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ABSTRACT 
 

Climate change is an inevitable phenomenon that has led the earth to evolve from an 

ice age to the present era. Due to the rise in temperature, the rate of Evapotranspiration (ET) 

is increasing which leads to a higher rate (chance) of extreme events (flood). This raises the 

need to analyse the watersheds which shows considerable vulnerability to climate change. 

This study analyses the effect of environmental (Climate) change on Hathmati River which 

rises from Gujarat Malwa Hills having total catchment of 1574 sq.km and average annual 

rainfall 864mm. The coefficient of variation of annual rainfall over the basin is rather high 

and ranges between 42-65%.  

The analysis is classified into two parts as 1) Trend Analysis and 2) Hydrological 

Modelling. The trend analysis is performed by using Sen’s Slope method where significance 

values for monthly and seasonal data are determined. From trend analysis it is observed that 

there exists a considerable positive trend for temperature in accordance of climate change 

impact. Sen’s significance (Z) value ranges from -0.03 to +1.72. Existing trend for rainfall, 

evapotranspiration & surface runoff is found to be positive with an average significance value 

of 2.88, 2.07 & 1.59 respectively. 

The tool used for hydrological modelling is ArcSWAT (semi-distributed hydrological 

model) that takes in Geo-Spatial data (and meteorological data) to estimate various 

parameters such as ET, Runoff, etc. The model run has been carried out for 35 years (1979 to 

2014) where model outputs are compared with the observed values of runoff.  Sensitivity 

analysis (Calibration) is performed to calibrate the model through SUFI-2 (using 

SWATCUP) algorithm for the monthly values of runoff giving average efficiency (NSE) of 

model as 0.90. The model is successfully validated for five years giving NSE as 0.89. The 

Calibrated & validated model shows that the average values of evapotranspiration & surface 

runoff in mm against 882mm of rainfall are 303mm & 285mm respectively. 

The analysis has been performed to evaluate the impact of climate change on 

Evapotranspiration & Surface Runoff through considerable variations in climatic conditions 

using IPCC scenarios (CMIP-5 projections) and identifying the vulnerable spots that may 

require attention in view of the climate change. The framework is proposed to assess and 

mitigate the impact of climate change based on the present study. 
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CHAPTER 1: INTRODUCTION 
 

The Climatic extremes, including heavy precipitation events and extreme hot days, 

have substantially increased in the past few decades (Alexander 2006; Vose 2005). Changing 

climate is continuously occurring phenomena observed globally (Chandole 2019). It is 

observed through change in the hydro-meteorological parameters statistics (Chandole 2019). 

The Changing rainfall has significant effect on water resources, agricultural output and hence 

economy (Oza M. 2014). The effects of hydrological processes and water resources caused 

by climate change have also received much attention (Gleick, 1986; Burn, 1994). The 

Assessment of current water availability and its trend in a river basin are of paramount 

importance to allocate limited water supply for different sectors and to develop strategies for 

the sustainable use of water in the future (Abeysingha 2015). Further, estimation of water 

resources of a river basin/sub-river basin in a spatially and temporally explicitly way is the 

key to formulate appropriate policies for equitable and efficient use of limited water 

resources (Abeysingha 2015). The IPCC predicted that temp rise of 2.7- 4.3°C over India is 

expected by the 2080s (IPCC 2007). The precipitation over the Indian sub-continent is 

expected to rise by 6-8 % and sea level rise by 88 cm by 21st century (IPCC 2007). Under 

A2 IPCC scenario, the mean temperature is predicted to rise by 3-5°C by the end of this 

century. At small temporal scale (e.g. daily), hydrological systems are expected to 

experience not only the changes in the average availability of water, but also changes in the 

extreme events (Grillakis 2016; Jiang 2007; Modrick  2015; Piras 2016). About 20% rise in 

Indian rainfall is predicted by the end of this century. (IPCC 2014). A number of studies 

were partially concentrated for analyzing the impact of climate change and variability on 

different components of hydrological cycle (Sonali P. 2012). In the most recent studies it is 

observed that significant warming in the second half of the 20th century resulted in a drastic 

change in the hydrology of an agricultural based country like India (Sonali P. 2012). 

Observations over India shows that the mean annual surface air temperature has increased 

by 0.4-0.6°C in the last century (Arora et al. 2005). According to IMD, the all-India annual-

mean surface air temperature was the highest in 2016 (IMD 2018).  The past thirty years 

have faced most increase in temperature during pre-monsoon (March to May) while heavy 

rainfall event has increased by 50% in central parts of India (Goswami 2006). As the Indian 

monsoon rainfall simulation is found to be extremely sensitive to initial conditions, some 

suitable integration procedures have to be devised for seasonal forecasting (World Climate 
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Research Programme 1992). The impact of climate change is projected to have different 

effects within and between countries (Arora 2005). Information about such change is 

required at global, regional and basin scales for a variety of purposes (Arora 2005). There is 

an unmistakable proof of climate change in India in the 20th century that would accelerate in 

the 21st century (Goswami 2006).  

1.1 Climate 

 The Climate is the characteristic condition of the atmosphere surrounding the earth’s 

surface. Temperature and rainfall are the most important factors determining the climate of 

the area. However, IPCC defined climate as the average weather over a long period (IPCC 

1992). It includes rainfall, temperature, atmospheric pressure, humidity, wind and 

miscellaneous other meteorological elements in a certain region (IPCC –2007b) over a long 

range of time.  

1.2 Climate Change 

 Climate change is an inevitable process that has lead the earth to evolve from an ice 

age to the present era. Climate Change Natural and anthropogenic (manmade) elements 

determine a place or region’s changes in climate. The natural elements such as the 

atmosphere, hydrosphere, geo-sphere, biosphere along with human factors like land and its 

use cause local, regional or even global changes in climate. It is a prevailing crisis with health 

and safety, economic, security food production, etc.  

1.2.1 Impact of Climate Change 

 Many research and investigations conducted in the world were designed to find out 

the impact of future changes in climate on human activities and the natural world. It also 

frequently connected with the identification and assessment of possible adaptive responses 

by people to a changing climate. Especially, the people who are directly involved in 

agriculture and using water resources are the most affected ones. The changes in climate 

directly affect livelihood, especially the rural communities. By 1995 the ISC (International 

Scientific Community) of atmospheric and related sciences was able to conclude that “the 

balance of evidence suggests that there is a discernible human influence on the climate” 

(Watson, and Zinyowera, 1996).  

1.2.2 Impact of Climate Change on Water Resources 

 Climate change is a phenomenal process that can no longer be denied as its effects 

have become increasingly evident worldwide. Rising temperatures, melt glacial ice at an 
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unprecedented rate. Farm-level concerns on groundwater depletion and consequent water 

scarcity emerge from rising inter-segment on deepening of tube wells, increasing the cost of 

irrigation due to the use of diesel and unexpected yield and income losses translating into 

food and livelihoods insecurity. There is clear evidence of global warming in India in the 

20th century and this will accelerate in the 21st century. There is clear evidence of global 

warming in India in the 20th century and this will accelerate in the 21st century.  

 The present work estimates the impact of climate change on ET through hydrological 

modelling. The calibration is carried out by identifying the sensitive parameters that affect 

the value of ET considerably. The analysis has been performed to evaluate the impact of 

climate change on ET through considerable variations in climatic conditions and thus 

identifying the vulnerable spots that may require attention because of climate change. By 

using simulation models long term predictions, early warning systems, and evaluation 

processes can be produced in the near future. With this context objectives and methodology 

of the research are summarized as follows; 

1.3 Objectives 

1.3.1 Overall objective 

 Making a framework to asses and mitigate the impact of climate change on the 

hydrology of the watershed. 

1.3.2 Specific objectives 

 Setup of ArcSWAT model for Hathmati River to assess the impact of Climate 

Change on hydrological parameters. 

 Simulation of the model using forecasting scenarios of IPCC. 

 Building a framework to mitigate the impact of climate change on the hydrological 

parameters. 

  

1.4 Methodology 

 Problem identification. 

 Selection of study area and literature review. 

 Selection of method to assess the impact of climate change. 

 Collection of relevant data. 

 Model run and simulation. 

 Calibration & validation of the model. 
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 Simulation of the model to estimate the value of ET and runoff for different 

scenarios. 

 Building a framework to assess and mitigate the impact of climate change. 

 

1.5 Hypothesis/Limitations 

 The hydrological parameters are estimated by a hydrological model named SWAT. 

The model computes evaporation from soils and plants separately (Ritchie 1972). 

Transpiration is simulated as a linear function of the PET and leaf area index. The only 

pitfall lies here is that the temporal variation cannot be incorporated hence the 

hypothesis/limitations of the study are; 

 Digital maps of 30m resolution have been used. 

 The existing trend of the meteorological data is assumed to be linear. 

1.6 Organisation of the Thesis 

Chapter 2 presents a critical literature review on research 

Chapter 3 presents the salient features of the Hathmati River and the data compilation 

Chapter 4 presents the statistical and the trend analysis performed over the temporal data 

Chapter 5 presents the Simulation Modelling (calibration and validation of model along        

with simulation to find ET at different climatic conditions) 

Chapter 6 presents the framework for climate change impact assessment 

Chapter 7 presents results and discussions 

Chapter 8 presents conclusions 

 

********* 
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CHAPTER 2: LITERATURE REVIEW 
 

The IPCC, (2007) predicted that temp rise of 2.7- 4.3°C over India is expected by the 

2080s. The precipitation over the Indian sub-continent is expected to rise by 6-8 % and sea-

level rise by 88 centimeters by the 21st century. Under the A2 IPCC scenario, the mean 

temperature is predicted to rise by 3-5°C by the end of this century. Observations over India 

by (Hingane 1985, Rupa Kumar 2002) show that the mean annual surface air temperature has 

increased by 0.4-0.6°C in the last century. According to IMD, 2010 the all-India annual-mean 

surface air temperature was the highest in 2010.  According to (Rupa Kumar 2002) and 

(Goswami 2006), the past thirty years have faced the most increase in temperature during 

pre-monsoon while heavy rainfall event has increased by 50% in central parts of India. A 

more rise in temperature leads to a higher rate of precipitation which ultimately causes a 

higher chance of maximum events. Apparently it can be said that a higher rate of ET leads to 

precipitation and hence an accurate estimation of evapotranspiration is critical in the 

assessment of water resources and the impact of climate and land-use change on those 

resources. 

 This module of the thesis deals with the set of literature presenting the work 

pertaining to trend analysis, hydrological modelling and climate change. The references 

presented are in the form of research papers, reports and website blogs followed by the 

critical review and research gaps. The review is classified into three parts based on the theme 

that could be utilised in the research work. The first part is based on trend analysis followed 

by hydrological modelling and climate change. Moreover the module is concluded with the 

state of the art presenting the action plan in the form of framework and elaboration of stages 

proposed in the framework. 

2.1 Literature review on trend analysis 
 

 S. Hingane (1985) presented the salient features of the long‐term variation of surface air 

temperature for India as a whole and for different regions of the country. Temperature data at 

73 fairly widespread stations, for the period 1901‐1982 have been used in the study. Seasonal 

and annual temperature anomaly series have been obtained for the different regions. Such 

series have also been obtained for latitude‐ and longitude‐wise classifications. The long‐term 

variation in the temperature has been evaluated by a linear trend. The results indicate a slight 
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but definite warming trend in the mean annual Indian temperatures. This warming is found to 

be mainly contributed by the post‐monsoon and winter seasons. West coast, interior 

peninsula, north-central and north‐east regions of the country have shown pronounced 

warming in the mean annual temperatures. The post‐1940 cooling reported for the Northern 

Hemisphere is not conspicuous in the mean annual Indian temperature anomalies. 

Indrani Pal (2009) dealt with the socio-economic impacts of discrete random extreme events 

due to climate change. According to Pal (2009) the risk of extreme events is difficult to 

predict but their impacts could be severe. An increase of extreme events has been reported in 

the monsoon season over central India. The study concludes that rainfall between 10 to 50 

years of return periods has been reported in Kerala. 

Jain S. K. (2012) aimed to review studies pertaining to trends in rainfall, rainy days and 

temperature over India. Sen's non-parametric estimator of slope has been frequently used to 

estimate the magnitude of trend, whose statistical significance was assessed by the Mann–

Kendall test. Spatial units for trend analysis vary from station data to sub-division to sub-

basin/river basins. There are differences in the results of the various studies, and a clear and 

consistent picture of rainfall trend has not emerged. Although the different units (sub-basins 

or sub-divisions) may have a non-zero slope value, few values are statistically significant. In 

a study on basin-wise trend analysis, 15 basins had decreasing trend in annual rainfall; only 

one basin showed significant decreasing trend at 95% confidence level. Among six basins 

showing increasing trend, one basin showed significant positive trend. Most of the basins had 

the same direction of trend in rainfall and rainy days at the annual and seasonal scale. 

