of growth simulationmodels available to handle various
problems. Aqaucrop is a model that simulates crop growth and calculates optimal
yield and water needs.

There are several research on the implications of climate change on the be-
haviour of the Mahanadi Delta, but relatively few on the effects on agricultural
production.
Chapter 3: Three rivers combine to form the Mahanadi delta: the Mahanadi,
Bramhini, and Baitarini. The study area is comprised of the five administrative
districts with an elevation zone lower than 5 metres. In the past, the Delta has
experienced numerous climate change-related problems. These days, floods and
cyclones are common occurrences. In the heavily populated delta, with an esti-
mated population of 8 million, there is a constant risk of flooding. Agriculture is
the primary source of income in the rural areas of the delta. The primary crop in
the delta is rice. Other essential crops include oil seeds, cereals, peanuts, etc.
Chapter 4: To study of the effects of flooding in the delta, SAR data was utilised
to create flood maps, while IMD rainfall data was used to study the return period.
Using flood maps for a variety of return periods, the risk of flooding was calcu-
lated. The TCRM model was used to simulate the wind behaviour, which resulted
in cyclone-related risk in the Delta. The LISS IV images were used to create a land
cover map for the agricultural land damage assessment. In addition, storm surge
effects on crops were modelled. A total of 72 soil samples were gathered from
the delta region in order to determine the appropriateness of the region’s soil for
agriculture. To create the spatial distribution of soil attributes, the soil data were
interpolated. The CNRM-CM5 model was chosen to obtain climate projection
data. The Aquacrop crop model was used to evaluate crop water requirements
using downscaled data for two RCPs (4.5 and 8.5).
Chapter 5: In the Mahanadi delta, flooding is one of the most common extreme
phenomena. As the delta is heavily populated with a large number of agrarians,
the livelihood is threaten in the flood affected the administrative blocks of the
Kendapara and Bhadrak districts. Due to the low, flat topography in the northern
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half of the delta, storm surge flooding is a typical occurrence in the delta during
cyclones. The most frequent destructive force in the Mahanadi Delta is cyclone
wind. During the 100-year return period, the wind gusts reach approximately 50
metres per second, which is catastrophic in nature. Several destructive cyclones
have struck Mahanadi throughout the last century, primarily in September and
November. The northern portion of the delta is susceptible to nearly all extreme
occurrences, including floods, storm surge, high cyclonic wind speeds, and signif-
icant precipitation.

The delta is suited for growing a variety of crops. The bulk of marginal and
unsuitable sites are situated around the coastline because to the excessive salt in
these regions. A small parcel of moderately suitable land is located in the vicinity
of the Khoorda region. Poor drainage conditions exist in this area. In the entire
delta, rice is the most frequent crop, especially during the Kharif season. Some
double and triple-cropping cropland are utilised for paddy cultivation. In the RCP
8.5 the yield rate fluctuation is greater in the 2080s. After 2040, the variability of
irrigation requirement increases, and the variability of yield rate increases under
RCP8.5. In this region’s leftover moisture, black and green grams are cultivated.
During the Rabi season, the delta produces a substantial amount of black and
green gram. RCP4.5 predicts a higher yield rate in the distant future, notably after
2040. Length of dry periods is one of the most important criteria for the kharif
harvest. In all studied decades, a maximum dry period of 13 days has occurred on
average.
Chapter 6: Climate change is becoming increasingly dangerous, and its mani-
festations and consequences are becoming more catastrophic. Even the general
population is becoming increasingly aware of the effects of climate change on the
various precipitation and temperature patterns and expressions. Due to rising sea
levels and a rise in the frequency of cyclones, climate change poses a huge threat
to the world’s low-lying coastal regions, such as the main deltas. The Mahanadi
Delta is a large delta on India’s eastern coast that confronts similar challenges.
The majority of the delta is suitable for all major crops. Variations in temperature
and precipitation can, however, reduce the yield and production of existing crop
kinds. Adopting alternate crops is a commonly suggested adaptation method for
dealing with climate change and variability. Suitable crop rotation and cropping
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patterns can be implemented in response to anticipated climate change. How-
ever, food preferences and nutritional patterns are crucial considerations when
proposing a substitute crop.
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ChapteR1
Introduction
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The metaphor in the epigraph portrays the agony of a marginal farmer sur-
rounded by swirling water around his small cropland. As the natural course to
keep a rhythmic climate is ‘styled’, the experience is shared by the agricultural
system as a whole. The climate system that surrounds our very lives is changing.
Seemingly, the change is capricious. So, the issue of climate change has sought
much attention in recent decades on its causes and consequences to find possible
solutions, including adaptive and mitigation measures.

1.1 Climate change and agriculture
Upon the inception of the IPCC in 1990, it was clear that the concentrations of
CO2 are rising and so are the temperatures (IPCC, 2007). Climate change and
global warming are unequivocal, and a mountain of studies confirm that the im-
pacts are very real (IPCC, 2013). It will continue to rise if no proper actions are
taken to curb the greenhouse gas emissions (IPCC, 2021). The rising global mean
temperature leads to subsequent hydrological and climatological changes. These
changes affect the availability of water and surface run-off and thus may affect

1
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the hydrological regimes (Middelkoop et al., 2001). Plans for managing water re-
sources are increasingly required to consider the consequences of climate change
into account in order to accurately estimate future water availability (Wurbs et al.,
2005). On the other hand, frequency of extreme climatic events like flood, cyclone,
drought, heat wave are increasing in the worming globe (Rahmstorf and Coumou,
2011). These events pose different challenges on the agricultural sectors and are
very complex to address (Cogato et al., 2019; Motha, 2011).

The climatic variabilities, especially the extreme events, have been a dilemma
for farmers since the inception of agriculture in the fertile earth some millions
years ago. Agricultural system is sensitive to climate change as well as a driver
for climate change (Prasada et al., 2010). Climate change brings changes in the
agro-ecological conditions (Allen et al., 1987) Therefore, variability in tempera-
ture, precipitation and soil moisture may act synergistic or antagonistically in
determining the optimal temperature and water requirements for biomass pro-
duction and growth (Karl et al., 2009). Cropping pattern and techniques rely on
the availability of water resources, which is the single most critical factor in de-
termining the survival and sustainability of agricultural systems. (Zingaro et al.,
2017). The changes and variability of precipitation may affected the sustainability
of such cropping practices (Amini Fasakhodi et al., 2010).

1.2 Changes in the climate and agriculture in the
deltas

Deltas are formed by alluvial deposits at the edge of a standing body of water and
carried downstream by a river near its mouth (Coleman, 1981). River deltas have
been attractive for living since the inception of civilization due to the availability
of fertile land, access to fishing, and the possibility to construct ports and harbours
for trade and business. Hence, river deltas are more populated than the rest of the
landscape. An estimated average population density in the deltas is around 500
persons per square kilometre compared to the world population density of 44.7
persons per square kilometre (Kuenzer and Renaud, 2012; UN, 2007).

Deltas are sensitive to climate change and the hydrological cycle. The changes
in climate and subsequent hydrological changes could threaten the agriculture
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and livelihoods of the communities (Tuan and Chinvanno, 2011). Because of its
low elevation and open coastline, the delta region is particularly vulnerable to the
effects of rising sea level.

The most likely climate-related changes to be seen throughout the 21st cen-
tury include a rising sea levels, an overall increase in sea surface temperature,
and climate change-induced extreme weather conditions like heavy precipitation
cyclones and storm surges. The worldwide average sea level has climbed by about
20 centimetres since 1870. Between 1963 and 2003, the average annual amount of
sea level rise was reported to be 1.8 millimetres (mm), while the rate reported for
the period between 1993 and 2003 was 3.1 mm/year, a significant increase (IPCC,
2007). This could result in a 50% increase in delta surface areas that are vulnerable
to coastal flooding. At deltas these changes are expected to have a range of physi-
cal, economic and social impacts (IPCC, 2013, 2007; Solomon et al., 2007). Natural
resource and people of the deltas are now facing consequences of the increased
human interference on climate system (Nicholls et al., 1999). The agricultural sec-
tor is one of the most significant of these (IPCC, 2007).

1.3 Objectives
Assessing the impact of climate change on cropping patterns in the Mahanadi
Delta was the purpose of the study, which aimed to accomplish the following
objectives in the process:

• To evaluate the effects that extreme events have had on the agricultural
sector in the delta,

• To analyse the suitability of land for the major crops in the delta,

• To integrate water resource management and soil suitability for the feasi-
bility of optimal cropping pattern under different climate scenarios in the
delta.
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1.4 Problem Statement
The dawn of the third millennium is attributed by human induced large scale
changes in the earth’s environments. It includes alteration of climate, land use
and its productivity, atmospheric chemistry, water resources, and ecosystems,
which may affect the sustainability of the earth (Eissa and Zaki, 2011). Among
these, changing climate ranks high . Crop distribution, like natural vegetation,
is well established to be heavily influenced by climate and soil (Cramer and Lee-
mans, 1993). Deltas are suitable for crop production because of the availability
of alluvial sediment. On the other hand, deltas are more vulnerable due to their
proximity to the sea. Because of climate change and its severe manifestations, the
Mahanadi Delta, one of the most major deltas in eastern India, is experiencing a
number of negative impacts, including recurring crop losses. The development of
adaptationmechanisms tomitigate and control the effects of climate change in the
deltas relies on a thorough understanding of those effects. However, regional or
local analyses are necessary to comprehend the implications in a regional context
and make recommendations based on the findings.

1.5 Research hypothesis
The main hypothesis are:

1. The Mahanadi Delta, which is mostly an agricultural delta, is being nega-
tively impacted by climate change in a number of ways that are having an
effect on farming.

2. Changing climates and extreme events are putting great stress on crop pro-
duction in the Delta.

3. Changing hydrological regimes as a result of climate change have nega-
tively affected crop productivity in the delta.

1.6 Organizational scheme for the thesis
These are the chapters that make up the organisation of the thesis:
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The 1st chapter provides an overview of the study as well as an explanation of
the problem statement.

A summary of the previous researches and literatures that were reviewed for
this study can be found in Chapter 2.

The climate, topography, socio-economic, and agricultural profiles of the study
area are detailed in Chapter 3, along with other general descriptions of the study
area.

In the 4th chapter, there is a discussion of the research methods that were
applied in this study.

The results of the study as well as a pertinent discussion on the effects that
climate change and extreme events have had on cropping systems are presented
in Chapter 5.

The conclusion as well as any recommendations are presented in Chapter 6.



ChapteR2
Literature review

2.1 Introduction
The presence of the greenhouse effect is what enables life to exist on earth (Selsis,
F. et al., 2007). However, a continuous increase in the amount of greenhouse gases
makes the climate out of tune, which is commonly referred to as “climate change”
(Mitchell, 1989; Mikhaylov et al., 2020). In addition to land cover transitions and
shifts in land use, one of the primary contributors to such change is the alteration
of atmospheric composition that have been caused by anthropogenic activities
(Karl and Trenberth, 2003). Clearly, the worldwide mean surface temperature has
increased since the beginning of the Industrial Revolution (Change et al., 2006).
As indicated in Fig. 2.1, the temperature has risen considerably from the beginning
of the twentieth century.

The change in climatic behaviour is becoming a routine occurrence with far-
reaching repercussions, ranging from the modification of agro-climatic zones to
the disturbance of socio-economic balances., in spite of the significant uncertainty
involved in the rate of change (IPCC, 2007). The implication is not homogeneous
in all the regions. For instance, locations in the tropics are more susceptible to the
effects of climate change than high-latitude regions in the northern hemisphere,
which are less susceptible to the effects of climate change than regions in the
tropical zones (Ramankutty et al., 2002). Because of the effects of climate change,
agriculture is one of the most susceptible sector. A number of studies have been
carried out in an effort to assess or quantify the effects that climate change will
have on the agricultural sector. The following sections summarise some of the
aspects of climate change related to agricultural sectors.

6
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Figure 2.1: A comparison of the temperature rise predicted by models and that
which has actually been seen since the beginning of the twentieth century [source:
(Change et al., 2006)]

2.2 Climate projections
Data on what the future is expected to hold are required in order to conduct an
assessment of the potential implications of climate change. There is a great deal
of unpredictability around the emissions, the responses of the carbon cycle, and
the developments in socio-economic conditions due to the probability and their
manifestations (Fig. 2.2).

Climate projection is one of the most important tools for predicting the effects
of future climates when all uncertainties are considered. It provides a reasonable
description of the future climate scenarios for probable future conditions (IPCC,
2007).



Chapter 2. Literature review 8

Figure 2.2: The cascading pyramid of uncertainties in the assessment emission
problem [source: Schneider (1983)]

2.2.1 Climate models

A climate model is a mathematical representation in three dimensions of many
climatological variables and how they interact, as well as many assumptions and
flows through the earth’s atmosphere, land, ocean, and sea ice (Fig. 2.3). There are
two types of climate models: (i) the global climate model (abbreviated as GCM),
which is the coarser resolution model for representing the entire globe, and (ii)
the regional climate model (abbreviated as RCM), which reflects regional or local
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behaviour at a finer, more detailed resolution (Teutschbein and Seibert, 2010).

Figure 2.3: connections between climate system’s elements, general circulation
model [source: Karl and Trenberth (2003)]

Climate models are great instruments for predicting hydrological regimes and
agricultural growth for various climate scenarios in order to gain a deeper under-
standing of the effects of abrupt changes in climate (IPCC, 2007). There are several
different GCMs and RCMs that can be utilised (Cotton and Pielke Sr, 2007). A list
of popular GCM models is given in Table 2.1
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Table 2.1: A list of general circulation models [source: Suppiah et al. (2007) ]

Model Institutions Resolution [°] time span
BCC-CM1 Beijing Climate Center 1.9 × 1.9 1871–2100
BCCR-BCM2.0 Bjerknes Center for Climate Re-

search
1.9 × 1.9 1850–2099

CCSM3 National Center for Atmospheric
Research

1.4 × 1.4 1870–2099

CCCM3.1(T 47) Canadian Center for Climate Mod-
elling & Analysis

2.8×2.8 1850–2100

CCCM3.1(T 63) Canadian Center for Climate Mod-
elling & Analysis

1.9 × 1.9 1850–2100

CNRM-CM3 Météo-France/Centre National de
Recherches Météorologiques

1.9 × 1.9 1860–2090

CSIRO-Mk3.0 CSIRO Atmospheric Research 1.9 × 1.9 1871–2100
ECHAM5/MPI-OM Max Planck Institute for Meteorol-

ogy
1.9 × 1.9 1860–2100

ECHO-G Meteorological Institute of the Uni-
versity of Bonn, Meteorological Re-
search Institute of KMA, andModel

3.9 × 3.9 1860–2100

FGOALS-g1.0 LASG/Institute of Atmospheric
Physics

2.8 × 2.8 1850–2099

GFDL-CM2.0 US Dept. of Commerce/NOAA/-
Geophysical Fluid Dynamics Labo-
ratory

2.0 × 2.5 1861–2100

GFDL-CM2.1 US Dept. of Commerce/NOAA/-
Geophysical Fluid Dynamics Labo-
ratory

2.0 × 2.5 1861–2100

GISS-AOM NASA/Goddard Institute for Space
Studies

3.0 × 4.0 1850–2100

GISS-EH NASA/Goddard Institute for Space
Studies

4.0 × 5.0 1880–2099

GISS-ER NASA/Goddard Institute for Space
Studies

4.0 × 5.0 1880–2100

INM-CM3.0 Institute for Numerical Mathemat-
ics

4.0 × 5.0 1871–2100

IPSL-CM4 Institut Pierre Simon Laplace 2.5 × 3.75 1860–2100
MIROC3.2 (hires) Center for Climate System Re-

search
1.12 × 1.12 1900–2100

MIROC3.2 (medres) Center for Climate System Re-
search

2.8 × 2.8 1850–2100

MRI-CGCM2.3.2 Meteorological Research Institute 2.8 × 2.8 1851–2100
PCM National Center for Atmospheric

Research
2.8 × 2.8 1890–2099

UKMO-HadCM3 Hadley Center for Climate Predic-
tion and Research/Met Office

2.5 × 3.75 1860–2099

UKMO-HadGEM1 Hadley Center for Climate Predic-
tion and Research/Met Office

1.25 × 1.9 1860–2098
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2.2.2 Projection scenarios

Theuse of climate scenarios allows researchers to study the potential consequences
of anthropogenic climate change for a variety of alternative futures. The IPCC is-
sued a report titled “Special Report on Emission Scenarios” (SRES) in 2000 to cat-
egorise all plausible scenarios into seven groupings. (Nakicenovic, 2000). Fig.2.4
concisely portrays all the possible future scenarios.

The IPCC Fifth Assessment Report (AR5) introduced a new mechanism for
categorising different scenarios: the Representative Concentration Pathway (ab-
breviated as RCP) (IPCC, 2013). Four RCPs were explored based on greenhouse
gas concentrations. Each RCP forecasts a distinct future climate based on the
amount of greenhouse gases (GHG) generated in the coming years (Fig. 2.5). The
scenarios are named after the maximum amount of radiative forcing (W/m2) they
represent: RCP-2.6, RCP-4.5, RCP-6 and RCP-8.5 (IPCC, 2013). The average global
temperature is expected to rise in the 21st century (Table 2.2). The A1FI scenario
in SRES is equivalent to a RCP8.5, and the B1 scenario in SRES is equivalent to a
RCP4.5 (Rogelj et al., 2012).
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Figure 2.4: Emission scenarios (source: IPCC (2001))
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Figure 2.5: The increase in average global temperature under different RCP sce-
narios [source: IPCC (2013)]

Table 2.2: Increase in global mean temperature by RCPs [source: IPCC (2013)]

RCPs 2046–2065 2081–2100
Mean [5–95% range] Mean [5–95% range]

2.6 1.0 [0.4, 1.6] 1.0 [0.3, 1.7 ]
4.5 1.4 [0.9, 2.0 ] 1.8 [1.1, 2.6]
6 1.3 [0.8, 1.8] 2.2 [1.4, 3.1]
8.5 2.0 [1.4, 2.6] 3.7 [2.6, 4.8 ]

2.3 Changes in hydrological regime and climate
and their impacts on agriculture

Climate change along with climate variability is influencing crop production year
to year. IPCC (2007) listed the impacts of temperature on crop production. The
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effects can be summed up briefly as follows:

• Elevated CO2 level increases the biomass production.

• Higher temperatures accelerate the maturation of crops.

• Heat stress during flowering and reproduction.

• Increased climate variability, drought, and flooding may increase crop loss.

2.3.1 Impacts of elevated CO2

Increase in CO2 would be beneficial if no other climate related changes were not
occurring (Parry, 1990). The photosynthetic rate can be increased by 30 to 100%
with a doubling CO2 concentration (IPCC, 2007). A typical response curve is given
in Fig. 2.6 that shows the impact of incresing CO2 on photosynthesis. Ortiz et al.
(2008) predicted an increase inwheat production in the Indo-Gangetic plain for the
2050s. Therefore, it is beneficial for wheat production. Eitzinger et al. (2003) also
predicted similar results. On contrary, Anwar et al. (2007) predicted a decrease in
wheat production in Australia by 25% due to the elevated CO2. Therefore, there
are other factors that significantly influence yield.

2.3.2 Impacts of extreme events

Flood, cyclone and drought are the very common extreme weather events. In-
creasing and uncertainty of extreme weather events are common characteristics
of climate scenarios (Frei et al., 2006). The impact of extremes event are complex
in nature (Cogato et al., 2019). Drought and flood are most common disaster that
damages the crops (Guo et al., 2019). These events sometimes create food security
issues (Devereux, 2007).

2.3.3 Impacts of hydrological regime

Availability of water for crop production will be one of the limiting constraints in
the agricultural sector (Fujihara et al., 2008). The changes in hydrological regimes
will alter the agro-climatic zones, which may affect crop production and cropping
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Figure 2.6: Impact of elevated CO2 on photosynthesis [source: Lemon (2019)]

patterns (Middelkoop et al., 2001). The change in hydrological regimes may intro-
duce new dry and wet spell characteristics that may affect the cropping pattern
(Mathew et al., 2021).

2.4 Crop model
Crop models are used to estimate yield and quantify the effects of different vari-
ables. A crop model can provide helpful insights for lessening the adverse con-
sequences of climate change and variability, which can be used to meet the chal-
lenges posed by these changes. (Rosenzweig et al., 2014). Over the years var-
ious crop model were introduced based different knowledge system and scales
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(Fig. 2.7). The knowledge are divided into two axes, one ranging empirical to
mechanical and other ranging from quantitative to qualitative. Bouma (1999) de-
scribed the different knowledge system are as follows:

• K1 = user knowledge;

• K2 = expert knowledge;

• K3 = knowledge that needs to be acquired through the use of semi-quantitative
models;

• K4 = knowledge obtained through the use of quantitative models with soil
process are described in general terms; and

• k5 = same as K4 but process are described in details.

These knowledge can be integrated in soil model depending on the data avail-
ability and objectives. The land evaluation framework by FAO alows integration
of these knowledge to prepare soil suitability for different crops (Verheye et al.,
2009).

A crop model that deals with crop water requirements is based on the esti-
mation of evapotranspiration of a crop. FAO defines “crop water requirement” as
the demand for water that is required to compensate for the loss that occurs as
a result of evapotranspiration, for it to be cultivated without any restrictions on
the soil quality, including the amount of water and fertility in the soil, and for it
to reach its full production potential within the context of a specific growing con-
dition (Allen et al., 1998). Equation 2.1 is used solve the crop water requirements
yield response of a crop.

ETc = ETo ×Kc, (2.1)

where,Kc is the crop coefficient, andETc is the amount of evapotranspiration
(in millimetres per day) that a crop produces and ETo is the amount of reference
crop evapotranspiration (in millimetres per day).

All the computer model for crop water requirements solve this equation in
different ways. A short summery of the commons models used in crop are given
below:
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Figure 2.7: Crop soil suitability modelling based on different knowledge systems
and scale of analysis [Source: Bouma (1999)]

AquaCropwas developed by Food andAgricultureOrganization (Steduto et al.,
2009). It is a crop water productivity model to improve water productivity in rain-
fed and irrigated fields.

Doorenbos and Kassam (1979) provides the fundamental equation 2.2 to rep-
resent the relation of the yield response to water.

(
Yx − Ya

Yx

)
= Ky

(
ETx − ET

ETx

)
, (2.2)

where, Yx is the maximum yield and Ya is the actual yield, ETx represent the
maximum evapotranspiration and ET actual, the proportionality factor between
a loss in relative yield and a decrease in relative evapotranspiration is denoted by
the Ky. Within the framework of the Aquacrop model, the following procedures
are carried out (Fig. 2.8):

• The ET is divided between soil evaporation and crop transpiration.

• Product of water productivity and cumulated crop transpiration is calcu-
lated

• Product of B and Harvest Index to estimate the actual yield is calculated,
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Figure 2.8: The main components of the soil-plant-atmosphere continuum in
Aquacrop [source: Steduto et al. (2009)]

• Normalization of crop transpiration with reference evapotranspiration is
carried out,

• Crop water use, growth, and yield are calculated in daily time increments.

Some of the other poular models are as follows: DSSAT is a crop simulation
model that simulates about 42 crops. A database management system for manag-
ing crop, weather, and soil-related data is one of the components. The soil, plant,
and atmosphere dynamics are modeled in the crop simulation models to simulate
growth, development, and yield (Jones et al., 2003).

APSIM is a crop model for estimation of crop production, soil water, and nu-
trient flow simulation. In addition, it has components to deal with pasture pro-
duction and crop residue decomposition. (McCown et al., 1996).

CropSyst is an user-friendly crop simulation model to estimate crop produc-
tion and yield (Stöckle et al., 2003).
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The CERES model is a set of improvised models to simulate the site specific
crops (Timsina and Humphreys, 2006).