Regarding trends in temperature, the mean maximum temperature series showed a rising 

trend at most of the stations; it showed a falling trend at some stations. The mean minimum 

temperature showed a rising as well as a falling trend. At most of the stations in the south, 

central and western parts of India a rising trend was found. Some stations located in the north 

and north eastern India showed a falling trend in annual mean temperature. Most of the data 

used in trend analysis pertained to the stations located in urban areas and these areas are sort 

of heat islands.  

Luniya (2009) dealt with linear trend analysis of summer monsoon rainfall. The results 

obtained from a conventional trend analysis of the Indian summer monsoon rainfall over a 

larger region are contradicted when analysis is performed at a finer resolution because of 

spatial variability and heterogeneity in the rainfall pattern. His study analyses the trend of 
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summer monsoon rainfall all over India at a finer spatial resolution (1° latitude × 1° 

longitude) to identify the places that have a significant trend in terms of both rainfall amount 

and occurrence. The results obtained from his study are compared with those of a recent 

study by Goswami et al. (2006), where trend analysis is performed over a larger region 

[Central India (CI); 10° latitude × 12° longitude; assumed to be homogeneous in that study]. 

The increasing trend of occurrence of heavy rainfall and decreasing trend of occurrence of 

moderate rainfall, as concluded from that study, are contradicted by the present results for 

some places in CI. The present analysis shows spatially varying mixed responses of global 

warming toward rainfall occurrence and amounts all over India. The perception of increase in 

daily rainfall amount and occurrence due to climate change is found to be not correct for 

some of the regions in India. The possible reason may be the spatial variability of local 

changes such as rapid urbanization, industrialization and deforestation. 

Dave H. K. (2012) stated that annual rainfall is the only source of water in the targeted basin. 

This rainfall causes runoff and ground water recharge. The catchment Characteristics vary 

across the basin. The co-efficient of variation in the rainfall varied from 41-63%.The drought 

condition is observed for an average of 40 % period while severe drought observed for a 

period around 10 % or less. This indicates the strange hydrological behaviour of the area is 

because of non-uniform distribution and erratic nature of the rainfall rather than the less 

rainfall. 

Subhash N. (2014) investigated the trends in rainfall and temperature and the possibility of 

any rational relationship between the trends over the homogeneous regions over India. 

Annual maximum temperature shows an increasing trend in all the homogeneous temperature 

regions and corresponding annual rainfall also follow the same pattern in all the regions, 

except North East. As far as monthly analysis is concerned, no definite pattern has been 

observed between trends in maximum and minimum temperature and rainfall, except during 

October. Increasing trends of maximum and minimum temperature during October accelerate 

the water vapor demand and most of the lakes, rivers, ponds and other water bodies with no 

limitation of water availability during this time fulfills the water vapor demand and shows an 

increasing trend of rainfall activity. This study shows there exists no direct relationship 

between increasing rainfall and increasing maximum temperature when monthly or seasonal 

pattern is concerned over meteorological subdivisions of India, however we can make a 

conclusion that the relation between the trends of rainfall and temperature have large scale 
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spatial and temporal dependence. 

According to Sarita G. (2016), study of precipitation trends is critically important for a 

country like India whose food security and economy are dependent on the timely availability 

of water such as 83 % water used for agriculture sector, 12 % for industry sector and only 5 

% for domestic sector. In this study, the historical rainfall data for the periods 1901–2002 and 

1942–2002 of the Sindh river basin, India, were analysed for monthly, seasonal and annual 

trends. The conventional Mann-Kendall test (MK) and Mann-Kendall test (MMK), after the 

removal of the effect of all significant autocorrelation coefficients, and Sen’s slope estimator 

were used to identify the trends. Kriging technique was used for interpolating the spatial 

pattern using Arc GIS 9.3. The analysis suggested significant increase in the trend of rainfall 

for seasonal and annual series in the Sindh basin during 1901–2002. 

 

2.3 Literature review on hydrological modelling 
 

Srinivasan R. (1998) talked about the components of the HUMUS system that includes the 

basin-scale Soil and Water Assessment Tool (SWAT) model, GIS to manage spatial inputs 

and outputs, relational databases of climate , soil, crop and management properties. This 

paper aims to improve existing technologies for making national and river basin scale water 

resource assessments, considering both current and projected future climatic characteristics, 

water demands, point sources of pollution, and land management affecting non-point 

pollution. 

According to Tripathi M. P. (2004) an adequately tested soil and water assessment tool 

(SWAT) model was applied to the runoff and sediment yield of a small agricultural 

watershed in eastern India using generated rainfall. The capability of the model for generating 

rainfall was evaluated for a period of 18 years (1981–1998). The watershed and subwatershed 

boundaries, drainage networks, slope, soil series and texture maps were generated using a 

geographical information system (GIS). A supervised classification method was used for 

land‐use/cover classification from satellite imageries. Model simulated monthly rainfall for 

the period of 18 years was compared with observations. Simulated monthly rainfall, runoff 

and sediment yield values for the monsoon season of 8 years (1991–1998) were also 

compared with their observed values. In general monthly average rainfall predicted by the 

model was in close agreement with the observed monthly average values. Also, simulated 
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monthly average values of surface runoff and sediment yield using generated rainfall 

compared well with observed values during the monsoon season of the years 1991–1998. 

Results of this study revealed that the SWAT model can generate monthly average rainfall 

satisfactorily and thereby can produce monthly average values of surface runoff and sediment 

yield close to the observed values. Therefore, it can be concluded that the SWAT model 

could be used for developing a multiple year management plan for the critical erosion prone 

areas of a small watershed. 

Jayakrishnan in (2005) said that developments in computer technology have revolutionized 

the study of hydrologic systems and water resources management. Several computer-based 

hydrologic/water quality models have been developed for applications in hydrologic 

modelling and water resources studies. Distributed parameter models, necessary for basin-

scale studies, have large input data requirements. Geographic information systems (GIS) and 

model-GIS interfaces aid the efficient creation of input data files required by such models. 

One such model available for the water resources professional is the Soil and Water 

Assessment Tool (SWAT), a distributed parameter model developed by the United States 

Department of Agriculture. This paper describes some recent advances made in the 

application of SWAT and the SWAT-GIS interface for water resources management. Four 

case studies are presented. The Hydrologic Unit Model for the United States (HUMUS) 

project used SWAT to conduct a national-scale analysis of the effect of management 

scenarios on water quantity and quality. Integration of the SWAT model with rainfall data 

available from the WSR-88D radar network helps us to incorporate the spatial variability of 

rainfall into the modelling process. This study demonstrates the usefulness of radar rainfall 

data in distributed hydrologic studies and the potential of SWAT for application in flood 

analysis and prediction. A hydrologic modelling study of the Sondu river basin in Kenya 

using SWAT indicates the potential for application of the model in African watersheds and 

points to the need for development of better model input data sets in Africa, which are critical 

for detailed water resources studies. The application of SWAT for water quality analysis in 

the Bosque river basin, Texas demonstrates the strength of the model for analysing different 

management scenarios to minimize point and non-point pollution, and its potential for 

application in total maximum daily load (TMDL) studies. 

According to Mishra A. (2007), stormwater runoff is a major pathway for transporting 

sediment and other nonpoint-source pollutants from watersheds to stream systems and other 
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surface water bodies. In this study, the Soil and Water Assessment Tool (SWAT) model was 

used to assess sediment transport from the 17 km2 Banha watershed located in northeast 

India, which is characterized by mixed land use and on-stream sediment control structures 

called checkdams. Calibration (1996) and validation (1997-2001) of surface runoff and 

sediment yield were performed with SWAT on both a daily and monthly basis by comparing 

model estimates versus measured data. The calibration R2 and Nash-Sutcliffe modelling 

efficiency (NSE) statistics were found to range between 0.70 to 0.99 for surface runoff and 

0.82 to 0.98 for sediment loss. The corresponding validation period statistics ranged from 

0.60 to 0.92 for surface runoff and 0.58 to 0.89 for sediment loss. Following calibration and 

validation, the SWAT model was executed with and without checkdams to test its capability 

in visualizing the impacts of sediment control structures in the watershed. The model 

estimates showed that sediment loss from the watershed could be reduced more than 64% by 

adopting checkdams as a barrier for sediment. The results also revealed the potential for 

using SWAT to assess sediment transport from specific subwatersheds within a watershed, 

and to prioritize the siting of sediment control structures within a watershed to obtain the 

most effective reduction of sediment losses to surface water. Overall, the study showed that 

SWAT can be a useful tool for studying how checkdams can be used to manage and control 

sediment loss from small watersheds located in sub-humid climate conditions. 

Sujana Dhar in (2009) suggested that India is a large developing country with nearly 

two‐thirds of the population depending directly on the climate‐sensitive sectors such as 

agriculture, fisheries and forests. A very well‐calibrated Soil and Water Assessment Tool (R2 

= 0·9968, NSE = 0·91) was exercised over the Kangsabati river watershed in Bankura district 

of West Bengal, India, for a year including monsoon and non‐monsoon period in order to 

evaluate projected parameters for agricultural activities. Evapotranspiration, transmission 

losses, potential evapotranspiration and lateral flow to reach are evaluated from the years 

2041–2050 in order to generate a picture for sustainable development of the river basin and 

its inhabitants. The projected climate change under various scenarios is likely to have 

implications on food production, water supply, biodiversity and livelihoods. India has a 

significant stake in scientific advancement as well as an international understanding to 

promote mitigation and adaptation. This requires improved scientific understanding, capacity 

building, networking and broad consultation processes. This paper is a commitment towards 

the planning, management and development of the water resources of the Kangsabati river by 

presenting detailed future scenarios of the Kangsabati river basin over the mentioned time 
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period. The major findings of this paper were that of all the chosen projected parameters, 

transmission losses, soil water content, potential evapotranspiration, evapotranspiration and 

lateral flow to reach, display an increasing trend over the time period of years 2041–2050. 

The study by Lakshmanan (2011) aims to assess the impacts of climate change on hydrology 

and rice yield in the Bhavani Basin of India using the SWAT model. The investigation 

indicates that SWAT can be applied under a changing climate as a decision support tool for 

framing adaptation strategies such as altering the method of cultivation by changing water 

and fertilizer management. Climate change scenarios were developed using the RegCM3 

model with EH5OM GCM output for an A1B scenario. The RegCM3 model tended to 

slightly underestimate the maximum and minimum temperatures. The generated daily climate 

data were used in the SWAT model for assessing the impact on hydrology and rice 

productivity of the river basin for a continuous time period of 130 years (1971-2100). To 

validate the SWAT model, predicted rice yields for the Bhavani Basin over a period of 11 

years (1999-2009) were compared with the observed rice yields of Erode district in which the 

Bhavani Basin is located and the results indicated the satisfactory performance of the model. 

Wagner P. D. (2011) characterised monsoon regions by a pronounced seasonality of rainfall. 

Model-based analysis of water resources in such an environment has to take account of the 

specific natural conditions and the associated water management. Especially, plant 

phenology, which is predominately water driven, and water management, which aims at 

reducing water shortage, are of primary importance. The aim of this study is to utilize the Soil 

and Water Assessment Tool (SWAT) in a monsoon-driven region in the Indian Western 

Ghats by using mainly generally available input data and to evaluate the model performance 

under these conditions. The test site analyzed in this study is the meso-scale catchment of the 

Mula and Mutha Rivers (2036 km2) upstream of the city of Pune, India. Most input data were 

derived from remote sensing products or from international archives. Forest growth in SWAT 

was modified to account for the seasonal limitation of water availability. Moreover, a dam 

management scheme was derived by combining general dam management rules with 

reservoir storage capacity and estimated monthly outflow rates from river discharge. With 

these model adaptations, SWAT produced reasonable results when compared to mean daily 

discharge measured in three of four subcatchments during the rainy season (Nash-Sutcliffe 

efficiencies 0.58, 0.63, and 0.68). The weakest performance was found at the gauge 

downstream of four dams, where the simple dam management scheme failed to match the 
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combined management effects of the four dams on river discharge (Nash-Sutcliffe efficiency 

0.10). Water yield was underestimated by the model, especially in the smallest (headwater) 

subcatchment (99 km2). Due to the absence of rain gauges in these headwater areas, the 

extrapolation errors of rainfall estimates based on measurements at lower elevations are 

expected to be large. Moreover, there is some indication that evapotranspiration might be 

underestimated. Nevertheless, it can be concluded that using generally available data in 

SWAT model studies of monsoon-driven catchments provides reasonable results, if key 

characteristics of monsoon regions are accounted for and processes are parameterized 

accordingly. 

The Kunwari River Basin (KRB) according to Narsimlu B. (2015) needs effective 

management of water resources for sustainable agriculture and flood hazard mitigation. The 

Soil and Water Assessment Tool (SWAT), a semi distributed physically based model, was 

chosen and set up in the KRB for hydrologic modelling. SWAT-CUP (SWAT-Calibration 

and Uncertainty Programs) was used for model calibration, sensitivity and uncertainty 

analysis, following the Sequential Uncertainty Fitting (SUFI-2) technique. The model 

calibration was performed for the period (1987–1999), with initial 3 years of warm up (1987–

89); then, the model was validated for the subsequent 6 years of data (2000–2005). To assess 

the competence of model calibration and uncertainty, two indices, the p-factor (observations 

bracketed by the prediction uncertainty) and the r-factor (achievement of small uncertainty 

band), were taken into account. The results of SWAT simulations indicated that during the 

calibration the p-factor and the r-factor were reported as 0.82 and 0.76, respectively, while 

during the validation the p-factor and the r-factor were obtained as 0.71 and 0.72, 

respectively. After a rigorous calibration and validation, the goodness of fit was further 

assessed through the use of the coefficient of determination (R2) and the Nash–Sutcliffe 

efficiency (NS) between the observed and the final simulated values. The results indicated 

that R2 and NS were 0.77 and 0.74, respectively, during the calibration. The validation also 

indicated a satisfactory performance with R2 of 0.71 and NS of 0.69. The results would be 

useful to the hydrological community, water resources managers involved in agricultural 

water management and soil conservation, as well as to those involved in mitigating natural 

hazards such as droughts and floods. 

Abeysingha N. S. in (2005) used Soil and Water Assessment Tool (SWAT) to assess the 

water yield and evapotranspiration for the Gomti River basin, India for over a period of 25 
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years (1985–2010). Streamflow calibration and validation of results showed satisfactory 

performance (NSE: 0.68–0.51; RSR: 0.56–0.68; |PBIAS|: 2.5–24.3) of the model. The water 

yield was higher in the midstream sub-basins compared to upstream and downstream sub-

basins whereas évapotranspiration per unit area decreased from upstream to the downstream. 

Both évapotranspiration and water yield at upstream and midstream sub-basins increased 

from 1985 to 2010, whereas water yield at downstream decreased from 1985 to 2010. We 

found that the spatial and temporal patterns of évapotranspiration and water yield were 

closely linked to climatic conditions and irrigation in the basin. The long-term trends in water 

yield point to a drying tendency of downstream sub-basin covering the districts of Jaunpur 

and Varanasi. 

According to Bhumika U. (2015), climate change is one of the most important global 

environmental challenges, which affects the entire earth system in terms of negative impacts 

on food production, water supply, health, livelihood, energy, etc. The intent of the present 

study was to assess the impact of climate change on the water balance components of a data-

starved Upper Baitarani River basin of Eastern India using ArcSWAT model. The ArcSWAT 

model was calibrated using SUFI-2 technique. The daily observed streamflow data from 1998 

to 2003 were employed for calibration and those for 2004–2005 for validation. The 

calibration results were found to be satisfactory with the Nash-Sutcliffe efficiency (NSE) and 

mean absolute error (MAE) of 0.88 and 9.70 m3/s for the daily time step, respectively. Also, 

the model was validated successfully for simulating daily streamflow (NSE = 0.80 and 

MAE = 10.33 m3/s). The calibrated and validated model was then used to evaluate basin 

response to the anticipated climate changes by the end of the 21st century. Twelve 

independent as well as twenty eight combined area-specific climatic scenarios were 

considered in this study to evaluate the impact of climate change on the hydrology of the 

basin. The analysis of model results for the 12 Independent Climatic Scenarios indicated a 

reduction in the surface runoff ranging from 2.5 to 11 % by changing the temperature from 1 

to 5 °C, whereas the increase in rainfall by 2.5 to 15 % suggested an increase in surface 

runoff by 6.67 to 43.42 % from the baseline condition. In case of 28 Combined Scenarios 

compared to the baseline condition, the changes in surface runoff would vary from −4.55 to 

37.53 %, the groundwater recharge would change from −8.7 to 23.15 % and the 

evapotranspiration would increase from 4.05 to 11.88 %. It is concluded that future changes 

in the climatic condition by the end of the 21st century are most likely to produce significant 

impacts on the streamflow in the study area. The findings of this study and those of follow-up 
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studies in this direction will be useful for guiding suitable adaptation measures for sustainable 

water management in the basin in the face of impending climate change. 

Santosh B. in (2015) said that land use–land cover change (LULC) has considerable impacts 

on hydrologic response at the watershed level. Quantitative assessment of LULC impacts on 

runoff generations is vital for water resources development. The soil and water assessment 

tool (SWAT) model was used to study the effect of LULC change on streamflows. In 

addition to this, the present study proposed a newly developed flow-routing model called 

runoff coefficient routing model (RCRM). This new model is simple and requires limited 

data, such as precipitation, LULC and streamflows as compared to other models, which 

require meteorological and many more input data. The Nethravathi River basin was selected 

for testing the RCRM model with the SWAT model to study land use–land cover change on 

streamflows. The SWAT model and RCRM model have been calibrated for 2001–2005 and 

validated for 2006–2009 daily data. Results have shown that the simulated streams are well 

correlated with observed streamflows with a coefficient of correlation (R2) equal to 0.82 in 

calibration and 0.68 in validation period. Whereas, the RCRM model results have shown R2 

of 0.81 and 0.66 in the calibration and validation period. Finally, the SWAT and RCRM 

results were compared. It is observed that the results of the RCRM model have shown a good 

agreement with SWAT model results of R2 equal to 0.99 and 0.98, respectively, in the 

calibration and validation period. The sensitivity analysis was also carried out based on Latin 

hypercube one factor-at-a-time (LH-OAT) method using the SWAT model and found 11 

sensitive parameters out of 28 parameters. Model performance was carried out using the 

Nash–Sutcliffe model efficiency coefficient (NSE) and found 0.81 for calibration and 0.62 

for the validation period in the SWAT model. RCRM has NSE of 0.79 and 0.63. The 

response of the streamflows for the year 2013 was simulated from the calibrated model. The 

results showed that the observed streamflows have shown good correlation with simulated 

streamflows with R2 values of 0.86 and NSE of 0.81. From the results, it is concluded that 

the runoff shows early response in the year 2013 compared to the year 2003. This is mainly 

due to changes in LULC, which shows the conversion of forest to agricultural area and 

increase in built-up area from 2003 to 2013. The effect of LULC change on the hydrological 

model parameters were calculated and observed a decrease in evapotranspiration (ET) of 

about 4.5%, an increase in runoff of about 0.9%, and an increase in groundwater of about 

1.12%. In conclusion, the proposed RCRM in the present study simulates streamflows at par 

with the SWAT model with only few input data. Hence, the newly developed RCRM model 
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would be used to study streamflows responses to LULC changes. 

Climate change may pose profound implications for hydrologic processes in Indian sub-

continental river basins according to Mishra V. (2016). Using downscaled and bias corrected 

future climate projections and the Soil Water Assessment Tool (SWAT), we show that a 

majority of the Indian sub-continental river basins are projected to shift towards warmer and 

wetter climate in the future. During the monsoon (June to September) season, under the 

representative concentration pathways (RCP) 4.5 (8.5), the ensemble mean air temperature is 

projected to increase by more than 0.5 (0.8), 1.0 (2.0), and 1.5 (3.5) °C in the Near (2010–

2039), Mid (2040–2069), and End (2070–2099) term climate, respectively. Moreover, the 

sub-continental river basins may face an increase of 3–5 °C in the post-monsoon season 

under the projected future climate. While there is a large intermodel uncertainty, robust 

increases in precipitation are projected in many sub-continental river basins under the 

projected future climate especially in the Mid and End term climate. A sensitivity analysis for 

the Ganges and Godavari river basins shows that surface runoff is more sensitive to change in 

precipitation and temperature than that of evapotranspiration (ET). An intensification of the 

hydrologic cycle in the Indian sub-continental basins is evident in the projected future 

climate. For instance, for Mid and End term climate, ET is projected to increase up to 10% 

for the majority of the river basins under both RCP 4.5 and 8.5 scenarios. During the 

monsoon season, ensemble mean surface runoff is projected to increase more than 40% in 11 

(15) basins under the RCP 4.5 (8.5) scenarios by the end of the 21st century. Moreover, 

streamflow is projected to increase more than 40% in 8 (9) basins during the monsoon season 

under the RCP 4.5 (8.5) scenarios. Results show that water availability in the sub-continental 

river basins is more sensitive towards changes in the monsoon season precipitation rather 

than air temperature. While in the majority of the sub-continental river basins, water 

availability is projected to increase, spatial and temporal (interannual) variability in the 

monsoon season precipitation under the projected future climate may play a significant role. 

Changes in the hydrologic processes under the projected future climate indicate that 

substantial efforts may be required to develop water management strategies in the Indian sub-

continental river basins in the future. 

Makwana J. J. (2017) investigated the continuous daily streamflow based on rainfall in arid 

and semi-arid region is challenging, particularly when climate records are limited, time 

consuming or unavailable. A calibrated and validated model to simulate hydrological 
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processes will be a great help to the concerned watershed management. In this study the 

accuracy of the Soil and Water Assessment Tools (SWAT) and Neural Networks (NNs) are 

compared to perform continuous simulation of runoff in a hilly and agricultural watershed, 

named Limkheda watershed of Gujarat, India. We used the remote sensing data (SRTM-

DEM imagery, soil maps and land use/cover classification from LISS-III imagery, etc), 

climatic and discharge data are used as primary inputs for SWAT models, whereas only 

climatic data and discharge data were used for NN model setup. The climatic and observed 

streamflow data from 2 years (2009–2010) were used for calibration and another 2 years 

(2011–2012) data were used for model validation. To examine the efficiency of both models 

five performance indices were applied. In the present study, performance of the NNs model 

was found better than SWAT model for simulating surface runoff from the watershed based 

on calibration and validation results. It is found in this study that SWAT model provides a 

better description of water balance of the watershed, whereas NN models present the surface 

runoff at the outlet without any explicit consideration of different components of the 

hydrologic cycle. 

The effects of urbanization on hydrological processes and water resources have been 

quantified and predicted by detailed characterization and modeling of the affected urban area 

by Sisay E. (2017). The model of the soil and water assessment tool (SWAT) has been 

selected to test its applicability in ungauged urban watershed of Vadodara city, Gujarat India. 

The main objective of this work is to study the SWAT model and its applicability i.e. test and 

assess the capabilities, and performance of SWAT model for Vadodara city, which is 

ungauged urban area by simulating the water balance components in order to understand the 

status of hydrological process and water resources in that area. The Vadodara city watershed 

is ungauged. Therefore, a regionalization approach has used to predict the river discharge at 

the outlet of the watershed. SUFI-2 algorism using SWAT-CUP 2012 used for calibration and 

validation of runoff process has been done on monthly basis. The model was calibrated and 

validated based on the comparison of simulated and observed flow rates at the basin outlet for 

the periods 1979–2001 and 2002–2013 respectively. Therefore, for the monthly time step, the 

application of the NSE values was 0.53 and 0.61, the determining coefficient (R2) was 0.69 

and 0.51, while the value of PBIAS was 5.3 and 10.4%, and RSR values were registered as 

0.71 and 0.63 for the periods of the calibration and validation process respectively. The result 

suggests that there has been a good match between simulated and observed flow. Therefore, 

the model performance is applicable and strong predictive ability for the ungauged watershed 
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of Vadodara city. 

Nguyen V. T. (2018) says that Soil and Water Assessment Tool (SWAT) is one of the most 

widely used hydrologic models. SWAT has been undergoing constant changes since its 

development. However, compartment review and testing of SWAT are comparably limited, 

especially the flood routing functions. In this study, the daily flood routing subroutines of 

different SWAT versions were reviewed and tested using a well observed segment of the 

Weser river located in Germany. Results show several problems with the flood routing 

subroutines of SWAT. The variable storage subroutine of SWAT (revision 664) does not 

transform the flood wave. Unphysical results could be obtained with the variable storage 

routing of SWAT (revision 528). The Muskingum subroutine of SWAT (revisions 664 and 

528) overestimates channel evaporation (resulting in a bias of 14% to 19% in streamflow) 

and underestimates transmission losses. Simulated results show that the timing and shape of 

the flood wave could be improved with a corrected Muskingum subroutine. Based on the 

results of this study, we suggest the SWAT user community to review their existing SWAT 

models to see how the aforementioned issues will affect their methods, findings and 

conclusions. 