AgMIP is an effort to bring together the climate, crop, and economic mod-
elling communities with state-of-the-art computational technology to produce an
improved crop model (Rosenzweig et al., 2013). It lists several grid-based crop
models for comparing crop yields around the world using different scenarios.

LPJmL simulates biophysical and biogeochemical processes for the most im-
portant crops in the world to estimate their production and yield. It draws on
the LPJ-Dynamic Global Vegetation Model and its usage of crop functional types
(CFTs) (Lapola et al., 2009; Rohwer et al., 2007). It mimics the short-term adjust-
ments to the carbon and water cycles brought on by changes in land use, the
unique phenology and periodic CO2 fluxes of cultivated areas (Lapola et al., 2009).

2.5 The effects of climate change on the
agricultural sector in the Mahanadi Delta

Various studies on the climate change have been conducted for this region par-
ticularly for the Mahanadi basin and Odisha state (Swain, 2014; Jin et al., 2018;
Mishra and Jena, 2015b,a; Panda and Singh, 2016; Jena et al., 2014; Das et al.,
2020; Mishra and Sethi; Nayak et al.; Mishra, 2017; Sahu et al., 2020; Bastia and
Equeenuddin, 2016; Nibal and Damodar, 2020; Jena, 2018; Behera et al., 2016; Pat-
naik and Narayanan, 2009; Priyadarshi et al., 2019; Nageswararao et al., 2019).
However, very few have concentrated on cropwater requirement and soil suitabil-
ity modelling. Pasupalak (2009) conducted a study on the threat of climate change
on agriculture in the state of Odisha and came to the realisation that the results of
the models do not indicate any negative change in the kahrif rice yield. In addi-
tion, the author came to the conclusion that the impact assessments carried out in
the state of Odisha were not comprehensive enough to warrant drawing any con-
clusions. Gumma et al. (2015) used earth observation data to estimate production
changes in rice yield in the context of changing climate and climate variability
and concluded that rainfed rice would continue to dominate the share of crop-
land area in the state of Odisha Senapati (2022) employed a nonlinear autoregres-
sive distributed lag (NARDL) model to estimate statistical significance between
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the role of climate variables and crop yield and concluded that the magnitude of
positive rainfall deviations is greater than the corresponding negative rainfall de-
viation elasticities and that there is a significant asymmetry between the effect
of rain on the yield of Odisha’s most important crops. On the basis of panel data
from thirteen different districts in Odisha, Senapati and Goyari (2020) investigated
the factors that are most important for determining crop yields. The researchers
concluded that climate change has a negative impact on crop yield in the dis-
tricts studied. Nayak et al. (2019) studied the farmer’s perceptions on risk source
and management strategies to recommend adaptation strategies. Duncan et al.
(2017) studied the factors that affect farmers’ resilience in the Delta and argued
that consideration of the system in which rice is cultivated is crucial in addition
to a production boost and shock resistance to make farmers resilient to climate
change. Das and Mishra (2017) investigated the susceptibility of agriculture to
climate change and proposed some adaptation strategies. Sahu and Mishra (2013)
carried out an empirical examination into farmers’ perspectives on adaptations
to climate change. The researchers identified the major factors that influence the
farmers’ behaviour.



ChapteR3
Study area

TheMahanadi delta is traversed by three rivers: the Mahanadi, the Brahmani, and
the Baitarini, all of which pour into the Bay of Bengal.. The delta stretches along
the coast for about 200 kilometers, from Chilika in the south to the Dhamra River
in the north (Singh and Das, 2018). Five coastal districts Bhadrak, Kendrapara,
Jagatsinghapur, Puri, and Khordha were selected that are located within 5 m of
sea level and cover an area of about 13,000 km2. These are further dived into 45
community development blocks (Fig. 3.1).

3.1 Biophysical environment
The River Mahanadi originates as a small stream in the south-east of Madhya
Pradesh and flow over the eastern part of the Chhattisgarh Plain before enter-
ing the state of Odisha near Baloda Bazaar (Chakrapani and Subramanian, 1990).
The river reaches the delta apex near Naraj after crossing the eastern ghat range.
Young an older alluvium are the main geological strata (Fig. 3.2, Fig. 3.6). Flood-
ing cyclone are most common extreme weather events in the delta region. For
the period 1875 1987, the total number of flood were 125 in R. Mahanadi, 100 in R.
Brahmani and 92 in R. Baitarini (Sinha, 1999). Recently, in the years 2003, 2008,
2011 and in 2014 the delta experienced major flood events which caused exten-
sive damages to the crops and infrastructure in the delta. These rivers become
flooded if there is excessive precipitation during the monsoon season (Mohanti
and Swain, 2005). In delta regions, devastating flooding is caused by multiple fac-
tors, including the flat coastal topography, inadequate drainage, siltation on river
bed, the failure of embankments, and the pouring of floodwaters over flood bar-
riers. The circular shape of the Mahanadi basin has a lot to the with floods that

21
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occurs there (Beura, 2015). The Hirakud Dam was constructed over the Mahanadi
River approximately 15 kilometres away from Sambalpur. Its primary purpose
was to control flooding in the delta while also providing additional services, such
as irrigation (Panda et al., 2013). Only to a certain extent does it make a difference
in the amount of flooding that occurs (Kar et al., 2010). Nevertheless, throughout
the monsoon season there is a consistent risk of flooding in the densely populated
delta. Out of a total annual rainfall of 1451 millimetres, the basin receives, on av-
erage, 1,088 millimetres of precipitation during the southwest monsoon, which
lasts from the middle of June to the middle of October. (Fig. 3.3). Because of this,
the delta is susceptible to annual floods, the severity of which increases along with
the volume and intensity of the precipitation (Gosain et al., 2006). The situation
is mentioned in several other studies, in the context of trend and characteristics
of climatic variable like precipitation, temperature and stream-flow (Rao, 1993;
Ghosh et al., 2010; Kar et al., 2010; Gosain et al., 2006). The Delta is prone to trop-
ical cyclones and storm surges and has experienced severe damage and loss of
life. A large number of tropical depressions or cyclones have been observed in
the Bay of Bengal. The frequency has increased in recent years. For instance, the
experienced 12 storms in 2006 , which included both the depression and cyclonic
storms that generated severe rainfall, whereas in 2007, it was 14. The intensity of
cyclone also has increased as observed in last decade (1999, 2007, 2013). Unnikr-
ishnan et al. (2011) predicted an increasing trend for the occurrence of cyclones
during the late monsoon season in 2071–2100 compared to the baseline scenario
in the Bay of Bengal.

3.2 Socio-economic profile
The Mahanadi Delta is home to eight million people and has a population density
of 613 people per square kilometre, according to the Census completed in 2011
(Govt. of India, 2011). The population density is significantly more than that of
Odisha (270 people per square kilometre) and India (382 people per square kilo-
metre). Khordha is the most populous district with a population of 2.25 million,
with 1.17 million men (52%) and 1.08 million females (48%) (Table 3.2). The line
graph in Fig. 3.4 shows the positive decadal growth in population since 1901 in
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ID Block

01Bant
02Basudebpur
03Bhadrak
04Bhandaripokhari
05Chandabali
06Dhamanagar
07Tihidi
08Balikuda
09Biridi
10Ersama
11Jagatsinghapur	(P)
12Kujang
13Naugaon
14Raghunathpur
15Tirtol
16Aul
17Derabisi
18Garadpur
19Kendrapara
20Mahakalapada
21Marsaghai
22Pattamundai
23Rajkanika
24Rajnagar
25Balianta
26Balipatna
27Banapur
28Begunia
29Bhubaneswar
30Bolagad
31Chilika
32Jatani
33Khordha
34Tangi
35Astaranga
36Bramhagiri
37Delanga
38Gop
39Kakatpur
40Kanas
41Krushnaprasad
42Nimapada
43Pipili
44Puri
45Satyabadi
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Figure 1: Location map of the study area

a small stream draining the eastern part of the Chhattisgarh Plain. It enters the58

state of Odisha below Baloda Bazaar and crosses the eastern Ghats to enter the

delta Plains of near Naraj and finally debouch into the Bay of Bengal.The delta60

is drained by a network of three rivers: Mahanadi, Brahmani and Baitarini

pouring into the Bay of Bengal. The coastline is about 200 km long which62

stretches from Chilika in the south to Dhamra River in the north. The study

area boundary is defined by five districts that traverse the 5m elevation contour64

within the delta. It covers an area of about 13,109 km2. There are forty-five

administrative blocks within the selected districts(Fig. 1).66

The alluvial coastal plain is densely populated. This area has 8 million pop-

ulation with a population density of 613 persons/km2. The population density68

is much higher than that of the entire Odisha state (270 persons/km2) as well

as India (382 persons/km2). The most populated district is Khordha with the70
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Figure 3.1: Study area

all the districts of the Mahanadi Delta. A drastic positive change can be noted
after 1951. During the period of 2001 and 2011, the annual growth rate is 1.4
percent, which is placing growing demands on coastal resources. The people of
this delta are mainly dependent on agriculture. According to Census 2001 and
2011, a shift has been observed in the composition of workers from agricultural to
non-agricultural sector. Interestingly, while men make up a larger share of rural
areas’ growers, women considerably outnumber men in the agricultural labour
force. In both rural and urban settings, the vast majority of working women are
employed in the domestic sector. The dependency rate in the delta is 53 out of
every 100 working-age residents, which is higher than the state and national av-
erages and contributes to the area’s pre-existing social vulnerabilities. Bhadrak,
Kendrapara, and Jagatsinghapur districts are the socio-economically most vul-
nerable districts in the area with respect to climate change. Because of chronic
crop failures and low returns from pre-existing livelihoods, migration is actually
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Figure 3.2: Geological map of the delta [after Mahalik (1984)]

starting in these coastal communities. This can be attributed to “distress-induced
migration.” Khordha, Odisha’s most urbanised district with 42.93 percent urban
population, and Puri, famous for religious tourism, serve as migration hubs for
neighbouring rural communities (Samling et al., 2015).

Paddy is the main crop cultivated in the delta area. Other important crops
include oilseed, grains, groundnut, black grams, green grams and so on (Table 3.1).
There are three cropping seasons in the delta: i) Kharif, ii) Rabi, and iii) Zaid. A
crop calendar of the major crops is shown in Fig. 3.5. Based on the cropping
intensities, there are three types of cropland in the delta: i) mono cropland; ii)
double cropland; and iii) triple cropland (Fig. 3.7)
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Figure 3.3: rainfall temperature graph

Table 3.1: Cultivated area of different crops in the delta in 2011 [source: Govt. of
Odisha (2011a,e,d,c,b)]

District Paddy Other Cereals Pulses Oil Seeds
Bhadrak 26750 600 18340 26680
Jagatsinghpur 550 130 55680 10140
Kendrapara 2860 260 77790 12830
Puri 33050 230 71000 21920
Khordha 920 1090 4613 4820
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Figure 3.4: Decadal population growth in the delta
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Figure 3.5: Crop calendar of major crops in the delta



Chapter 3. Study area 27

Geomorphology
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Figure 3.6: Geomorphology of the study area

Figure 3.7: Land cover of the delta
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Table 3.2: Demographic profile of the study area [source: Govt. of India (2011)]

District Puri Bhadrak Kendrapara Jagatsinghapur Khordha Total
Area in km2 3501 2451 2480 1669 2755 16799
Pop. density in person/km2 485.2 614.6 580.8 681.2 817.3 478.3
Population 1698730 1506337 1440361 1136971 2251673 8034072
% shared by districts 21.14 18.75 17.93 14.15 28.03 100
Male population 865380 760260 717814 577865 1167137 4088456
Proportion of male in % 21.17 18.6 17.56 14.13 28.55 100
Female population 833350 746077 722547 559106 1084536 3945616
Pop. aged below 6 years 172888 184560 161159 110249 237394 866250
% of Pop. aged below 6 years 19.96 21.31 18.6 12.73 27.4 100
SC population 325133 334896 309780 248152 297472 1515433
% of SC population 21.45 22.1 20.44 16.37 19.63 100
ST population 6129 30428 9484 7862 115051 168954
% of ST population 3.63 18.01 5.61 4.65 68.1 100
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Methodology and data used

The methodological approaches employed in this study are as follows:

4.1 Impacts of extreme events

4.1.1 Flood

One of the major challenges in predicting flood extent and magnitude is a lack
of adequate historical flood extent data. Recent advancements in the Synthetic
Aperture Radar (SAR) remote sensing system make it possible to map the flood
extent effectively. In this study, Radarsat 1/2 and Risat 1/2 SAR data were used to
map the flood-inundated areas from 2000 to 2014 (Table 4.1). The satellite era is
relatively new in comparison to the available rainfall records. So, SAR data from
recent floods that happened at the same time as rain events with a certain return
periodwere chosen. Rainfall data was procured from the IndiaMeteorological De-
partment (IMD). The technique of thresholding SAR backscattering values to map
the inundated pixel was adopted in this study. An adequate threshold was esti-
mated by inspecting the histogram of each data point (Hirose et al., 2001; Yamada,
2001). The Joint Research Centre’s water body data was used tomask out the para-
magnet water bodies. A slope value greater than 5 degrees was used to mask the
terrain shadows. The estimation of the return period of annual maximum precip-
itation was carried out using the Gumbel extreme probability distribution model
(Gumbel, 1941; Kidson and Richards, 2005).