 

2.3 Literature review on climate change 
 

Mall R. K. in (2002) said that during the recent decade, with the growing recognition of the 

possibility of climate change and clear evidence of observed changes in climate during 20th 

century, an increasing emphasis on food security and its regional impacts has come to 

forefront of the scientific community. In recent times, the crop simulation models have been 

used extensively to study the impact of climate change on agricultural production and food 

security. The output provided by the simulation models can be used to make appropriate crop 

management decisions and to provide farmers and others with alternative options for their 

farming system. It is expected that in the coming decades with the increased use of 

computers, the use of simulation models by farmers and professionals as well as policy and 

decision makers will increase. In India, substantial work has been done in last decade aimed 

at understanding the nature and magnitude of change in yield of different crops due to 

projected climate change. This paper presents an overview of the state of the knowledge of 

possible effect of the climate variability and change on food grain production in India. During 

the recent decade, with the growing recognition of the possibility of climate change and clear 
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evidence of observed changes in climate during 20th century, an increasing emphasis on food 

security and its regional impacts has come to forefront of the scientific community. In recent 

times, the crop simulation models have been used extensively to study the impact of climate 

change on agricultural production and food security. The output provided by the simulation 

models can be used to make appropriate crop management decisions and to provide farmers 

and others with alternative options for their farming system. It is expected that in the coming 

decades with the increased use of computers, the use of simulation models by farmers and 

professionals as well as policy and decision makers will increase. In India, substantial work 

has been done in last decade aimed at understanding the nature and magnitude of change in 

yield of different crops due to projected climate change. This work presents an overview of 

the state of the knowledge of possible effect of the climate variability and change on food 

grain production in India. 

Yu P. (2002) analysed the impact of climate change on ET from fields of paddy. A sensitivity 

analysis at Kao-Hsiung station is carried out on meteorological data. At the end only 

temperature and relative humidity shows considerable trends ET for paddy shows positive 

trend under different climatic conditions. The major objective of this study was to investigate 

the effects of climate change on evapotranspiration from paddy fields. A sensitivity analysis 

of meteorological variables at the Kao-Hsiung station, one of meteorological stations in 

southern Taiwan, was carried out using the modified Penman formula. Forty-eight-year 

records of temperature, relative humidity, sunshine duration, wind speed, and precipitation 

depth comprised the database. Trend and persistence analyses of the data were performed 

using the Mann–Kendall test, the Cumulative Deviation test, Linear Regression, andthe 

Autocorrelation Coefficient. The results indicated that only temperature and relative humidity 

have significant long-term trends and persistence. Two climatic scenarios, viz. (1) linear 

extrapolation of climatic trends and (2) the predictions of General Circulation Models 

(GCMs), were assumed to investigate the effects of climate change on evapotranspiration. 

The study revealed that evapotranspiration from paddy fields increased under both climatic 

scenarios studied. 

Mall R. K. again in (2006) says that in recent times, several studies around the globe show 

that climatic change is likely to impact significantly upon freshwater resources availability. In 

India, demand for water has already increased manifold over the years due to urbanization, 

agriculture expansion, increasing population, rapid industrialization and economic 
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development. At present, changes in cropping pattern and land-use pattern, over-exploitation 

of water storage and changes in irrigation and drainage are modifying the hydrological cycle 

in many climate regions and river basins of India. An assessment of the availability of water 

resources in the context of future national requirements and expected impacts of climate 

change and its variability is critical for relevant national and regional long-term development 

strategies and sustainable development. This article examines the potential for sustainable 

development of surface water and groundwater resources within the constraints imposed by 

climate change and future research needs in India. 

The study by Gosain A. K. in (2006) had been taken up to quantify the impact of the climate 

change on the water resources of Indian river systems as part of the National Communication 

(NATCOM) project undertaken by the Ministry of Environment and Forests, Government of 

India, the present study has been taken up. The study uses the HadRM2 daily weather data to 

determine the spatio-temporal water availability in the river systems. A distributed 

hydrological model namely SWAT (Soil and Water Assessment Tool) has been used. 

Simulation over 12 river basins of the country has been made using 40 years (20 years 

belonging to control or present and 20 years for GHG (Green House Gas) or future climate 

scenario) of simulated weather data. The initial analysis has revealed that under the GHG 

scenario, severity of droughts and intensity of floods in various parts of the country may get 

deteriorated. Moreover, a general reduction in the quantity of the available runoff has been 

predicted under the GHG scenario. This paper presents the detailed analyses of two river 

basins predicted to be worst affected (one with respect to floods and the other with respect to 

droughts). 

Then in (2007) Dash S. K. did the study of climate changes in India and said that robust 

evidences are issues of concern especially when it is known that poor people are very 

vulnerable to climate changes. Due to the vast size of India and its complex geography, 

climate in this part of the globe has large spatial and temporal variations. Important weather 

events affecting India are floods and droughts, monsoon depressions and cyclones, heat 

waves, cold waves, prolonged fog and snowfall. Results of this comprehensive study based 

on observed data and model reanalysed fields indicate that in the last century, the 

atmospheric surface temperature in India has enhanced by about 1 and 1.1°C during winter 

and post-monsoon months respectively. Also decrease in the minimum temperature during 

summer monsoon and its increase during post-monsoon months have created a large 
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difference of about 0.8°C in the seasonal temperature anomalies which may bring about 

seasonal asymmetry and hence changes in atmospheric circulation. Opposite phases of 

increase and decrease in the minimum temperatures in the southern and northern regions of 

India respectively have been noticed in the inter-annual variability. In north India, the 

minimum temperature shows sharp decrease of its magnitude between 1955 and 1972 and 

then sharp increase till date. But in south India, the minimum temperature has a steady 

increase. The sea surface temperatures (SST) of Arabian Sea and Bay of Bengal also show 

increasing trend. Observations indicate occurrence of more extreme temperature events in the 

east coast of India in the recent past. During summer monsoon months, there is a decreasing 

(increasing) trend in the frequency of depressions (low pressure areas). In the last century the 

frequency of occurrence of cyclonic storms shows increasing trend in the month of 

November. In addition there is increase in the number of severe cyclonic storms crossing 

Indian Coast. Analysis of rainfall amount during different seasons indicate decreasing 

tendency in the summer monsoon rainfall over Indian landmass and increasing trend in the 

rainfall during pre-monsoon and post-monsoon months. 

Nan Y. (2011) says that it has theoretical and realistic meanings to study the climate change's 

impacts on hydrology and water resources, so as to understand and solve some problems in 

hydrology and water resources, such as plan management, operation management, 

environmental protection, ecological balance and so on. And hydrology and water resource 

system has close relationship with industry, agriculture, city development and economic 

fields. This paper reviews the relationship between climate change and water resources, water 

circulating response of climate change. And then summarizes some study methods of 

analysing the impacts of climate change on hydrology and water resources, such as 

generation technology for climate change scenario and hydrologic simulation. At last, it 

raises problems in study and puts forward the development trend, including perfecting the 

distributed hydrological model, improving the precision of climate models and hydrologic 

models and developing the two-way coupling techniques of climate models and hydrological 

models. 

 

2.4 The State-Of-The-Art of the Research Topic 

In the context of the objectives of the study, it is very important to check the 

vulnerability of the watershed. The purpose is served by trend analysis of weather data and 

hydrological outputs produced by the model. The nervous system of the study is a framework 
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in the form of algorithm as shown in figure-6.1 that presents each stage of the study in the 

organized form. The framework is proposed to assess the impact of climate change and 

mitigation.  

The research work commences with the selection of the study area (case study) to 

demonstrate the framework (strategy) and serve the objectives. From the past research and 

reports (IPCC) relevant to climate change and its impact on watershed, the study area can be 

defined that seems to be more vulnerable to the effect of climate change, followed by the 

relevant data collection and compilation. The dataset would include spatial and temporal data 

in the form of maps and statistical format. This can be done through government bodies like 

data centers and space organisations. More specifically the spatial data required for the study 

would include digital elevation model (DEM) of the tributaries, landuse/landcover map, soil 

map, weather stations map, climate station map etc whereas temporal data includes weather 

data like rainfall, temperature, humidity, solar radiation and wind velocity. These data are 

then used to get a better idea about the vulnerability of the watershed through trend analysis. 

 The temporal data collected/compiled are then analysed in this part of the framework. 

This is done by performing trend analysis over the climatic data, more specifically rainfall 

and temperature data. According to IPCC temperature and rainfall are the two most important 

climatic parameters to find the impact climate change on hydrological parameters. The trend 

analysis can be performed by various methods which is explained in the next stage of the 

framework. The more popular methods to perform trend analysis are Mann-Kendall test and 

Sen’s slope method. The literature review has provided many evidences about the researches 

including these methods for statistical analysis of the data. This study uses Sen’s slope 

method to determine the existing trend of the climatic condition of the watershed. The 

method is a linear regression that formulates the slope of the trend line in the form of a 

parameter called as Significance value designated as Z. The range of this value helps to 

decide the trend of the data. Closer to zero is the value (of Z), lesser is the vulnerability of the 

watershed in the context of climate change. Accordingly, positive values shows positive trend 

leading to the higher probability of occurrence of maximum events while negative value 

evident the occurrence of minimum events in near future. The statistical analysis is followed 

by the modelling part where spatial data in the form of maps and collaterals are incorporated 

in the hydrological model to determine the value of hydrological parameters of the watershed. 

Number of hydrological models are available to serve the purpose but it is recommended to 

go for distributed or semi-distributed models that can vary spatially and/or temporally. In this 
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study the model used is SWAT (soil and water assessment tool) which is a semi-distributed 

model allowing the data to vary spatially. Selection of model is also derived from the review 

of past researches in the relevant field which have proved the model to give substantially 

positive results. The model works as an interface of GIS wherein ArcGIS is used for the 

study. The model is first calibrated and validated by comparing the results with the observed 

value of the outputs followed by the simulation. 

The objective of modelling is to determine the hydrological parameters of the 

watershed from the calibrated (and validated) model. The hydrological outputs like 

evapotranspiration and runoff are obtained for all the years and trend analysis is performed on 

these outputs the same way as done in stage 2 and stage 3. The significance value of 

hydrological parameters helps to decide the consequences of the impact of climate change in 

near future. What could be the scenario in the near future if the existing trend persists, can be 

proposed from this analysis. Once the model is calibrated and validated, it can be graded 

capable to simulate the outputs at different scenarios. More specifically, the model can be 

used to project the outputs in the form of hydrological parameters under different climatic 

condition to the near future. This study incorporates the scenarios suggested by IPCC 

assessment report-4, chapter-3 (shown in figure-68) where considerable changes are done in 

the weather files and projections are made up to year 2050. 

The results from the model in the form of hydrological parameters are summarised 

and trend analysis is performed on the outputs. This module provides two significant outputs 

as projected value of hydrological parameters (say runoff) and significance value of trend line 

generated from the trend analysis. These results helps to have a comparative analysis between 

existing and projected values. This stage helps to decide the condition of the watershed 

during the projections, whether it would go mild, moderate or severe as compared to the 

existing values in the form of hydrological parameters. This is done by setting up a range of 

variation for the values of hydrological parameters and Sen’s slope. In this the study the 

range of variation for mild condition is proposed to be less than or equal to 10% while for 

moderate and severe the range is proposed as 11% to 24% and greater than equal to 25%. 

Based on the variation (for moderate and severe), relevant precautionary measures are 

developed and implemented with the objective to reframe the watershed condition to mild. 

“The aim of any research is not to find the problem but the solution”. With this phrase the 

research proposes the possible solutions to mitigate the impact of climate change if the 

vulnerability of the watershed turns out be moderate or severe. This study develops the 



 

43 
 

simulation by enhancing the green cover of the watershed and running the framework again 

from stage-6 till the condition of the watershed turns to mild. The algorithm is programmed 

in such a way that the model continues to simulate itself by trying different mitigation 

measures till the target is achieved. 

********* 

 



 

44 
 

CHAPTER 3: STUDY AREA & DATA COMPILATION 
 

3.1 General 

 The demonstration of the framework is done on one of the most vulnerable tributary of 

the western India, name Hathmati River. The Hathmati river basin is one of the major 

tributary of Sabarmati River out of other principal tributaries like Wankal, the Harnay, Vatrak 

and the Meshwa. These tributaries are all rain-fed and rainfall being fairly low in the basin, it 

does not possess good rank as far as water wealth potential is concern. The Figure figure-1 

shows the location map of produced from ArcGIS. 

 
 

Figure 3.1: Location map of Hathmati River, Gujarat, India 

3.2 Study Area 

 The Hathmati River watershed (23°30′49″N 72°49′29″E) has been selected for the 

study and the location map is shown in figure-3.1. The Hathmati is one of the major tributary 

(left) of Sabarmati River (Western India). The spatial variation in the rainfall is highest for 

Hathmati basin amongst all sub-basins of Sabarmati basin (Dave H.K 2012). It lies in Bhiloda 



 

45 
 

(Sabarkantha district) and rises from Gujarat Malwa Hills. After travelling a course of 98km 

it meets Sabarmati near village Ged. The Total catchment area is 1574 sq.km. (157400 ha). 