Equation 4.1 illustrates the formula to fit the observed series of rainfall on the
probability graph at different return periods, T .

29
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XT = X̄ +Kσn−1, (4.1)

where XT represents the magnitude of the T -year precipitation events, K
represents the frequency factor, and X̄ and σn−1 represent the mean and standard
deviation of the maximum amount of precipitation, respectively.

Table 4.1: A list of flood events that were mapped using SAR
data

Sl. No. Event date

1 06-06-05
2 07-08-05
3 24-09-05
4 27-10-05
5 09-07-06
6 04-08-06
7 19-08-06
8 26-08-06
9 02-09-06
10 04-09-06
11 26-09-06
12 04-07-07
13 06-07-07
14 13-07-07
15 21-08-07
16 23-08-07
17 23-09-07
18 24-09-07
19 17-06-08
20 19-07-08
21 20-09-08
22 21-09-08
23 14-07-09
24 22-07-09
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25 24-07-09
26 27-07-09
27 29-07-09
28 08-09-09
29 12-09-09
30 18-06-11
31 22-06-11
32 05-09-11
33 08-09-11
34 12-09-11
35 14-09-11
36 01-10-11
37 12-10-13
38 14-10-13
39 15-10-13
40 17-10-13
41 25-10-13

Storm surge is another form of flooding that may damage crops by uprooting
and salt-water inundation. It is an important extreme event due to the high fre-
quency of tropical cyclones in this area. The projected water level on the onshore
topography was used as the extent of storm surge flooding in the delta. A linear
projection of water level would be the simplest approach to delineate the bound-
aries of inundation. However, it is assumed that it may overestimate the extent
of inundation. (Dube et al., 2009). A linear decay function was used to estimate
the rate of reduction in surge height (Eq. 4.2)

SDC =
Hs − Zs

Df −Dcs
, (4.2)

where, SDC is the surge reduction factor, Hs is surge height, Zs is the eleva-
tion at surge, Df denotes the extent of inland inundation and Dcs is the extent of
constant surge (Fig. 4.1). The reference information used to derive this factor was
taken from the 1999 super cyclone. The maximum inundation extent reported
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Figure 4.1: Graphical representation of the liner decay function used to estimate
the surge height and inundation extent

was 18 km (Dube et al., 2009). The elevation information was derived from the
SRTM digital elevation model, which has a spatial resolution of one arc second,
equivalent to 30 m.

SDCm =
700cm− 120cm

18000− 1500

= 0.35cm/m

4.1.2 Cyclone

The Tropical Cyclone Risk Model (TCRM) model was used to calculate wind haz-
ards maps at nine return periods. The return periods include 5, 10, 25, 50, 100,
500, 1000, and 2000 years. Geoscience Australia has created this stochastic model
of tropical cyclones to help estimate the potential wind damage that these storms
can cause(Arthur et al., 2008). Using the IBTrACS data (Knapp et al., 2010) from
1981 to 2014, a set of 5,000 synthetic cyclone tracks was created. A parametric
wind field and boundary layer model was applied to the tracts individually to
capture the maximum wind speed over the lifespan of each event (Kepert, 2001;
Powell et al., 2005; Fang et al., 2020). Each grid cell’s highest wind speedwithin the
model domain was fitted using the generalised extreme value (GEV) probability
distribution (Hosking, 1990). Over the specified return times, the model predicts
the highest possible gust wind speed for a duration of three seconds.
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4.1.3 Land cover mapping

A land cover legend with 15 classes was prepared by taken into considerations the
landscape of the delta (Di Gregorio, 2005). Indian Remote Sensing (IRS) satellite
LISS IV images from the three cropping season were acquired from National Re-
mote Sensing Centre (NRSC). The image were atmospherically corrected before
performing the segmentation for object based image analysis. On field and high
resolution image based training samples were collected to classify the image ob-
jects from the segmentation. Random forest algorithm wast used to classify the
land cover map (Breiman, 2001). Random forest algorithm is an advance for of
classification regression tree classification where over fitting is avoided by inte-
grating the results of some random trees (Fig. 4.2). Some object were manually
verified to improve the accuracy of the result. A separate accuracy assessment
was conducted to asses the quality of land cover map.

Figure 4.2: Phases of the random forest classification model: samples, variables,
probabilities, classes, data, tree counts, and input data are indicated by the letters
i, j, p, c, s, t, and d, respectively. [Source: Belgiu and Drăguţ (2016)]
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4.2 Soil suitability assessment

4.2.1 Soil data collection

Soil is one of the most precious resource required for agriculture. Soil controls the
pattern and type of crop in any particular region. Therefore, understanding the
soil properties is essential for efficient agriculture policy formulation for better
yield. The coastal tract of Odisha is the home of nearly 8 million population and
most of them (about 60%) relay on agriculture. Soil data available for this region,
are old and lack detailed informations which are required to set-up models to
improve agriculture.

Allocation of sampling locations

Conventional method of sampling relies on mental predictive model of soil oc-
currence and is subjective to surveyors (McBratney et al., 2000). On the other
hand digital soil mapping is based on statistical modelling of soil attributes and
covariates with the goal to optimize the accuracy of the models and minimize the
errors without losing data quality (Scull et al., 2003). A scheme was prepared to
collect soil samples from the main Mahanadi delta region for efficient soil map-
ping. The rest of the delta was not considered due to time constrain. The method
utilised multivariate covariate gradients and was based on a stratified version of a
random sampling approach (Osterholz et al., 2020; Yang et al., 2007). The covari-
ates used for the stratification are The NDVI, LST, CTI, and DEM. The gradients
was obtained by using principle component analysis of the selected covariates,
along with K-means clustering of resulted components for the final stratification.
Within this scheme, the sampling points were randomly generated within each
individual strata (Fig. 4.3). The estimation error is lower than what would be ob-
tained from a purely random sample of the same size due to the method used here.

Collection of soil samples

A network analysis was carried out to efficiently collect the samples from ground.
The Open Street Map (OSM) data was extracted and ingested into a postgresql
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Sampling	location

District	boundary

Figure 4.3: Distribution of soil sampling locations

database to run the vehicle routing problem (VRP) solver from PostGIS network
analysis module vrpRouting (vrpRouting Contributors, 2018). A minimum stop
time of 30 minutes was considered for the collection of soil samples. The solver
returned 15 best routes which were used to visit the sampling locations (Fig. 4.4).
The samples were collected in April 2018. The GPS track of the routes is given as
annex B

4.2.2 Soil data analysis

Soil texture

The relative amounts of sand, slits, and clay in the mineral soil constitute the soil’s
texture. Various techniques are used to determine the quantity of these particles
in the soil. The percentages of different soil minerals, such as sand, silt, and clay,
are referred to as soil texture. Different methods are employed to determine the
amount these particles in the soil (Essington, 2015). The method proposed by



Chapter 4. Methodology and data used 36

Routes	details
1

2

3

4

5

6

7

8

9

10

11

12

13

15

Sampling	location

District	boundary

Figure 4.4: Route map used to visit the sampling locations

Bouyoucos (1962) was used to analyse the 72 samples collected from the agricul-
tural in the Delta. Stoke’s law serves as the foundation for this method (Eq. 4.3).

v =
2gr2(D − d)

9n
, (4.3)

where v is the rate at which the particles fall (cm sec−1), g is the gravitational
acceleration, r is the radius of the particles, D denotes particles density, d is the
density of the liquid, and n is the absolute viscosity of the liquid. A hydrometer
is used to measure the density of the soil suspension at different time intervals
to estimate the size of the particles (Gee and Or, 2002). The size of the solids in
the suspension is estimated from the density of the soil suspension. The steps
followed to estimate the soil texture are listed below (Rayment et al., 1992; Van
Reeuwijk , ed.):

1 A dispersing solution was created by dissolving 50 g of sodium hexam-
etaphosphate Na(PO3)6 in one litre of deionized water and then diluting the



Chapter 4. Methodology and data used 37

solution to one litre., 5%.

2 In a cylinder having a capacity of 1000 ml, a blank was made by combin-
ing 100 ml of the dispersion solution with 880 ml of deionized water. The
remaining 20 ml represent the volume that was taken up by the 50 g of soil.

3 50 g soil was weighted and transferred to a dispersing cup.

4 100 ml of 5% dispersion solution was added.

5 The cup was attached to a shaker for 30-40 sec.

6 The suspension was quantitatively transferred to 1000 ml cylinder.

7 Deionized water was added to fill upto 1000 ml and kept overnight to equi-
librate with room temperature.

8 Hydrometer reading was taken from the blank and room temperature was
recorded.

9 A plunger was inserted into the suspension to mix it properly.

10 Hydrometer reading was taken after 40 sec. Sand particles need this time
to settle to the bottom.

11 Hydrometer reading was again recorded after 6 hrs 52 min. Silt particles
need this time to settle to the bottom.

12 Influence of temperature was corrected using Equation 4.4.

13 Equations 4.5, 4.6 and 4.7 were used to calculate the sand, silt and clay
percentages.

Correction factor (CF) = (Actual room temperature in ℉ - 68 )× 0.2 (4.4)

%silt+ %clay =
(S − B) + CF

W
× 100, (4.5)

where B denotes blank readings, W denotes sample weight in g, and S is a
sample reading taken at 40 seconds.

%clay =
(S − B) + CF

W
× 100, (4.6)
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where B denotes blank readings, W denotes sample weight in g, and S is a
sample reading taken after 6 hours 52 minutes.

%sand = 100− (%silt+ %clay). (4.7)

Soil pH and electric conductivity

The pH and salinity (electric conductivity ) of the soil were determined in a 1:2.5
soil-to-water (pH H2O) solution (Van Reeuwijk , ed.). A summary of the steps
taken to measure the pH and EC are given below (Rayment et al., 1992).

1 For the purpose of calibrating the pHmetre, buffer solutions with pH values
of 4.0, 7.0, and 9.00 were prepared.

2 The pH metre was adjusted with the help of the buffer solutions.

3 The conductivity meter was calibrated using a standard solution of 0.01 M
KCl.

4 20 g fine soil was weighted into a 100 ml polythene beaker.

5 After adding 50 ml of water to the beaker, it was then shaken for a total of
two hours.

6 The electrode probe was immersed in the upper part of suspension.

7 Stabilized reading was recorded after at an accuracy of 0.1 unit.

8 The temperature was recorded and set in the conductivity meter to com-
pensate the temperature at 25℃.

9 The dip cell of the conductivity meter was immersed in the upper part of
suspension.

10 The reading of conductivity was recorded.
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Cation Exchange Capacity (CEC)

Soil CEC is considered as an indicator for the retention and supply capacity of soil
fertilizer (Khaledian et al., 2017).