The Raingauge station is installed at Bhiloda where average annual rainfall is recorded as 

864mm. The co-efficient of variation of annual rainfall over the basin is rather high and 

ranges between 42-65% and average maximum and minimum temperature reaches about 

38°C & 16°C (Dave 2012). The data for the study includes various spatial data like DEM, 

LULC, Soil Map generated from CARTOSAT-I, SRTM, BHUVAN and IRS~ID LISS III 

satellite data and prepared in ArcGIS on 1:12500 scale with the resolution of 30m and several 

collateral data like weather files ( from 1966 to 2015) from raingauge stations & climate 

stations have been collected. There are 5 raingauge stations in the study area as shown table 

3.1. 

Table 3.1: Raingauge Stations and their locations 
Sr. No. Name Of Raingauge 

Station 
Latitude Longitude Reference Toposheet 

Number 
1 Bhiloda 230 46’ 10’’ 730 24’ 45’’ 46a14 
2 Himmatnagar 230 36’ 00’’ 720 57’ 50’’ 46a14 

3 Lalpur 230 37’ 10’’ 720 55’ 45’’ 46a14 

4 Hathmati Dam 230 42’ 00’’ 730 13’ 10’’ 46e02 

5 Pal 230 58’ 02’’ 730 17’ 00’’ 46e05 

 
3.2.1 Physiography 

 Physiographically, the Hathmati basin can be (broadly) divided into three units. 

A) Moderate to gentle sloping alluvial plains. 

B) Gently sloping pediments to gently sloping alluvial plains.  

C) Level to nearly leveled, alluvial plains.  

3.2.2 Hydrometeorology 

 Hathmati river basin has a tropical monsoon climate with three seasons, the monsoon 

(kharif, between late June to October), the cooler rabbi (November to February) which is dry 

except occasional rain in November and in the coastal region, and the hot summer season 
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(March to mid-June). The rainfall occurs almost entirely in monsoon months (June to 

September) with an average annual rainfall of the basin as about 860 mm with significant 

regional variations.  

3.2.3 Temperature 

 The study area is situated in semi-arid climatic conditions and hence the temperature 

reaches up to extreme levels. The average monthly temperature in the study area is shown in 

figure-3.2. The temperature generally fluctuates during pre-monsoon to post-monsoon 

periods. After February temperature progressively rises and by the month of May and June it 

reaches maximum before the onset of the monsoon. On average maximum and minimum 

temperature reaches about 38°C & 16°C. The winter period is very pleasant with an average 

temperature of about 11°C in the month of December/January. 

 
Figure 3.2: Average monthly temperature (°C) in the study area 
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Figure 3.3: Average Maximum monthly temperature (°C) in the study area 

 
Figure 3.4: Average Minimum monthly temperature (°C) in the study area 

 
3.2.4 Wind 

Around 72% of days between May and September each year are windy days with a 

mean wind speed of 38km/hour. These winds are the carries southwest monsoon system, 

starting from mid-June till mid-September.  

3.2.5 Relative Humidity 

During the monsoon months the monthly mean relative humidity is about 80% and 

overall average relative humidity is about 58%. Except during the monsoon months, the 

atmosphere is generally dry afternoons being drier than the mornings.  
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3.2.6 Rainfall 

  The rainfall data reveal both the seasonal and annual variation. Based on available 

rainfall data, the average yearly rainfall for the present study area is computed as about 750 

mm.  The average monthly rainfall is shown in figure-5. 

 
Figure3.5: Average monthly precipitation (mm) in the study area 

3.2.7 Soil Type 
 Many types of soils are present in the Hathmati Basin. The Verticustochrepts, lithic 

ustorthents and typicustorthents are commonly found soil series in the area and a brief 

description of these are given in table-3.2. 

Table 3.2: Soil type in the Hathmati basin 

Soil Series Unit Soil Name % Area Clay Silt Sand 

Typicustorthents A 24.67 34.57 26.64 38.79 

Verticustochrepts B 55.31 23.00 13.00 64.00 

Lithic Ustorthents C 20.02 25.00 35.00 40.00 

 
3.2.8Landuse/Land Cover 
 The land-use data derived from the satellite imageries IRS~ ID LISS III has been 

used. The dominant landuse in Hathmati Basin watersheds are forest and agricultural land.  

The area under various landuse for Hathmati basin watershed is shown in table-3.3. 
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Table 3.3: Landuse in the Hathmati basin 
Landuse Area (% Of Watershed Area) 
Agriculture 61 
Forest 26 
Water Bodies 3 
Built-Up 1.6 
Wasteland 7 
Others 2 

 
3.2.9 Hydrogeology 

 Rocks belonging to pre-cambrian period in its northern and eastern parts whereas the 

recent alluvial deposits underlain by rocks of pre-cambrian age occupy its western and 

southern parts. The sand and clay are the major formation in the plain. The sandy layers of 

these alluvial deposits have good porosity and permeability and form good aquifers. The 

maximum thickness of the deposits here is about 2,600 m. The Cretaceous-Eocene eruptions 

of lava form basalt in a scattered pattern in the Southern part of the basin. (INREMF, 2001 

and GOG, 1996) 

3.3 Data Collection 

3.3.1 Spatial Data 

 Various thematic maps, namely contour, drainage, landuse/land cover, and soil maps 

have been generated from the CARTOSAT-I, SRTM, BHUVAN and IRS~ID LISS III 

satellite data and prepared in ArcGIS on 1:12500 scale for the study area are shown below; 

 

Figure 3.6: 3-D view of DEM as seen Arc-scene 
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Figure 3.7: Digital Elevation Model of the study area 
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Figure 3.8: Landuse map of the study area 
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Figure 3.9: Soil Map of the study area 
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Figure 3.10: Basin Map of the study area 
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Figure 3.11: Reach & Outlets Map of the study area 
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Figure 3.12: Stream Order of the study area 
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Figure 3.13: Slope Map of the study area 
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Figure 3.14: Watershed Map of the study area 
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Figure 3.15: Rainfall Stations of the study area 
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Figure 3.16: Climate Station of the study area 
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Figure 17 shows the landuse change detection performed using geo-spatial techniques.  

  

  

Figure 27: Landuse maps of year 1985, 1995, 2005 and 2015 of the study area 
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Figure 3.38: Decadal landuse change detection 

 

 

 

Figure 3.49: Landuse change detection 

 

 The results of landuse change detection shows that from 1985 to 2015, there is a 

considerable increase of about 4% in the agricultural land, while water bodies have gone 

down by 3%. The built-up area is decreased over the decadal periods and wasteland has 

increased by 5%. 
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3.3.2 Meteorological data 
  Daily rainfall data of the rain gauge station were collected from, State Water Data 

Centre; Gandhinagar has been used in the study.  Daily Minimum and Maximum 

Temperature data of the climate station for thirty five years (1979-2014), in degree celsius 

were collected from, State Water Data Centre; Gandhinagar has been used in the study. The 

statistical data needed for weather generation was collected from the weather station 

maintained by the India Meteorological Department. It consists of monthly parameters that 

are required for generating daily amounts of precipitation, maximum and minimum 

temperatures and solar radiation, wind speed, relative humidity, dew point temperature.  

****************************** 
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CHAPTER 4: TREND ANALYSIS 
 

A persistent increase in carbon dioxide in the atmosphere, which may be caused by 

industrialization and deforestation, has been recorded since the 1950s (Yu 2002). This 

increased trend may lead to changes in global and regional climate features, such as average 

temperature and precipitation (Yu 2002). The Magnitude and trend of warming of India 

during the last century over Indian continent is matching with the global condition (Pant and 

Rupa Kumar 1997). The understanding of past climate-ecosystem coupling is thus vital to 

predict future ecosystem response to changing natural variables (Basu 2018). The research 

work is initiated by collecting the observed weather data of over more than 50 years for the 

said study area and statistical analysis is performed. This analysis is used to determine the 

trend of rainfall and temperature over the temporal variation. From the graphs, it is clearly 

understood that the trend for temperature and rainfall is positive. Hence there is clear 

evidence of climate change and it will accelerate to cause severe effects on hydrological 

parameters. Detail trend analysis is done by a Non-parametric test using Sen’s Slope method 

on mean temperature over 50 years (1966-2015). 

4.1 Trend Analysis using Sen’s Slope Method 

 The analysis commences with performing trend analysis over more than 50 years for 

temperature & rainfall using Non- Parametric test (Sen’s Slope method). To estimate the true 

slope of an existing trend (as change per year) the Sen's nonparametric method is used. The 

Sen’s method can be used in cases where the trend can be assumed to be linear. This means 

that f(t) is equal to; 

f(t) = Qt + B             

where Q is the slope and B is a constant. To get the slope estimate Q in equation (1) we first 

calculate the slopes of all data value pairs as 

Qi=(xj- xk)/(j-k) where j>k . If there are n values xj in the time series we get as many as N = 

n(n-1)/2 slope estimates Qi. The Sen’s estimator of slope is the median of these N values of 

Qi. The N values of Qi are ranked from the smallest to the largest and the Sen’s estimator is 

Q=Q[(N+1)/2], (if N is Odd) 

Q=0.5(Q[N/2]+ Q[(N+2)/2], (if N is Even)  

A 100(1-α)% two-sided confidence interval about the slope estimate is obtained by the 

nonparametric technique based on the normal distribution. The method is valid for n as small 

as 10 unless there are many ties. The method computes the confidence interval at two 
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different confidence levels; α= 0.01 and α = 0.05, resulting in two different confidence 

intervals. At first we compute Cα as; 

Cα=Z(1- α)[VAR(S)]0.5  

where VAR(S) has been defined as 

 
 

Next M1 = (N - Cα)/2 and M2 = ( N + Cα)/2 are computed. The lower and upper limits of the 

confidence interval, Qmin and Qmax, are the M1th largest and the (M2 +1)th  largest of the N 

ordered slope estimates Qi. If M1 is not a whole number the lower limit is interpolated. 

Correspondingly, if M2 is not a whole number the upper limit is interpolated. To obtain an 

estimate of B in equation (1) the n values of differences xi – Qti are calculated. The median of 

these values gives an estimate of B (Sirois 2013). The estimates for the constant B of lines of 

the 99% and 95% confidence intervals are calculated by a similar procedure. The present 

paper shows the trend generated for a) Linear regression b) Sen’s estimate c) at max 95% 

confidence level d) at min 95% confidence level.  

 The research work is initiated by collecting the observed weather data of over more 

than 50 years for the said study area and statistical analysis is performed. This analysis is 

used to determine the trend of rainfall and temperature over the temporal variation and the 

results are used to generate scenarios in Hydrological Modelling (ArcSWAT). From the 

graphs it is clearly understood that trend for temperature and rainfall is positive. Hence there 

is a clear evidence of climate change and it will accelerate to cause severe effects on the 

hydrological parameters. 

 Detail trend analysis is done by Non-parametric test using Sen’s Slope method which 

on temperature & rainfall over 50 years (1966-2015). This is a usual method for estimating 

the slope of a regression line that fits a set of (x, y) data elements is based on a least squares 

estimate. This approach is not valid when the data elements don’t fit a straight line; it is also 

sensitive to outliers (Wang 2005). The detailed trend analysis (Annexure-A) clearly shows 

the evidence of the impact of climate change on Hathmati river basin. This trend is utilised 

to generate scenarios for different climatic condition and their impact. Detailed results of 

trend analysis is shown in Annexure-A. 

4.3 Summary of Trend Analysis 

Trend analysis using Sen’s Slope method is used to find significance value (trend) for 

mean temperature, maximum temperature and minimum temperature. The detailed trend 
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analysis clearly shows the evidence of climate change on Hathmati river basin. This trend is 

utilised to generate scenarios for different climatic condition and their impact on runoff and 

ET is simulated through hydrological modelling. 