An ammonium acetate-based method was used to estimate the CEC (Chap-
man, 1965). The summery of the steps followed to measure the CEC for all the
samples:

385 g chNH4OAc

1 385 g NH4OAc was dissolved in 5 l water to make 1M ammonium acetate
solution.

2 A 250ml beaker was filled with 10 g of air-dried soil that had been grounded
to less than 2 mm in size.

3 25 ml of NH4OAc was mixed with the soil in the beaker.

4 For each sample, A 7 cm Buchner funnel was made by putting a 7 cm piece
of Whatman 42 filter paper in it. The filter was wetted with a tiny quantity
of NH4OAc. A 250 ml suction flask was fitted with the funnel. The vacuum
pump was adjusted to pressurise the soaked filter. The mixture of soil and
NH4OAc was thoroughly mixed and passed to the filter.

5 Around 75mLNH4OAc of each samplewas poured into an individual plastic
squirt bottle. About 10 ml of the NH4OAc was added to the bottle in order
to transport the entire soil sample to the Buchner funnel.

6 A 7.0 cm Whatman #1 filter paper was used to cover soil to keep it moist
between leaching.

7 Five to seven leachings, each with 10 to 15 ml of NH4OAc, were conducted
without allowing the soil to dry completely in between.

8 After transferring the leachate to a 250 ml volumetric flask, 1 M NH4OAc
was added to get the final volume up to 250 ml.

9 An atomic absorption spectrophotometer (AAS) was used to measure Ca,
Mg, K, and Na from the solution.
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Figure 4.5: Experimental and fitted variogram for the pH samples

10 NH4 N was quantified in the leachate to measure the CEC (cmolc /kg) of
each sample (Eq. 4.8).

CEC =

(mg NH4 N
L

)(
0.25L

10 g soil

)(1 meq NH4 N
14 mg NH4 N

)
× 100 (4.8)

4.2.3 Spatial interpolation of soil properties

Spatial interpolation was performed to predict all the soils parameters would be
distributed over the space. Ordinary kriging method was applied after fitting the
variogram model (Pebesma, 2004; Baxter and Oliver, 2005; Lark, 2002; Zhang and
Li, 2007). Fig. 4.5 shows the autofitted variogram for pH samples pairs located
within 60 km.
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4.2.4 Suitability assessment

Soil data was used to prepare a multi-crop suitability map. A rating based system
was used to assess the suitability of the soil for the major crops in the delta . The
total soil ratings are classified into four groups based on the weight of the soil
rating group. (Sys et al., 1991). The ratings were collected from the Global Agro-
ecological Zone’s database (Fischer et al., 2021). This method uses four constrain
categories, these are

• S0 denotes no constraint with a rating of 100,

• S1 represents slight constraint with a reduced rating of 90,

• S2 denotes the moderate group with rating of 60,

• The severe constraint is represented by S3 with low rating - 40, and

• N stands for not suitable and rating is 10.

The final rating, SRint was calculated using Eq. 4.9.

SRint. = 0.5× (SQ1 + SQ2)× SQ3× fSR(SQ4, SQ5, SQ6, SQ7), (4.9)

where, SQ1 is the nutrient availability (OM, and low pH), SQ2 is the nutrient reten-
tion (CEC, base saturation), SQ3 is the rooting conditions (soil depth), SQ4 is the
oxygen availability (soil drainage), SQ5 is salinity/sodicity (EC, Na) related qual-
ity, SQ6 is lime or gypsum based quality and SQ7 is the workability (soil phase).

4.3 Assessment of crop water requirements

4.3.1 Climate data preparation

CNRM-CM5 model was selected to extract the projected climate data for delta
region by considering the overall mean values of rainfall as well as less bias in
retrospective values (Fig. 4.6). Downscaled data from the RCPs (4.5 and 8.5) were
selected. A summary of the comparisons among the models highlighted in Fig. 4.6
in terms of rainfall, average temperature, number of rainy days and reference
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Figure 4.6: Comparisons of different climate models [source: Janes and Macadam
(2017)]

evapotranspiration are given in Tables 4.2, 4.3, 4.4 and 4.5 respectively for the
RCP 8.5. Aside from the frequency of rainy days, all other indicators are on the
rise.
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Table 4.2: Comparisons of average total annual precipitation (mm) from different models

Domain 81-10 2020s 2050s 2080s
Hist CNRM-CM5 GFDL-CM3 HadGEM2-ES CNRM-CM5 GFDL-CM3 HadGEM2-ES CNRM-CM5 GFDL-CM3 HadGEM2-ES

Study area 1581 1597 1551 1719 1608 1687 1685 1725 1821 1920
Odisha 1504 1507 1485 1709 1591 1666 1620 1703 1866 1876

Table 4.3: Comparisons of average mean annual temperature (℃) from different models

Domain 81-10 2020s 2050s 2080s
Hist CNRM-CM5 GFDL-CM3 HadGEM2-ES CNRM-CM5 GFDL-CM3 HadGEM2-ES CNRM-CM5 GFDL-CM3 HadGEM2-ES

Study area 27.3 28 28.68 28.11 29.03 30.48 29.68 30.54 32.32 31.57
Odisha 25.97 26.82 27.63 27.14 28.02 29.63 28.95 29.72 31.82 31.19

Table 4.4: Comparisons of total days per year with rainfall>1mm from different models

Domain 81-10 2020s 2050s 2080s
Hist CNRM-CM5 GFDL-CM3 HadGEM2-ES CNRM-CM5 GFDL-CM3 HadGEM2-ES CNRM-CM5 GFDL-CM3 HadGEM2-ES

Study area 170 132 130 114 132 130 120 131 131 123
Odisha 155 120 119 105 124 120 106 123 123 113

Table 4.5: Comparisons of Average annual reference potential evapotranspiration (mm/m) from different models

Domain 81-10 2020s 2050s 2080s
Hist CNRM-CM5 GFDL-CM3 HadGEM2-ES CNRM-CM5 GFDL-CM3 HadGEM2-ES CNRM-CM5 GFDL-CM3 HadGEM2-ES

Study area 1585 1617 1650 1602 1656 1753 1655 1732 1790 1713
Odisha 1551 1579 1611 1571 1617 1707 1640 1695 1761 1716
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Table 4.6: Lookup table to convert De Martonne Aridity index values to climate
type

Climate type Aridity index
Arid 0-10
Semi-arid 10-20
Mediteeanean 20-24
Semi-humid 24-28
Humid 28-35
Very humid 35-55
Extremely humid >55

4.3.2 Agro-climatic zone and hydrological regime

De Martonne Aridity index, IM (Eq. 4.10) was used to asses the type agro-climatic
zone (Solomon et al., 2007).

IM =
P

T + 10
, (4.10)

where, P is the mean rainfall in mm per year, T is the annual mean tempera-
ture in ℃. Table 4.6 was used to convert the index value to climate type informa-
tion.

The hydrological regime was asses by the dividing the climate data into four
different time periods: i) historical, ii) 2020s, iii) 2050s and iv) 2080s.

4.3.3 Assessment of crop water needs and the effects of
climate change on agriculture

The yield of crops and the amount of water needed for irrigation were analysed
using an aquacrop simulation. It simulates the yield and water requirement on
a daily basis. The baseline period and three other future climate scenarios were
taken into consideration to analyse the impacts. The Climate information (rain-
fall, min. temperature, max. temperature, solar radiation), Soil profile data were
provided for paddy, wheat, black grams, green grams and groundnut.
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Results and Discussion

5.1 Impacts of extreme events
Flood is one of the most common extreme events in the Mahanadi delta. The
delta witnesses at least one event a year. The low laying delta plain along with
the meandering river and its flood plain determine the location and pattern of in-
undation extent. There are two distinct flood zones in the delta (Fig. 5.1). One is in
the Badrak and Kendapara districts and other in the Puri district. These areas are
located within the two to five year flood return period flood events. As the delta is
densely populated with huge agrarian people, people in each of the administrative
block of the Kendapara district mostly suffered from the flood. A large numbers
of people in the Aul block are living in the highly exposed areas (Table 5.1). With
the increase in return period, Bhadrak becomes more vulnerable to flood. The
reduction in the number of wet days and the intensification of precipitation will
increase the frequency of flooding in the future.

The risk map show the flood hotspot in the delta. It shows the same patterns,
but not always. The percentage of cropland area is also high in this region. There-
fore probable damages of crops in these area are also very high. Administrative
block like Tihidi, Dhamnagar, Chandabali, Rajkanika, Aul, Kanas, Delenga are at
higher risk prone zone (Fig. 5.2). Nearly 70% of the population dependent directly
or indirectly on agriculture. At 100 year return period flood events 418 km2 of
crop land is flooded in Chandabali block, 298 km2 in Basudebpur, 290 km2 in Ma-
hakalpara, 251 km2 in Rajnagar, 212 km2 in Tihidi, 211 km2 in Ersama, 206 km2 in
Pattamundai block. Other most affected blocks in terms of flooding of cropland
are Gop, Rajkanika, Nimapada, Dhamnagar, Balikuda, Kendapara, Bhadrak, Aul
etc.

45
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Table 5.1: Block wise flood affected population at various return period

Block District 100 year 50 year 25 year 10 year 5 year 2 year
Bant

Bhadrak

87597 63411 19801 1855 0 0
Basudebpur 156334 130919 83249 52945 25131 6295
Bhadrak 109699 75417 23874 6031 1088 42
Bhandaripokhari 87979 69136 28085 6617 1085 0
Chandabali 221761 202826 153686 114068 66393 22165
Dhamanagar 154779 127959 89255 65995 42922 16847
Tihidi 155185 138316 104412 79149 47953 15882
Balikuda

Jagatsinghpur

117035 85524 43187 23119 5295 39
Biridi 42042 26229 10544 4530 650 0
Ersama 119865 107600 79168 53642 20320 1363
Jagatsinghapur (P) 74978 49863 19962 7887 894 0
Kujang 122650 89230 46966 24095 7208 526
Naugaon 51473 37587 19976 11781 4155 244
Raghunathpur 36042 23181 11597 5996 677 5
Tirtol 95997 69684 36498 18407 3979 100
Aul

Kendapara

129068 115470 94521 76567 52131 17537
Derabisi 83342 55452 25063 12789 4675 593
Garadpur 73404 53627 26911 12225 3389 28
Kendrapara 119687 92925 48164 25111 5465 36
Mahakalapada 162042 133964 82157 52602 26767 6306
Marsaghai 89710 63478 29072 16703 7968 1821
Pattamundai 143545 122608 89642 65232 32389 9110
Rajkanika 120288 109378 82696 60718 35661 10109
Rajnagar 123865 108592 75285 50954 20062 1790
Balianta

Khoorda

48424 31429 8558 1399 63 0
Balipatna 55168 36689 15666 4979 246 0
Banapur 16865 2324 0 0 0 0
Begunia 49810 31777 16222 9070 5029 2104
Bhubaneswar 43753 25215 7140 2852 177 0
Bolagad 35959 16042 754 31 0 0
Chilika 11617 3347 694 378 1 0
Jatani 50934 31671 9963 5247 2535 862
Khordha 59403 39765 20291 14467 10529 6736
Tangi 46653 23807 8615 4906 2126 252
Astaranga

Puri

38272 22571 7747 1896 2 0
Bramhagiri 93391 86184 71233 58796 37780 11770
Delanga 93533 78017 51133 33921 16923 3028
Gop 131612 100545 56829 31662 6540 16
Kakatpur 53397 29215 9677 3908 216 0
Kanas 141114 131931 109464 92137 66600 28633
Krushnaprasad 16723 7558 1198 646 0 0
Nimapada 135132 95366 45924 19018 1839 0
Pipili 82633 54061 17285 5960 990 326
Puri 121477 102544 71864 48829 22677 2798
Satyabadi 88039 73733 51914 36616 18085 4338
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Figure 4: Flooded area at various return periods

zones of 100-year return period flood. Table 2 gives an account of the number220

of people living in the flood a↵ected region at various return period. These

statistics indicate that a high number of the population are living with floods.222

So flood is one of the major issues that the population of the delta are facing.