 

Table 4.1: Summary of trend analysis 

Month Significance Value Z  
For Mean Temperature 

Significance Value Z  
For Maximum Temperature 

Significance Value Z  
For Minimum Temperature 

Jan 1.32 1.56 1.61 
Feb -0.39 -1.3 -1.29 
Mar -0.19 -0.77 -0.74 
April 0.66 1.3 1.24 
May 1.06 1.46 1.36 
June 0.86 0.96 0.94 
July -0.21 0.35 0.39 
Aug 0.26 1.47 1.36 
Sep 1.73 3.09 3.19 
Oct 0.03 2.93 3.04 
Nov 0.58 2.33 2.11 
Dec 1.45 2.46 2.54 
Average 1.33 2.93 3.06 

 

 
Figure 4.1: Significance values of mean, maximum and minimum temperature from trend analysis 

 

********* 
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CHAPTER 5: SIMULATION MODELLING 
 

A model is defined as a mathematical or physical system obeying certain specified 

conditions, whose behavior is used to understand a physical, biological or social system to 

which it is analogous in some way (Haan, et.al). Hence a discussion of models can 

encompass a broad field including physical models as well as almost any mathematical or 

graphical relationship. Accurate modeling requires the estimation of the spatial and temporal 

distribution of the water resources parameters. In recent development scientists have shown 

increasing interest in applying Geographic Information Systems (GIS) and satellite-based 

Remote Sensing (RS) techniques are used for hydrological modeling. This approach existed 

as a threshold in the early days for obtaining reasonable results in hydrologic modeling. 

Satellite-based RS and GIS techniques are used to estimate the spatial variation of the 

hydrological parameters, which are used as input to the model. In this study a hydrological 

model is developed to estimate the impact of climate change at the micro-watershed level. 

The simulation modelling is like the heart of the study as the hydrology of the watershed is 

analysed by the same. As a part of framework, modelling is used not only to assess the 

impact of climate change but also for mitigation. 

 

5.1 Introduction to Swat Modelling 

 Rainfall–runoff modelling can be carried out within a purely analytical framework 

based on observations of the inputs to and outputs from a catchment area (Beven 2012). The 

catchment is treated as a black box, without any reference to the internal processes that 

control the transformation of rainfall to runoff (Beven 2012). While the issues of 

deterministic predictability of the monsoon rainfall on a seasonal scale are yet to be resolved, 

optimising the accuracy of the forecast based on empirical models by a proper selection of 

the predictands, predictors and methodology has immediate practical applications (Rupa, K. 

K. 2002). Model construction, calibration, and data processing have received a great deal of 

attention, while model validation, error propagation, and analyses of uncertainty, risk, and 

reliability have not been treated as thoroughly (Singh V. P. 2002). SWAT is the acronym for 

the Soil and Water Assessment Tool, a river basin, or watershed, scale model developed by 

Dr. Jeff Arnold for the USDA Agricultural Research Service (ARS). SWAT was developed 

to predict the impact of land management practices on water, sediment and agricultural 

chemical yields in large complex watersheds with varying soils, land use and management 
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conditions over long periods (Neitsch et al. 2001). Hydrologic analysis of large watersheds 

draining thousands of square kilometres is a tedious process (Jayakrishnan R 2005). Regional 

and national-scale water resources management strategies and decision-making for 

sustainable domestic, agricultural and industrial water supply, as well as protection of the 

environment from the negative impacts of developmental activities, depend on such large-

scale analyses (Jayakrishnan R 2005). Computer-based environmental simulation models like 

SWAT are valuable tools for such studies (Jayakrishnan R 2005). Since hydrologic systems 

are heterogeneous, with substantial spatial variability in model inputs such as soil and land 

use, the development of input files for such models for large watersheds is a time-consuming 

task (Jayakrishnan R 2005). GIS plays a major role in developing model inputs from digital 

geospatial databases through model–GIS interfaces (Jayakrishnan R 2005). The SWAT 

model and its GIS interfaces aid the water resources professional in basin-scale studies of 

water availability and water quality, and help reduce the time and cost necessary to conduct 

such studies several-fold compared to other distributed parameter models (Jayakrishnan R 

2005). The Global and regional climate models (GCMs/RCMs) do not represent valley/ridge 

scale interactions well (Shafiq 2019). The SWAT model has good potential for application in 

hydrologic/water quality studies in countries around the world and as a tool to develop time 

and cost-efficient analyses for watershed/water resources management and decision-making 

(Jayakrishnan R 2005). Rather than incorporating regression equations to describe the 

relationship between input and output variables, SWAT requires specific information about 

weather, soil properties, topography, vegetation and land management practices occurring in 

the watershed (Neitsch 2001). 

 

5.2 SWAT and Evapotranspiration 

The model computes evaporation from soils and plants separately. Potential soil water 

evaporation is estimated as a function of potential evapotranspiration and leaf area index 

(area of plant leaves relative to the area of the HRU). Actual soil water evaporation is 

estimated by using exponential functions of soil depth and water content. Plant transpiration 

is simulated as a linear function of potential evapotranspiration and leaf area index. Roughly 

62% of the precipitation that falls on the continents is evapotranspired (Dingman 1994). An 

accurate estimation of evapotranspiration is critical in the assessment of water resources and 

the impact of climate and land-use change on those resources. Evapotranspiration exceeds 
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runoff in most river basins and on all continents except Antarctica (Dingman 1994). 

Apparently more ET means higher chance of extreme events (IPCC 2007)  

5.3 Hydrological Modelling 

SWAT is chosen as the model for the study, as it is a free, open-source, actively 

supported by model developers, well documented, and has been tested around the world. It 

has a substantial and growing number of users in the developing world, as shown by the 

papers presented at its biennial conference. The SWAT interface was written as a plug-in for 

ArcGIS which is apparently the way most dynamic existing SWAT module. 

ArcGIS version 10.2.2 interfaces with SWAT 2012 is used for the study and like any 

other semi-distributed hydrological model it acquires several spatial data in the form of maps 

and some temporal data like weather files. The model run takes four steps to obtain the result 

as; 

1. Watershed delineation 

2. Hydrological Response Units (HRU) formation 

3. Weather files input 

4. Model run (Simulation) 

5.3.1 Watershed delineation 
This is the first step of modelling after setting up the project file. The model acquires 

a digital elevation model in a specific unit, format, and projection to complete this step. This 

part of modelling forms the following features in the map (DEM); 

1. Contours based on elevations 

2. Drainage channels 

3. Pour points/Outlet points 

4. Subbasins  

5.3.2 Hydrological Response Units (HRU) formation 

This module can be made live only after subbasins parameters have successfully been 

calculated in the previous step. Hydrological response unit formation is one of the strongest 

reasons that SWAT is considered as one of the most promising tool in hydrology. HRUs can 

be defined as the features developed by the model based on the regression on the number of 

types of land-use, soil cover and soil map. This can be explained in a simple way as, for a 

watershed having a single type of 1) Landcover 2) Soil and 3) Slope, the number of HRUs 

formed would be one. 
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In this module, the model acquires spatial data in the form of maps as land-use map 

and soil map in the same specified unit (metre), format(.tiff) and projection(WGS 1984). This 

step is to classify into two parts as; 

1. Maps overlay  

2. HRU formation 

Where the first part again has three activities as; 

a) Reclassification of landuse 

b) Reclassification of soil map  

c) Reclassification of slopes 

5.3.3 Weather files input 
 This module can be made live only once you are done creating HRUs from step 2. 

This step incorporates all the collateral data in the model in a pre-defined format. 

Additionally SWAT provides an option to simulate all the collateral data in case the observed 

values are not available. This simulation is based on U.S. based weather data which could 

affect the results considerably especially when you are dealing with hydrological analysis. In 

the present study, observed data has been used and details of raingauge stations and climate 

stations have been incorporated in the model. By successfully running this step, the model is 

able to generate different output tables like .hru, .rch, .sub etc.  

5.3.4 Model run (Simulation) 
 This module can be made live only once you are done creating HRUs from step 2. 

This step incorporates all the collateral data in the model in a pre-defined format. 

Additionally SWAT provides an option to simulate all the collateral data in case the observed 

values are not available. In the present study, observed data has been used and details of rain 

gauge station and climate stations have been incorporated in the model. By successfully 

running this step, the model can generate different output tables like .hru, .rch, .sub etc.  

5.4 Introduction to SWAT Output Viewer 

 There are many ways to visualise SWAT outputs. Spatial visualization shows the 

model results on a map. It will clearly show how the selected results are distributed across 

subbasins or reaches. It’s very useful to pinpoint the hotspots in the watershed. This new 

tool developed by Michael Yu (GIS Programmer and Developer, Hydrologist, Water 

Resource Engineer, ArcGIS, .NET, C++, Flex, FORTRAN, SWAT) gives the perfect 

presentation of the outputs. In the present study, SWAT output viewer has been used to 

demonstrate the outputs.  

This Figure 5.1 is how the watershed appears from SWAT output viewer; 
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Figure 5.1: Watershed as seen in SWAT output viewer 

 

5.5 Swat Run (Modelling) 

 The model run is classified in four modules as; 

1. Model setup 

2. Model calibration (Sensitivity analysis) 

3. Model validation 

4. Simulation using forecasting scenarios of IPCC 

5.5.1 Model setup 
 The model is set up for simulation and results were obtained from 1979 to 1990 (12 

years). All the steps shown in point 5.5 are successfully completed and the results are 

obtained. Default database was installed and the model gives Nash Sutcliffe efficiency of 

0.66 between observed and modelled values of disharges in mm. 
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5.5.2 Model calibration 
 The study aims to calibrate the model so as to resemble with the existing watershed 

in all the hydrological ways. The model is calibrated by “Sequential Uncertainty Fitting” 

(SUFI-2) algorithm available as an interfaced with SWATCUP where surface runoff over 

the reach is taken as a variable and six sensitive parameters as shown in table-5.1 are 

chosen. The watershed is formed of nine subbasins and the stream of subbasin number 9 is 

chosen for calibration. In the study, “FLOW_OUT_9” is taken as variable where 

FLOW_OUT indicates the variable and 9 indicates the number of reach. The observed 

values are incorporated in the algorithm as shown in figure-5.2. The algorithm is made to 

run after incorporating all the required data. The steps of program run and simulation is 

shown in figure-5.3. The calibration is saved and the result in the graphical format is shown 

in figure-5.4. 

Table 5.1: Sensitive parameters for runoff for calibration 

Sensitivity 
Rank 

Swat Parameter Name Swat Parameter Description 

1 CN2 Curve number 
2 ALPHA_BF Baseflow recession constant in days. 
3 GW_DELAY Delay time for aquifer recharge in days 
4 Soil_Z  Soil depth 
5 GWQMN Threshold level for baseflow   
6 SURLAG Surface runoff lag time 

 

 

 

Figure 5.2: SWATCUP calibration outputs 
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 Figure 5.3: Daily calibration from 2006 to 2010 

The calibration is performed on monthly basis between years 2000 to 2010. The 

program is made to run again for validation between years 2011 to 2015 by substituting the 

values of all four sensitive parameters in to the swat run project and running the model again 

for 5 years.  

 The successful calibration of the model by SUFI-2 recommends the values of CN2 as 

75, ALPHA_BF as 0.7, GW_DELAY as 240 as Soil_Z as 300, GWQMN as 1.00 and 

SURLAG as 0.1. THE NSE for the run is 0.90. 

 

Table 5.2: Absolute values of sensitive parameters after calibration 
Sensitivity 

Rank 
Swat 
Parameter 
Name 

Swat Parameter Description Unit Range Absolute 
Value 

1 CN2 Curve number - 30-98 75 
2 ALPHA_BF Baseflow recession constant in 

days. 
day-1 0-1 0.7 

3 GW_DELAY Delay time for aquifer recharge 
in days 

days 0-500 240 

4 Soil_Z  Soil depth mm 0-3500 300 
5 GWQMN Threshold level for baseflow   mm 0-5000 1.0 
6 SURLAG Surface runoff lag time - 0.05-24 0.1 

 

  

5.5.3 Model validation 
 The model is validated for next five years (2011-2014) and monthly values are show 

below giving NSE as good as 0.88. The monthly results are obtained to compare with the 

observed data, presented in the graphical format in figure 5.4. 
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Figure 5.4: Validation results 

 After validation the model is made to run (simulate) for 36 years (1979-2015) for ET 

and PCP. Figure 5.5 gives a brief summary of Hydrological Modelling after calibration & 

validation of model giving an annual average value of PCP, ET and SURQ in mm as 882, 

303 and 285.  

 

Figure 5.5: PCP, ET and SURQ after Calibration 
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 The figures 5.6 to 5.10 shows the maps & graphs of distribution of rainfall, 

evapotranspiration & surface-runoff over the watershed. The maps are prepared in ArcGIS 

based on the outputs obtained after successfully calibrating & validating the model. 

 

Figure 5.6: Hydrology of the Hathmati watershed from SWAT output 
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Figure 5.7: Map showing rainfall distribution over watershed 
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Figure 5.8: Map showing evapotranspiration distribution over watershed 
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Figure 5.9: Map showing surface-runoff distribution over watershed 
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Figure 5.10: Graph showing rainfall distribution over sub-basins 

 

 

Figure 5.11: Graph showing evapo-transpiration distribution over subbasins 
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Figure 5.12: Graph showing surface-runoff distribution over sub-basins 

 

5.5.4 Summary of hydrological modelling 
 After successfully completing the model run, the results are summarised as; 

 Semi-distributed model SWAT is used to find ET. 

 Model is calibrated/validated with observed values. 

 Simulation over 36 years is generated to find variation in ET. 

 SURQ contributes about 28-30% while ET losses are about 35%. 

 NSE after calibration & validation is obtained around 0.89. 

 Trend for ET and rainfall is found significantly positive. 

 Model shows the average value of rainfall, evapotranspiration, surface runoff, lateral 

flow, baseflow and infiltration in mm as shown in table 5.2 as 882, 303, 285, 71, 124 

and 193 respectively. 
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Table 5.3: Summary of hydrological modelling after calibration 

year precipitation Evapotranspiration Surface 
runoff 

Lateral 
flow 

Base 
flow 

Infiltration 

1980 710.01 241.40 205.90 49.70 99.40 134.90 
1981 987.21 335.65 286.29 69.10 148.08 187.57 
1982 910.95 309.72 264.18 63.77 145.75 173.08 
1983 1012.94 344.40 293.75 81.04 172.20 192.46 
1984 694.33 236.07 201.35 48.60 76.38 131.92 
1985 738.23 251.00 214.09 51.68 73.82 140.26 
1986 987.23 335.66 286.30 69.11 133.28 187.57 
1987 938.37 319.04 272.13 65.69 121.99 178.29 
1988 468.15 159.17 135.76 42.13 46.82 88.95 
1989 462.98 157.41 134.26 32.41 74.08 87.97 
1990 1428.08 485.55 414.14 85.68 171.37 271.34 
1991 720.26 244.89 208.88 50.42 86.43 136.85 
1992 713.07 242.44 206.79 49.91 89.13 135.48 
1993 1010.97 343.73 293.18 90.99 136.48 192.09 
1994 1063.58 361.62 308.44 74.45 159.54 202.08 
1995 1248.67 424.55 362.11 87.41 181.06 237.25 
1996 809.40 275.20 234.73 48.56 97.13 153.79 
1997 852.10 289.71 247.11 59.65 102.25 161.90 
1998 1098.65 373.54 318.61 76.91 131.84 208.74 
1999 1057.80 359.65 306.76 58.18 95.20 200.98 
2000 1927.10 655.21 558.86 105.99 144.53 366.15 
2001 789.68 268.49 229.01 78.97 94.76 150.04 
2002 768.57 261.31 222.88 53.80 92.23 146.03 
2003 942.78 320.54 273.41 65.99 122.56 179.13 
2004 975.04 331.51 282.76 68.25 141.38 185.26 
2005 789.78 268.53 229.04 55.28 122.42 150.06 
2006 987.43 335.73 286.35 74.06 109.60 187.61 
2007 474.53 161.34 137.61 33.22 56.94 90.16 
2008 935.77 318.16 271.37 65.50 112.29 177.80 
2009 767.50 260.95 222.58 61.40 92.10 145.83 
2010 1394.16 474.01 404.31 97.59 153.36 264.89 
2011 1125.55 382.69 326.41 78.79 135.07 213.85 
2012 1303.85 443.31 378.12 91.27 156.46 247.73 
2013 710.01 241.40 205.90 39.05 85.20 134.90 
2014 987.21 335.65 286.29 108.59 88.85 187.57 
2015 887.78 301.85 257.46 62.14 106.53 168.68 
2016 1057.80 359.65 306.76 58.18 126.94 200.98 
2017 1927.10 655.21 558.86 134.90 231.25 366.15 
2018 789.68 268.49 229.01 75.02 126.35 150.04 
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5.6 Simulation using forecasting scenarios of IPCC (CMIP-5 projections) 

 Watershed models are often used to simulate the impact of future climate conditions 

on hydrologic processes. However, Teutschbein and Seibert (2012) state that simulations of 

temperature and precipitation often show significant biases due to systematic model errors or 

discretization and spatial averaging within grid cells, which hampers the use of simulated 

climate data as direct input data for hydrological models. Bias correction procedures are used 

to minimize the discrepancy between observed and simulated climate variables on a daily 

time step so that hydrological simulations driven by corrected simulated climate data match 

simulations using observed climate data reasonably well.  In this study the coupled model 

interpretation program (CMIP-5) has been used for generating forecasting scenarios. The tool 

used for this task is CMhyd (Climate Model data for hydrologic modelling) which is 

available in the public domain. CMhyd is a tool that can be used to extract and bias-correct 

(downscale) data obtained from global and regional climate models. The selection of model is 

done as per the recommendations of (Jena p. et al. 2015). Their study shows that four models, 

CCSM4, CESM1-CAM5, GFDL-CM3, and GFDL-ESM2G, best capture the pattern in 

Indian summer monsoon rainfall over the historical period (1871–2005). For assessing the 

present and future climate change scenarios, daily maximum temperatures from the CMIP5 

climate model historical simulations and projections based on Representative Concentration 

Pathways (RCP4.5) scenario (Taylor et al. 2012) were also used. The whole process of this 

simulation can be summarised as; 

1. Find the existing anomalies between historical observed data and modelled data 

(CMIP5). 

2. Do the bias correction using CMhyd tool to minimise the anomalies for all the 

selected models. 

3. Select the model showing the best fit or minimum anomalies. 

4. Do the future projections based on this model using Representative Concentration 

Pathways (RCP4.5) scenario. 

5. Incorporate the data of temperature and rainfall in the model and extract the outputs 

for runoff and evapotranspiration. 

From the extensive literature review the selection of models is done and the details of the 

models used are shown in table 5.4. All the models are compared to the historical 

observed data and the bias correction is done using CMhyd tool which is available in a 

public domain. The results of the comparison of all the four models with the observed 
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historical data after the bias correction shows that CCSM4 is the most efficient model. The 

comparison of this model with the observed data is shown in figure 5.11 and the future 

projections obtained from this model are used as an input data for the model.  

Table 5.4: Details of CMIP5 models considered for the study 
Sr. 
No. 

Model (Lat0x Long0) Modelling centre (Group) RMSE 

1 CCSM4 (1.25 × 0.9424) National Center for Atmospheric Research, 
U.S.A 

0.74 

2 CESM1-CAM5 ( 1.25 × 0.9424) Community Earth System Model 
Contributors, NCAR USA 

0.59 

3 GFDL-CM3 ( 2.5 × 2) NOAA Geophysical Fluid Dynamics 
Laboratory 

- 

4 GFDL-ESM2G  (2.5 ×1.5169) NOAA Geophysical Fluid Dynamics 
Laboratory 

- 

 

 

 

 

Figure 5.13: Comparison of CCSM4 and CESM1-CAM5 model for efficiency 
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Figure 5.14: Comparison of CCSM4 model with observed data along with the RCP-4.5 projections 
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Figure 5.15: Average monthly maximum & minimum temperatures for the baseline and projections 

 

Figure 5.16: Average monthly precipitation for the baseline and projections 

 

 

Figure 5.17: Projected values of ET and surface runoff 
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CHAPTER 6: FRAMEWORK FOR CLIMATE CHANGE IMPACT ASSESSMENT  
 

The study went through various analyses that dealt with trends of weather data and 

simulation of existing data to assess the possible outcomes in the near future. The results of 

scenarios clearly show the evidence of climate change impact on evapotranspiration and 

runoff making the watershed more vulnerable towards global warming. The scenarios of 

IPCC AR-4 have been incorporated for the simulation and each of the simulation result 

witnesses the existence of a considerable increase in the magnitude of maximum events. This 

module of the thesis presents the remedial measures in the form of a framework to mitigate 

the impact of climate change on evapo-transpiration and runoff.   

6.1 Framework to mitigate the impact of climate change  

 The simulation of scenarios developed in the previous module shows the considerable 

results in accordance to the climate change impact on hydrological parameters. There arises 

an inevitable necessity to mitigate these vulnerable spots to optimising the adversities, 

ignorance of which may lead to the loss of watershed hydrology. The present work provides 

the framework to assess and mitigate the impact of climate change. The framework as shown 

in figure 6.1 is classified into nine stages explained below; 

1. Selection of watershed with datasets: The research work commences with the selection 

of the study area (case study) to demonstrate the framework (strategy) and serve the 

objectives. From the past research and reports (IPCC) relevant to climate change and its 

impact on the watershed, the study area can be defined that seems to be more vulnerable to 

the effect of climate change, followed by the relevant data collection and compilation. The 

dataset would include spatial and temporal data in the form of maps and statistical format. 

This can be done through government bodies like data centers and space organisations. More 

specifically the spatial data required for the study would include digital elevation model 

(DEM) of the tributaries, landuse/landcover map, soil map, weather stations map, climate 

station map etc whereas temporal data includes weather data like rainfall, temperature, 

humidity, solar radiation and wind velocity. These data are then used to get a better idea 

about the vulnerability of the watershed through trend analysis. 

2. Checking vulnerability by trend analysis: The temporal data collected/compiled from 

stage 1 is analysed in this part of the framework. This is done by performing trend analysis 
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over the climatic data, more specifically rainfall and temperature data. According to IPCC 

temperature and rainfall are the two most important climatic parameters to find the impact of 

climate change on hydrological parameters. The trend analysis can be performed by various 

methods which is explained in the next stage of the framework. 

3. Determination of significance value by Sen’s slope method: The more popular methods 

to perform trend analysis are the Mann-Kendall test and Sen’s slope method. The literature 

review has provided many evidences about the researches including these methods for 

statistical analysis of the data. This study uses Sen’s slope method to determine the existing 

trend of the climatic condition of the watershed. The method is a linear regression that 

formulates the slope of the trend line in the form of a parameter called as Significance value 

designated as Z. The range of this value helps to decide the trend of the data. Closer to zero is 

the value (of Z), lesser is the vulnerability of the watershed in the context of climate change. 

Accordingly, positive values show a positive trend leading to the higher probability of 

occurrence of maximum events while negative value evident the occurrence of minimum 

events in the near future. 

4. Simulation modelling: The statistical analysis is followed by the modelling part where 

spatial data in the form of maps and collaterals are incorporated in the hydrological model to 

determine the value of hydrological parameters of the watershed. Several hydrological 

models are available to serve the purpose but it is recommended to go for distributed or semi-

distributed models that can vary spatially and/or temporally. In this study the model used is 

SWAT (soil and water assessment tool) which is a semi-distributed model allowing the data 

to vary spatially. Selection of model is also derived from the review of past researches in the 

relevant field which has proved the model to give substantially positive results. The model 

works as an interface of GIS wherein ArcGIS is used for the study. The model is first 

calibrated and validated by comparing the results with the observed value of the outputs 

followed by the simulation. 

5. Hydrological outputs for existing watershed: The objective of modelling is to determine 

the hydrological parameters of the watershed from the calibrated (and validated) model. The 

hydrological outputs like evapotranspiration and runoff are obtained for all the years and 

trend analysis is performed on these outputs the same way as done in stage 2 and stage 3. The 

significance value of hydrological parameters helps to decide the consequences of the impact 
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of climate change in the near future. What could be the scenario in the near future if the 

existing trend persists, can be proposed from this analysis.    

6. Simulation by imposing IPCC scenarios on the validated model: Once the model is 

calibrated and validated, it can be graded capable to simulate the outputs at different 

scenarios. More specifically, the model can be used to project the outputs in the form of 

hydrological parameters under different climatic condition in the near future. This study 

incorporates the scenarios suggested by IPCC where considerable changes are done in the 

weather files and projections are made up to the year 2050. 

7. Results of hydrological outputs using scenarios: The results from the model in the form 

of hydrological parameters are summarised and trend analysis is performed on the outputs. 

This module provides two significant outputs as the projected value of hydrological 

parameters (say runoff) and the significance value of the trend line generated from the trend 

analysis. These results help to have a comparative analysis between existing and projected 

values. 

8. Comparison with stage-5: This stage helps to decide the condition of the watershed 

during the projections, whether it would go mild, moderate or severe as compared to the 

existing values in the form of hydrological parameters. This is done by setting up a range of 

variation for the values of hydrological parameters and Sen’s slope. In this study the range of 

variation for the mild condition is proposed to be less than or equal to 10% while for 

moderate and severe the range is proposed as 11% to 24% and greater than equal to 25%. If 

the variation goes below or equal to 10% the watershed could be concluded as mild and 

(apparently) no further analysis is required. For moderate and severe conditions, relevant 

precautionary measures are developed and implemented to reframe the watershed condition 

to mild. 