The contribution of agriculture to the delta’s GDP is 27.3% (Cazcarro et al.,224

2018). However, nearly 70% of the population dependent directly or indirectly

on agriculture(GoI, 2011). The per capita agricultural land holding is also very226

low, 0.12 ha only. Therefore, the damage in agricultural production directly

a↵ects the livelihood of these people. As a results of repeated crop loss, they228

were forced to migrate to another places for alternative livelihoods(Das et al.,

2016). From the overlay analysis it was found that, at 100 year return period230

flood events 418 km2 (97%) of crop land is flooded in Chandabali block, 298

km2 (86%) in Basudebpur, 290 km2 (89%) in Mahakalpara, 251 km2 (91%) in232

Rajnagar, 212 km2 (89%) in Tihidi, 211 km2 (95%) in Ersama, 206 km2 (90%)

in Pattamundai block. Other most a↵ected blocks in terms of percentages of234

12

Figure 5.1: Extent of inundated areas at various return periods

Storm surge flooding also very common in the delta during cyclonic events
due to low laying flat terrain in the northern part of delta (Fig. 5.3). Chandabali ,
Mahakalpara, Basudebpur, Rajnagar are highly vulnerable administrative blocks
followed by Rajkanika, Pattamundai, Kujang, Tihidi, Aul, Ersama, Kendapara and
Khurshanprasad. The amount of cropland impacted by storm surge induced flood
is ver high in these blocks. For example, 421 km2 in Chandabali, 280 km2 in Ma-
hakalpara, 263 km2 in Rajnagar, 256 in km2 in Basudebpur, 183 km2 in Rajkanika,
176 km2 in Tihidi, 152 km2 in Pattamundai, 148 km2 in Ersama. Sea level rise
may poses addition risk factor by increasing the extent of surge inundation in fu-
ture that. Flooding due to storm surge increase the soil salinity that decrease the
production of crops. The adaptive measures like shoreline protection, mangrove
plantation can prevent the propagation of storm surge water in the mainland area.
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Figure 10: Flood risk map of the delta

4. Conclusion

This study was carried to estimate the spatial distribution of hazards and294

risk due to climatic extreme events like flood, tropical cyclone and storm surge

in the Mahanadi Delta. In the context of climate change, risks of climatic ex-296

treme are inevitable. Therefore, proper understanding of such risks is essential

to understand the future scenarios in the delta. It can be said from all the298

analysis and result that northern part of the delta falls in the high risk zone.

Specifically, Chandabali, Basudebpur, Mahakalpara, Rajnagar, Tihidi, Ersama,300

Pattamundai, Aul, Kujang are at very high risk prone zone in the delta. Dur-

ing a 100-year return flood event more than 80% of the land of these blocks302

have been a↵ected. Kendrapara is the most risk-prone district, experiences al-

most every extreme event. About 88% of the crop land have been a↵ected in304

100-year flood and 7m storm surge events. Bhadrak and Jagatsinghpur are

also mostly risk-prone districts and Khordha is least risk-prone district. The306

higher dependency on agriculture (71%) and high percentage of kutcha houses

19

Figure 5.2: Flood risk map of the delta

Cyclone wind is the most destructive force Mahanadi delta often witnessed.
Fig. 5.4 shows gust wind simulated using TCRMmodel for various return periods.
In 100 year return period the gust wind reaches at about 50 m/s that is devastating
in nature. Mahanadi has been suffered from various devastating cyclonemostly in
themonth of September-November throughout the last century. In 1885more that
5,000 human lives was lost, another in 1931which killed about 20,000 people, more
that 1000 people died in 1971 cyclone, in 2013 category 5 on the Saffir-Simpson
scale cyclone struck the delta. However, reported human loss was very few beside
huge infrastructural damages. The northern part of the delta is more susceptible
to high wind speed, hence, are at high risk.

The northern part of the delta experience nearly every extreme events like
flooding, storm surge, high cyclonic wind speed as well as heavy rainfall. There-
fore, adaptation activities should be prioritized in the blocks which fall under high
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Figure 6: Inundation due to storm surge

also minimize the impact of surge. Salt tolerant crop species are to be adopted

for storm surge inundated region to sustain in high salinity environment.266

3.3. Impacts of Cyclonic Wind

Cyclonic wind is the most destructive force Mahanadi delta often witnesses.268

Fig. 7 shows wind speed for various return periods simulated using TCRMmodel

. In 100 year return period the gust wind reaches at about 50 ms-1 which is270

devastating in nature. Mahanadi has been su↵ered from various devastating

cyclone mostly in the month of September-November throughout the last cen-272

tury(Chittibabu et al., 2004). In 1885 more that 5,000 human lives was lost,

another in 1931 which killed about 20,000 people, more that 1000 people died in274

1971 cyclone, a category 5 on the Sa�r-Simpson scale cyclone struck the delta

in 2013 (De et al., 2005, Froberg, 2013). However, reported human loss was276

very few beside huge infrastructural and crops damages(Pal et al., 2017). The

northern part of the delta is more susceptible to high wind speed, hence, are at278

high risk(Fig. 8).
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Figure 5.3: Inundation due to storm surge

risk categories.
The risk of cyclone is very in the northern part of the delta due to the poor

infrastructure, mainly high percentage of earthen house. Dhamanagar, Tihidi,
Rajnagar, Marsaghai, Mahakalpara are the very high risk prone block in the delta.

Fig. 5.7 depicts the overall effects of extremeweather events on rice crop yields.
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Figure 7: Wind speed of cyclone at various return periods

Figure 8: Wind speeds of tropical cyclone at Paradeep and Puri
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Figure 5.4: Gust wind of storms at various return periods

Figure 5.5: Wind profile of storm at various return period at Paradeep and Puri



Chapter 5. Results and Discussion 51

C
hili

ka L
ake

B
a
y
 o

f 
B

e
n
g
a
l

Mahanadi R.

Wind Risk

None

Low

Medium

High

Very high

Legend

B
rah

m
an

i R
.

B
a
it

a
r
a
n

i R
.

Figure 9: Wind risk map of the delta

3.4. Risk Indices280

The risk of cyclonic wind is very in the northern part of the delta due to

the poor infrastructure, mainly high percentage of earthen house. Dhamanagar,282

Tihidi, Rajnagar, Marsaghai, Mahakalpara are the very high risk prone block

in the delta. E�cient evacuation may reduce the live loss significantly, how-284

ever, structural damages can not be prevented unless proper structural design

is adopted considering the wind speed of storms as it is naturally high across286

the coastal belt.

Fig. 10 shows the flood hotspot in the delta. It shows the same patterns288

as frequency does, but not always. The percentage of Kuccha house (earthen

houses) is also higher in this region. Administrative block like Tihidi, Dham-290

nagar, Chandabali, Rajkanika, Aul, Kanas, Delenga are at higher risk prone

zone.292

18

Figure 5.6: Wind risk map of the delta

Figure 5.7: Effects of extreme climatic events on Kharif rice production in Odisha
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5.2 Soil analysis

5.2.1 Soil data and ratings

All the soil data were interpolated to fill the spatial cell designed to represent the
study area. The resulted maps are presented in Figs. 5.8, 5.9, 5.10, 5.11 5.12, 5.13,
5.14, 5.15 and 5.16.

Table 5.2: Suitability rating for nutrient retention capacity based on the cation
exchange capacity (cmol/kg) [after Fischer et al. (2021)]

Crops I CECs 100 I CECs 90 I CECs 70 II CECs 50 I CECs 30 I CECs 10
Wheat 10 8 4 2 0 999
Rice (wetland) 8 6 3 2 0 999
Rice (dryland) 8 6 3 2 0 999
Maize 10 8 4 2 0 999
Potato (white) 9 7 4 2 0 999
Potato (sweet) 10 8 4 2 0 999
Sugarcane 10 8 4 2 0 999
Gram 10 8 4 2 0 999
Groundnut 8 6 3 2 0 999
Sunflower 10 6 3 2 0 999
Rape 10 8 4 2 0 999
Cabbage 10 8 4 2 0 999
Carrot 10 8 4 2 0 999
Onion 10 8 4 2 0 999
Tomato 10 8 4 2 0 999
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Figure 5.8: Spatial distribution of soil pH in the study area

Table 5.3: Suitability rating based on the exchangeable sodium percentage - ESP
(%) [after Fischer et al. (2021)]
Crops H+I+L ESP 100 H+I+L ESP 90 H+I+L ESP 70 H+I+L ESP 50 H+I+L ESP 30 H+I+L ESP 10
Wheat 15 20 35 45 999 100
Rice (wetland) 10 20 30 40 999 100
Rice (dryland) 10 20 30 40 999 100
Maize 8 15 20 25 999 100
Potato (white) 15 25 35 45 999 100
Potato (sweet) 8 15 20 25 999 100
Sugarcane 5 10 15 20 999 100
Gram 8 15 20 25 999 100
Groundnut 8 10 15 20 999 100
Sunflower 8 15 20 25 999 100
Rape 8 15 20 25 999 100
Cabbage 8 15 20 25 999 100
Carrot 10 20 35 50 999 999
Onion 10 20 35 50 999 100
Tomato 8 15 25 35 999 100
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Figure 5.9: Spatial distribution of soil electric conductivity (salinity µS/cm) in the
study area

Table 5.4: Suitability rating based on electric conductivity (dS/m), presence of
salinity [after Fischer et al. (2021)]

Crops H+I+L EC 100 H+I+L EC 90 H+I+L EC 70 H+I+L EC 50 H+I+L EC 30 H+I+L EC 10
Wheat 1 3 5 6 10 100
Rice (wetland) 1 2 4 6 12 100
Rice (dryland) 1 2 4 6 12 100
Maize 2 4 6 8 12 100
Potato (white) 1 3 5 6 10 100
Potato (sweet) 1 3 6 10 999 100
Sugarcane 2 5 8 10 14 100
Gram 2 3 5 7 999 100
Groundnut 2 4 6 8 12 100
Sunflower 2 4 9 12 999 100
Rape 1 2 4 6 999 100
Cabbage 3 4.5 7 10 999 100
Carrot 1 1.5 4.5 7 999 999
Onion 1 2 3 5 999 100
Tomato 3 5 8 10 999 100
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Figure 5.10: Spatial distribution of soil potassium in the study area

Table 5.5: Suitability rating based on soil depth (cm) [after Fischer et al. (2021)]

Crops I+L RC 100 I+L RC 90 I+L RC 70 I+L RC 50 I+L RC 30 I+L RC 10
Wheat 70 35 999 20 10 0
Rice (wetland) 85 70 999 35 20 0
Rice (dryland) 90 70 999 35 20 0
Maize 85 70 999 35 20 0
Potato (white) 75 60 999 30 20 0
Potato (sweet) 85 70 999 35 20 0
Sugarcane 90 70 999 40 25 0
Gram 75 70 999 35 20 0
Groundnut 85 70 999 40 25 0
Sunflower 100 85 999 70 50 0
Rape 85 70 999 35 20 0
Cabbage 85 70 999 35 20 0
Carrot 85 70 999 50 35 0
Onion 85 70 999 25 20 0
Tomato 85 70 999 50 35 0
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Figure 5.11: Spatial distribution of soil drainage class in the study area

Table 5.6: Suitability rating based total exchangeable bases (cmol/kg) [after Fischer
et al. (2021)]

Crops I+L TEB 100 I+L TEB 90 I+L TEB 70 I+L TEB 50 I+L TEB 30 I+L TEB 10
Wheat 8 5 3.5 2 0 999
Rice (wetland) 6.5 4 2.8 1.6 0 999
Rice (dryland) 4 2.8 1.6 0 999 999
Maize 8 5 3.5 2 0 999
Potato (white) 5 3.5 2 0 999 999
Potato (sweet) 5 3.5 2 0 999 999
Sugarcane 8 5 3.5 2 0 999
Gram 5 3.5 2 0 999 999
Groundnut 4 2.8 1.6 0 999 999
Sunflower 4 2.8 1.6 0 999 999
Rape 5 3.5 2 0 999 999
Cabbage 5 3.5 2 0 999 999
Carrot 4 2.8 1.6 0 999 999
Onion 5 3.5 2 0 999 999
Tomato 5 3.5 2 0 999 999
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Figure 5.12: Spatial distribution of soil calcium in the study area

Table 5.7: Suitability rating based soil pH [after Fischer et al. (2021)]

Crops I+L pH 100 I+L pH 90 I+L pH 70 I+L pH 50 I+L pH 30 I+L pH 10
Wheat 6.5 6 5.6 5.2 4.7 4.2
Rice (wetland) 6 5.5 5 4.5 4.1 3.6
Rice (dryland) 6 5.5 5 4.5 4.1 3.6
Maize 6.2 5.8 5.5 5.2 4.7 4.2
Potato (white) 6 5.6 5.2 4.8 4.3 3.8
Potato (sweet) 6 5.2 4.8 4.5 4.1 3.6
Sugarcane 6 5.5 5 4.5 4.1 3.6
Gram 6 5.5 5.4 5.2 4.7 4.2
Groundnut 6.5 6 5.6 5.4 4.9 4.3
Sunflower 6.2 6 5.5 5 4.5 4.0
Rape 6 5.6 5.2 4.8 4.3 3.8
Cabbage 6.2 6 5.8 5.5 5.0 4.4
Carrot 6.2 6 5.7 5.2 5 4.4
Onion 6.2 6 5.8 5.5 5.0 4.4
Tomato 6.2 6 5.5 5 4.5 4.0
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Figure 5.13: Spatial distribution of soil magnesium in the study area

Table 5.8: Suitability rating based on soil texture class [after Fischer et al. (2021)]

Crops Clay, silt, clay loam,
silt, silt loam, loam,
sandy clay loam

Sandy loam Loamy sand Sand I+L pH 10

Wheat 100 90 70 30 4.2
Rice (wetland) 100 90 50 30 3.6
Rice (dryland) 100 90 70 30 3.6
Maize 100 90 70 30 4.2
Barley 100 90 70 30 3.8
Sugarcane 100 90 70 30 3.6
Gram 100 90 70 50 3.6
Groundnut 100 90 70 50 4.2
Sunflower 100 90 70 30 4.3
Rape 100 90 70 30 4.0
Cabbage 100 90 70 30 3.8
Carrot 100 90 70 30 4.4
Onion 100 90 70 30 4.4
Tomato 100 90 70 30 4.4
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Figure 5.14: Spatial distribution of soil sodium in the study area

Table 5.9: Suitability rating based on soil drainage [after Fischer et al. (2021)]

Crops Very Poor Poor Imperfectly Moderately well Well Somewhat excessive Excessive
Wheat 10 50 90 100 100 100 100
Rice (wetland) 50 90 100 100 100 70 10
Rice (dryland) 10 50 90 100 100 100 100
Potato (white) 10 30 70 90 100 100 100
Potato (sweet) 10 30 70 90 100 100 100
Sugarcane 30 70 90 100 100 100 100
Gram 10 50 90 100 100 100 100
Sunflower 10 50 90 100 100 100 100
Rape 10 50 90 100 100 100 100
Cabbage 10 30 70 90 100 100 100
Carrot 10 30 70 90 100 100 100
Onion 10 30 70 90 100 100 100
Tomato 10 30 70 90 100 100 100
Tomato 100 90 70 30 4.4
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Figure 5.15: Spatial distribution of proportion of silt (%) in the study area
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Figure 5.16: Spatial distribution of proportion of clay (%) in the study area
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5.2.2 Soil suitability

The delta is suitable for most the common crops. The rating used to derived the
suitability map are given in Tables 5.2, 5.3, 5.4, 5.5, 5.6, 5.7, 5.8 and 5.9. Most
marginally and not suitable areas are located across the shore line due to the high
salinity in these area. A small patch of marginally suitable area is located near the
Khoorda area. The drainage condition in this area is poor.

Figure 5.17: Spatial distribution of multi-crop suitability in the study area

5.3 Water requirement and yield response to
climate change

The Mahanadi delta experiences we humid climate according to the De Martonne
Aridity index. Fig. 5.18, Fig. 5.19 and Fig. 5.20 portray hydrological regime in the
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Table 5.10: Areal distribution of suitability categories in the study area

Suitability class Area (km2) Area (%)
Currently not suitable 145.78 1.89
Marginally suitable 1376.27 17.88
Moderately suitable 5210.20 67.70
Highly suitable 963.72 12.52
Total 7695.96 100.00

delta. These figure show that there is an increasing trend in the three climate
variables.

Water requirement and yield response to climate change analysi were per-
formed on the five commomn crops in the delta these are: i) Paddy, ii) Wheat, iii)
Black gram, iv) Green gram and v) groundnut

5.3.1 Paddy

Paddy is the common crop in the entire delta, particularity in the Kharif season.
There are some double and triple cropping cropland that are used to cultivate
paddy. The result of the simulations show that there is an increase in yield in the
far future in both the climate scenarios with an increasing uncertainty as well.
Whereas, the irrigation require is less than that of the historical period with vari-
ability. The variability of yield rate is higher in the RCP 8.5 in the period between
2061 and 2080 (Fig. 5.21).

5.3.2 Wheat

Wheat is also an import crop in the delta, cultivated mostly in the mainland of the
delta. The yield response is similar to paddy, i.e, comparatively higher yield in the
far future. The irrigation requirement is less than that of the baseline period. The
variability of irrigation demand is higher after 2040 and the variability of yield
rate is higher in RCP8.5 (Fig. 5.22).
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5.3.3 Black and green grams

Black and green gram are shown in the residual moisture in this region. The delta
produces a considerable amount of black and green gram in the Rabi season. The
result of the simulation for grams crops show a higher yield rate in the far future,
particularly after 2040 in RCP4.5. Irrigation demand is lower than that of the
baseline condition (Fig. 5.23).

5.3.4 Groundnut

Groundnut is also an important crop in the Rabi and zaid seasons. The results of
the simulations show that there is an increasing trend in the yield of ground in
the region. Irrigation requirement is almost constant in all the periods and RCPs
(Fig. 5.24).

a b

c d

Figure 5.18: Average annual rainfall distribution in the study area, a) historical,
b)2020s, c) 2050s, d) 2080s
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a b

c d

Figure 5.19: Averagemean temperature distribution in the study area, a) historical,
b)2020s, c) 2050s, d) 2080s

a b

c d

Figure 5.20: Average reference evapotranspiration distribution in the study area,
a) historical, b)2020s, c) 2050s, d) 2080s
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Figure 5.21: Yield response and irrigation requirement for the paddy in the base-
line and future scenarios
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Figure 5.22: Yield response and irrigation requirement for the wheat in the base-
line and future scenarios
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Figure 5.23: Yield response and irrigation requirement for black and green grams
in the baseline and future scenarios



Chapter 5. Results and Discussion 68

Figure 5.24: Yield response and irrigation requirement for potato in the baseline
and future scenarios

5.4 Decadal occurrences of dry spells
Numerous climate-related factors are profoundly impacted by variations in pre-
cipitation’s intensity and duration. The monsoonal peak flood at the delta apex
(Naraj) has been delayed by nearly 20 days, as depicted in Fig. ⁇. A dry spell is
one of the many factors that directly affect crop production. It is a stretch of time
during which the weather has been unusually dry. Compared to a drought, a dry
spell is less severe and lasts for a shorter time (Wilhite and Glantz, 1985). How-
ever, different threshold levels and definitions of dry spell have been utilised by
various authors (Usman and Reason, 2004; Ceballos et al., 2004; Peiris, 2008). Un-
derstanding the future water needs requires an understanding of the dry periods.
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During the kharif season, the two selected climate scenarios’ longest and most
frequent dry spells were evaluated. The average and longest dry spell durations
in the 2020s are longer in RCP 4.5 than in RCP 8.5. The Khordha and Puri districts
have slightly higher values (Figs. 5.26, 5.27, 5.27 and 5.29). When dry spells extend
more than a particular number of days in well-drained locations, it is essential to
supply supplemental irrigation. According to crop water requirement research,
the value persists for approximately fifteen days on average.

Figure 5.25: Variations in flood timing trends across the Mahanadi basin [Source:
Ganguli et al. (2022)]

For both the average and longest dry spell scenarios in the 2030s, the dry spell
durations under RCP 4.5 are almost comparable to those under RCP 8.5. With the
heaviest dry spell, this is the situation. The values are marginally lower in the dis-
trict of Khordha, while marginally higher in the districts of Bhadrak, Kendapara,
and Jagatsinghpur (Figs. 5.30, 5.31, 5.31 and 5.33). Well-drained areas require
supplementary irrigation when dry spells last more than 15 days.

In the 2040s, the lengths of dry spells are almost identical in RCP 4.5 and RCP
8.5 in both the average and longest dry spell cases. This holds true for both the
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Figure 5.26: Predicted longest dry spell days from 2021 to 2030 for the RCP 4.5
emission scenario using CNRM’s CM5 model

average and longest dry spell cases. The Khordha district and certain areas of
the Bhadrak district have slightly higher averages of dry spells than the rest of
the district (Figs. 5.34, 5.35, 5.35 and 5.37). Nearly 17 days is the lowest value
among all situations. Therefore, additional irrigation is needed in districts with
well-drained areas where moisture deficits may emerge over this decade.

In the middle of the century, the shorter durations of dry spells are projected
in RCP 4.5 compared to RCP 8.5 for both the average and longest dry spell cases.
In RCP 4.5, the values for the average and longest dry spell durations fluctuate
around 15 days, whereas in RCP 8.5, the values range anywhere from 12 to 20
days. Because of this, the spatial variability of the RCP 8.5 scenario is noticeably
higher than that of the RCP 4.5 scenario. It is also abundantly clear that the values
of dry spells in the districts of Khordha and Puri are higher in comparison to those
in the other districts that make up RCP 8.5 (Figs. 5.38, 5.39, 5.39 and 5.41).The
Khurada and Puri districts have the highest values of dry spells, which indicates
that supplemental irrigation is necessary in the well-drained regions of districts
where moisture deficits could occur during this decade.

In the 2060s, RCP 8.5 predicted shorter dry spell durations than RCP 4.5 for
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Figure 5.27: Predicted average dry spell days from 2021 to 2030 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model

both the average and longest dry spell situations. The average and longest lengths
of dry spells in RCP 8.5 range between 15 and 17 days, whereas the correspond-
ing values in RCP 4.5 range between 13 and 18 days. Consequently, the spatial
variability of RCP 4.5 is considerably greater than that of RCP 8.5. The higher dry
spell high spell zone will be relocated to the districts of Bhdrak and Kendapara
during this decade. It is also evident that the values of dry periods in the districts
of Bhadrak and Kendapara are more than those of the other districts in RCP 4.5
(Figs. 5.42, 5.43, 5.43 and 5.45). The highest values for dry spells in Bhadrak and
Kendapara districts over the this decade indicate that supplemental irrigation is
required in well-drained districts where moisture deficiencies may occur.

In the 2070s, both the average and longest dry spell cases are predicted to be
shorter in RCP 8.5 in comparison to RCP 4.5. RCP 8.5 has values for both the
average and longest dry period duration of 15–23 days, while RCP 4.5 has values
of 15–19 days. For this reason, RCP 4.5 and RCP 8.5 share analogues in terms
of both regional variability and zonation. In this decade, the Puri and Khordha
districts will once again be part of the upper dry spell high spell zone. Similarly,
in both RCP 4.5 and 8.5, the values of dry spells in the Puri and Khordha districts
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Figure 5.28: Predicted longest dry spell days from 2021 to 2030 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model

are clearly higher than in the other districts (Figs. 5.46, 5.47, 5.47 and 5.49). As a
result, in districts where moisture deficits could occur due to such long dry spells,
supplementary irrigation is required in the well-drained regions.

There is very little spatial variation in the RCPs for both the average and
longest dry spell cases in the 2080s. As well as low-lying areas with high val-
ues, both RCPs have a few places where the values are relatively high. RCP 8.5
has average and maximum dry spell durations of 17–23 days, while RCP 4.5 has
values of 16–20 days. For this reason, RCP 4.5 and RCP 8.5 share analogues in
terms of both spatial variability and zonation. For this decade, under RCP 8.5, the
slightly higher dry spell high spell zone would return to the Bhadrak and Kenda-
para districts. Dry spell values in RCP 4.5 and 8.5 show a clear variation between
17 and 28 days (Figs. 5.50, 5.51, 5.51 and 5.53). Supplementary irrigation is still
required in the well drained regions of districts where moisture deficit could oc-
cur due to such long dry spells despite the fact that the spatial variation is almost
same.

In the 2090s, the average and longest dry spell cases, as well as the RCPs,
all have shorter durations than the preceding decades. Comparatively, RCP 4.5
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Figure 5.29: Predicted average dry spell days from 2021 to 2030 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model

predicts an average and maximum dry spell duration of 15 to 18 days, while RCP
8.5 predicts 13 to 15 days (Figs. 5.54, 5.55, 5.55 and 5.57). In RCP 4.5, the values
are slightly greater in the Khordha district. In some areas of the Khordha district,
supplemental irrigation may be required during this decade.
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Figure 5.30: Predicted longest dry spell days from 2031 to 2040 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.31: Predicted average dry spell days from 2031 to 2040 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.32: Predicted longest dry spell days from 2031 to 2040 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.33: Predicted average dry spell days from 2031 to 2040 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.34: Predicted longest dry spell days from 2041 to 2050 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.35: Predicted average dry spell days from 2041 to 2050 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.36: Predicte longest dry spell days from 2041 to 2050 for RCP 8.5 emission
scenario using CNRM’s CM5 model

Figure 5.37: predicted average dry spell days from 2041 to 2050 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.38: Predicted longest dry spell days from 2051 to 2060 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.39: Predicted average dry spell days from 2051 to 2060 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.40: Predicted longest dry spell days from 2051 to 2060 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.41: Predicted average dry spell days from 2051 to 2060 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.42: Rredicted longest dry spell days from 2061 to 2070 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.43: Predicted average dry spell days from 2061 to 2070 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.44: Predicted longest dry spell days from 2061 to 2070 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.45: Predicted average dry spell days from 2061 to 2070 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.46: Predicted longest dry spell days from 2071 to 2080 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.47: Predicted average dry spell days from 2071 to 2080 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.48: Predicted longest dry spell days from 2071 to 2080 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.49: Predicted average dry spell days from 2071 to 2080 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.50: Predicted longest dry spell days from 2081 to 2090 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.51: Predicted average dry spell days from 2081 to 2090 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.52: Predicted longest dry spell days from 2081 to 2090 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.53: Predicted average dry spell days from 2081 to 2090 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.54: Predicted longest dry spell days from 2091 to 2100 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.55: Predicted average dry spell days from 2091 to 2100 for RCP 4.5 emis-
sion scenario using CNRM’s CM5 model
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Figure 5.56: Predicted longest dry spell days from 2091 to 2100 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model

Figure 5.57: Predicted average dry spell days from 2091 to 2100 for RCP 8.5 emis-
sion scenario using CNRM’s CM5 model



ChapteR6
Conclusion and recommendations

Climate change is steadily becoming a common occurrence and and its manifesta-
tions and impacts are becomingmore pervasive. Scientists, researchers and policy
makers are not as sceptical as they used to be. Even the general populace is becom-
ing more cognizant of the impacts of climate change on the differing behaviour of
precipitation and temperature and their different manifestation. Climate change
poses a significant threat to the world’s low-lying coastal regions, such as the ma-
jor deltas, due to rising sea levels and an increase in the frequency of cyclones.
The Mahanadi delta is a significant delta on the eastern coast of India that faces
the same difficulties.

The findings indicate that the northern portion of the Delta, including admin-
istrative blocks such as Chandabali, Basudebpur, Mahakalpara, Rajnagar, Tihidi,
Ersama, Pattamundai, Aul, and Kujang, is in an extremely high-risk zone and
requires immediate risk reduction and adaptation initiatives due to the high oc-
currences of extreme events.

A 100-year flood and a 7-meter storm surge are likely to impact approximately
88% of the cultivated land. In addition, a 7 m surge would affect 80 percent of res-
idents in certain areas, including Chandabali, Mahakalpara, and Rajnagar. Agri-
culture provides a living for somewhat more than two-thirds of the people making
them more vulnerable to extreme events and their damaging effects on agricul-
ture, food security, and livelihood security. Coastal erosion caused by a rise in
sea level can also increase the risk of storm surge in these areas. Bhadrak and Ja-
gatsinghpur are identified as the districts with the highest risk of extreme events.
Khordha just happened to be the least affected. Implementing adaptation strate-
gies, such as the creation of early warning systems, the building of sufficient dikes
and mangrove plantations on open beaches, the creation of crop varieties resis-

88
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tant to flooding and sea level rise, salinization, and other infrastructure upgrades,
is the typical response to these challenges. However, implementing adaptation
strategies should consider all factors concerning the local bio-physical and socio-
economic environment. For example, the magnitude and scope of the risk of cli-
mate extremes must be taken into account for adaptations to be effective.

Due to the extensive coastline and alluvium, the Mahanadi Delta region is
one of the best farming regions in the country. According to the analysis of soil
suitability, the majority of the delta is appropriate for all of the major crops.

However, variations in temperature and precipitation can lower the yield and
production of the current crop varieties. In these circumstances, additional irriga-
tion is required due to the higher temperatures that contributed to the prolonged
dry spells. Adopting alternative crops is a popularly recommended adaptation
strategy to cope with climatic change and variation. Based on projected climate
changes, suitable crop rotation and cropping patterns can be adopted. However,
food habits and dietary patterns are important factors to consider when proposing
an alternative crop. For example, Auffhammer (2018) proposed a simple model for
crop choice and profit in the short and long run based only on economic activity
(Fig. 6.1).

Modeling alternative crop choices also requires field data on soil, climate, ter-
rain, and socioeconomics. Adjustment of the crop model with local field specific
wetting points, crop coefficients, and harvest information could improve the re-
sults of the projections. The availability of water for irrigation is another essen-
tial component to consider. For instance, in all of the climate scenarios examined,
wheat has a very high yield potential. However, due to the low need for irrigation,
green and black gram are more widely grown crops in the delta during the rabi
season. Since the Delta has a very good canal network and nearly 85% of the area
is covered by major and minor irrigation commands, the irrigation system can
be improved by renovating the current canal system. To figure out how climate
change affects water availability, crop yield, crop water productivity, and soil wa-
ter balance, it is important to use crop simulation models and climate change
scenarios with higher spatial and temporal resolution. Downscaling ensembles of
projected climate data is important for projecting any changes and providing rec-
ommendations based on that fact because, for example, GCM and RCM are based
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Figure 6.1: Crop choicemodel based on the value of economic activity byAuffham-
mer (2018). The best crops are those with thick curves based on the value of eco-
nomic activity.

on global land cover data for land surface balance calculations, which may not re-
flect local conditions. Moreover, participation from all of the relevant stakeholder
groups is essential in order to modernize the agricultural system in the Delta and
make it more resistant to the effects of climate change.
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AppendixA
Land cover legend–class diagram

Figure A.1: Aquaculture

Figure A.2: Bareland
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Figure A.3: Mono cropland

Figure A.4: Double cropland

Figure A.5: Tripple cropland

Figure A.6: Forest plantation

Figure A.7: River and stream class diagram

Figure A.8: Forest
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Figure A.9: Rural settlement

Figure A.10: Urban settlement

Figure A.11: Scrub land

Figure A.12: Sandy area
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Figure A.13: Mangrove

Figure A.14: Wetland

Figure A.15: Water body



AppendixB
The path taken while collecting

soil samples

Figure B.1: Trip details for soil sample collection on 03/04/2018: travelled 203
kilometres and visited Bhubaneswar–Chandaka–Ranpur–Khordha

113
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Figure B.2: Trip details for soil sample collection on 04/04/2018: travelled 313
kilometres and visited Bhubaneswar–Rambha–Banpur–Khordha
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Figure B.3: Trip details for soil sample collection on 05/04/2018: travelled 268
kilometres and visited Bhubaneswar–Salipur–Paradeep–Tritol

Figure B.4: Trip details for soil sample collection on 06/04/2018: travelled 206
kilometres and visited Bhubaneswar–Salipur–Tritol–Jagatsinghpur
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Figure B.5: Trip details for soil sample collection on 07/04/2018: travelled 260
kilometres and visited Bhubaneswar–Paradeep–Nuagaon-Niali

Figure B.6: Trip details for soil sample collection on 08/04/2018: travelled 180
kilometres and visited Bhubaneswar–Niali–Kakatpur–Nimapada
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Figure B.7: Trip details for soil sample collection on 09/04/2018: travelled 194
kilometres and visited Bhubaneswar–Gop–Konark–Sakhigopal–Delang

Figure B.8: Trip details for soil sample collection on 11/04/2018: travelled 241
kilometres and visited Bhubaneswar–Puri–Satapada–Sakhigopal
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Figure B.9: Trip details for soil sample collection on 12/04/2018: travelled 264 kilo-
metres and visited Bhubaneswar–Cuttack–Naraj–Banki–Kalapathar–Baghmari–
Khordha
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Chapter 1 134429513906500 Introduction The metaphor in the epigraph portrays the anguish of a subsistence farmer

who is seeing the �ooding of his small farmland. As the natural course to keep a rhythmic climate is ‘styled’, the

experience is shared by the agricultural sys- tem as a whole. The climate system that surrounds our very lives is

changing. Seemingly, the change is capricious. So, the issue of climate change has sought much attention in recent

decades on its causes and consequences to �nd possi- ble solutions, including adaptive and mitigation measures.

Climate change and agriculture Upon the inception of the IPCC in 1990, it was clear that the concentrations of CO2 are

rising and so are the temperatures (IPCC, 2007). Climate change and global warming are unequivocal, and a mountain

of studies con�rm that the impacts are very real (IPCC, 2013). It will continue to rise if no proper actions 1 are taken to

curb the greenhouse gas emissions (IPCC, 2021). The rising global mean temperature leads to subsequent hydrological

and climatological changes. These changes affect the availability of water and surface run-off and thus may affect the

hydrological regimes (Middelkoop et al., 2001). Plans for managing water resources are increasingly required to

consider the consequences of cli- mate change into account in order to accurately estimate future water avail- ability

(Wurbs et al., 2005). On the other hand, frequency of extreme climatic events like �ood, cyclone, drought, heat wave are

increasing in the worming globe (Rahmstorf and Coumou, 2011). These events pose different challenges on the

agricultural sectors and are very complex to address (Cogato et al., 2019; Motha, 2011). The climatic variabilities,

especially the extreme events, have been a dilemma for farmers since the inception of agriculture in the fertile earth

some millions years ago. Agricultural system is sensitive

to climate change as well as a driver for climate

change (Prasada et al., 2010). Climate change brings changes in the agro-ecological conditions (Allen et al., 1987)

Therefore, variability in temper- ature, precipitation and soil moisture may act synergistic or antagonistically in

determining the optimal temperature and water requirements for biomass pro- duction and growth (Karl et al., 2009).

Cropping pattern and techniques

have a signi�cant impact on the availability of water resources, which is the

single most critical factor in determining the survival and sustainability of agricultural systems. (Zingaro et al., 2017).

The changes and variability of precipitation may affected the sustainability of such cropping practices (Amini Fasakhodi

et al., 2010). Changes in the climate and agriculture in the deltas Deltas are formed by alluvial deposits at the edge of a
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