9. Mitigation: “The aim of any research is not to find the problem but the solution”. This 

module of the research proposes the possible solutions to mitigate the impact of climate 

change if the vulnerability of the watershed turns out to be moderate or severe. This study 

develops the simulation by enhancing the green cover of the watershed and running the 

framework again from stage-6 until the condition of the watershed turns to mild. The 

algorithm is programmed in such a way that the model continues to simulate itself by trying 

different mitigation measures until the condition of the watershed becomes mild. 
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Figure 5.1: Framework for climate change impact assessment & mitigation 

FRAMEWORK FOR CLIMATE CHANGE IMPACT ASSESSMENT ON WATERSHED 
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ANALYSIS ON RAINFALL & TEMPERATURE 
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4. SIMULATION MODELLING 
(USING ArcSWAT) 

 

5. HYDROLOGICAL OUTPUTS FOR 
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6. SIMULATION BY IMPOSING IPCC 
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6.1.1 Enhancing the landuse/landcover in the favour of watershed 

 Trees help rain seep into the soil because living and decaying roots make soil porous 

by creating a network of well-connected, minuscule channels in the soil. Rainwater seeps into 

the soil with such channels several hundred times faster than it seeps through the soil without 

channels. Additionally, when plant debris falls on the soil and starts to organically degrade, it 

helps soil maintain integrity and form small aggregated clumps. These clumps also ensure 

that soil is porous. Thus, land under tree cover is more capable of absorbing rainwater. This 

reduces the volume of water flowing over the surface after a rain event, and thus reduces the 

volume of water entering rivers and streams. Computational models show that if reforesting 

is done in 20-35% of the river’s catchment, a 10-15% reduction is seen in flood peak heights 

after 25 years of forest growth (N. R. Gangadharappa et al). When trees are taken off, floods 

often increase because most of the rainwater enters streams and rivers in a very short 

timeframe. Such high-intensity flow is often not usable by human beings and usually flows 

into the ocean, while also causing soil erosion which leads to loss in soil nutrients. This is 

why large areas of formerly productive land, where annual rainfall is relatively high, have 

become desertified once tree cover is removed. 

As far as the objectives of the study are concerned, landcover plays a vital role in the 

analysis of hydrological parameters. Though the forest provides the major contribution to the 

landcover, enhancement in the green cover could change the scenarios affirmatively.  

From the existing landcover, mixed forest seems to dominate (after agriculture) with 

the score of about 26% while in this module of setting up the framework, it has been 

enhanced to around 33% evacuating all the wasteland and settlements. So the new landcover 

that is developed through GIS is shown in table 6.1. 

Table 6.1: New landcover for mitigation 

Landcover Area (% Of Watershed Area) 
Agriculture  62 

Forest 33 

Water Bodies 2 

Built-Up 3 
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Figure 6.2: New Landcover for mitigation 
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The landuse map developed in GIS is shown in figure 6.2. All the data to be incorporated in 

the model are left unaltered except the landcover and the simulation is done for all the four 

scenarios. The results are shown in figure 6.3 and figure 6.4. 

 

 

Figure 6.3: Result of evapotranspiration and runoff after mitigation 
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Figure 6.4: Comparison of projections of evapotranspiration and runoff before and after mitigation 
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CHAPTER 7: RESULTS AND DISCUSSIONS 
 

7.1 Results 

The present work estimates the impact of climate change on hydrological parameters 

(Evapotranspiration and Surface Runoff) through hydrological modelling. The analysis has 

been performed to evaluate the impact of climate change on ET & Surface Runoff through 

considerable variations in climatic conditions (IPCC scenarios) and thus identifying the 

vulnerable spots that may require attention in view of the climate change.  

The work is initiated by the trend analysis followed by hydrological modelling that 

introduces SWAT in association with ArcGIS to form a simulated watershed. SWAT is 

chosen as the model for the study, as it is a free, open-source, actively supported by model 

developers, well documented, and has been tested around the world. The SWAT interface 

was written as a plug-in for ArcGIS which is apparently the way most dynamic existing 

SWAT module. ArcGIS version 10.2.2 interfaces with SWAT 2012 is used for the study and 

like any other semi-distributed hydrological model it acquires several spatial data in the form 

of maps and some temporal data like weather files. The model is calibrated by choosing 

parameters (Variables) affecting the value of surface runoff (Considerably) for the period of 

2000 to 2010 (10 years). The parameters affecting the value of surface runoff are calibrated 

as a part of sensitivity analysis and the results are obtained giving average NSE as 0.90. The 

model is validated for the next five years (2011-2014) and monthly values are show below 

giving NSE as good as 0.88. Table 5.2 gives the brief summary of Hydrological Modelling 

after calibration & validation of model giving an annual average value of PCP, ET and SURQ 

in mm as 882, 303 & 285. Surface runoff contributes about 28-30% while ET losses are about 

35%. 

The calibrated model is used to commence the simulation using forecasting scenarios 

of IPCC. This objective is served by using CMIP5 project database and the models used for 

the watershed are shown in figure 5.11. From the extensive literature survey on the CMIP5 

models, two models namely CCSM4 and CESM1-CAM5 are selected to process the bias 

correction. As shown in figure 5.11 both the models are compared after doing the bias 

correction in the tool named CMhyd. From the RMSE score of both the models, CCSM4 is 

chosen to run the projections. For projections RCP 4.5 project used where the precipitation 

and temperature are projected up to 2050 as shown in figure 5.12. These data are 
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incorporated in SWAT (already calibrated) and the outputs in the form of ET and surface 

runoff are worked out. These outputs are plotted and respective significance values are 

obtained after the trend analysis. The numbers (significance values) as shown in table 7.1 

shows the considerable increase in the trend if IPCC scenarios are executed in the model. As 

presented in figure 6.1, a framework has been established in order to mitigate the impacts in 

terms of ET and runoff. One of the measure adopted in the study is the enhancement in the 

landcover (LULC) and simulation is performed. The simulation result shows the considerable 

change in the magnitude of hydrological parameters and significance values. For ET the 

projected value goes down by almost 8 to 9% while for SURQ the same value is about 7.5 to 

8%. 

As presented in figure 6.1, a framework has been established in order to mitigate the 

impacts in terms of ET and runoff. From the past research and reports (IPCC) relevant to 

climate change and its impact on the watershed, the study area can be defined that seems to 

be more vulnerable to the effect of climate change, followed by the relevant data collection 

and compilation. The dataset would include spatial and temporal data in the form of maps and 

statistical format. This can be done through government bodies like data centers and space 

organisations. More specifically the spatial data required for the study would include digital 

elevation model (DEM) of the tributaries, landuse/landcover map, soil map, weather stations 

map, climate station map, etc whereas temporal data includes weather data like rainfall, 

temperature, humidity, solar radiation, and wind velocity. These data are then used to get a 

better idea about the vulnerability of the watershed through trend analysis.  The temporal data 

collected/compiled are then analysed in this part of the framework. This is done by 

performing trend analysis over the climatic data, more specifically rainfall and temperature 

data. According to IPCC temperature and rainfall are the two most important climatic 

parameters to find the impact of climate change on hydrological parameters. The trend 

analysis can be performed by various methods which are explained in the next stage of the 

framework. The more popular methods to perform trend analysis are Mann-Kendall test and 

Sen’s slope method. The literature review has provided many evidences about the researches 

including these methods for statistical analysis of the data. This study uses Sen’s slope 

method to determine the existing trend of the climatic condition of the watershed. The 

method is a linear regression that formulates the slope of the trend line in the form of a 

parameter called as Significance value designated as Z. The range of this value helps to 

decide the trend of the data. Closer to zero is the value (of Z), lesser is the vulnerability of the 

watershed in the context of climate change. Accordingly, positive values show a positive 
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trend leading to the higher probability of occurrence of maximum events while negative 

value evident the occurrence of minimum events in the near future. The statistical analysis is 

followed by the modelling part where spatial data in the form of maps and collaterals are 

incorporated in the hydrological model to determine the value of hydrological parameters of 

the watershed. Number of hydrological models are available to serve the purpose but it is 

recommended to go for distributed or semi-distributed models that can vary spatially and/or 

temporally. In this study the model used is SWAT (soil and water assessment tool) which is a 

semi-distributed model allowing the data to vary spatially. Selection of model is also derived 

from the review of past researches in the relevant field which have proved the model to give 

substantially positive results. The model works as an interface of GIS wherein ArcGIS is 

used for the study. The model is first calibrated and validated by comparing the results with 

the observed value of the outputs followed by the simulation. Detailed results are shown in 

table 7.1.  

Table 7.1: Result of significance values of ET and runoff before and after mitigation 

Parameters 

Annual 
Average 

of existing 
36 years 

Projected 
value at year 

2050 with 
existing LULC 

Projected 
value at year 

2050 with new 
LULC 

Sen’s 
Slope 

Z 
(existing 
LULC) 

Sen’s 
Slope 

Z 
(new 

LULC) 
ET 303 355 340 2.67 2.61 

SURQ 285 320 308 1.59 1.41 
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7.2 Discussion 

The study not only aims to present the existing picture of climate change impact on 

hydrological parameters but also the possible scenarios in near future in absence of mitigation 

followed by preventive measures in the form of framework to mitigate the impact. Precisely 

it can be concluded that the study deals with three modules broadly as 1) Analysing existing 

scenarios 2) Projecting the existing scenarios to near future and 3) Framework to mitigate the 

impact on maximum events. All these modules are done through trend analysis and 

hydrological modelling. Existing trends are generated by assuming linear regression and 

method utilised is Sens’ slope method. The detailed summary is shown in table 4.1. The 

detailed trend analysis clearly shows the evidence of climate change on the Hathmati river 

basin. Except for Feb, March and July, each month shows a considerable positive trend 

towards the temperature rise ranging from -0.29 to +3.09. The trend for annual mean rainfall 

(from 1979 to 2013) shows a considerable positive trend (Z=1.82) as well. This trend is 

utilised to generate scenarios for different climatic condition and their impact on ET and 

runoff is simulated through hydrological modelling. 

From Trend Analysis it is observed that there exists a considerable positive Trend for 

temperature in the favor of Climate Change impact. Sen’s significance (Z) value ranges from 

-0.39 to +1.73. Existing Trend for PCP, ET & SURQ is found to be positive with an average 

significance value of 2.88, 2.67 & 1.59 respectively. Sensitivity Analysis is performed to 

calibrate the model for the monthly values of surface runoff giving average efficiency (NSE) 

of model as 0.90. The model is successfully validated for five years giving NSE as 0.89. 

Calibrated & Validated model shows that average values of ET & SURQ in mm against 

882mm of PCP are 303mm & 285mm respectively 

As presented in figure 6.1, a framework has been established to mitigate the impacts 

in terms of ET and runoff. One of the measures adopted in the study is the enhancement in 

the landcover (LULC) and simulation is performed. The simulation result shows a 

considerable change in the magnitude of hydrological parameters and significance values. For 

ET the projected value goes down by almost 8 to 9% while for SURQ the same value is about 

7.5 to 8%. The results from the model in the form of hydrological parameters are summarised 

and trend analysis is performed on the outputs. This module provides two significant outputs 

as the projected value of hydrological parameters (say runoff) and the significance value of 

the trend line generated from the trend analysis. These results help to have a comparative 

analysis between existing and projected values. This stage helps to decide the condition of the 
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watershed during the projections, whether it would go mild, moderate or severe as compared 

to the existing values in the form of hydrological parameters. This is done by setting up a 

range of variation for the values of hydrological parameters and Sen’s slope. In this study the 

range of variation for the mild condition is proposed to be less than or equal to 10% while for 

moderate and severe the range is proposed as 11% to 24% and greater than equal to 25%. 

Based on the variation (for moderate and severe), relevant precautionary measures are 

developed and implemented to reframe the watershed condition to mild. “The aim of any 

research is not to find the problem but the solution”. With this phrase the research proposes 

the possible solutions to mitigate the impact of climate change if the vulnerability of the 

watershed turns out to be moderate or severe. This study develops the simulation by 

enhancing the green cover of the watershed and running the framework again from stage-6 

until the condition of the watershed turns to mild. The algorithm is programmed in such a 

way that the model continues to simulate itself by trying different mitigation measures until 

the target is achieved. Till then, the cycle keeps on applying different permutations and 

combinations for mitigation. The conclusion of the study in the concise and generalised form 

can be presented as there exists an unavoidable evidence of the climate change impact on 

Hathmati River which happens to be the important tributary of western India. Lack of 

mitigating measures could lead to the inevitable consequences which might affect the natural 

resources and economy of the nation. 

********* 
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CHAPTER 8: CONCLUSIONS 
 

The study deals with the Climate change that happens to be an inevitable process that 

has (apparently) lead the earth to evolve from an ice age to the present era. The natural 

elements such as the atmosphere, hydrosphere, geo-sphere, biosphere along with human 

factors like land and its use cause local, regional or even global changes in climate. It is a 

prevailing crisis with health and safety, economic, security food production, etc. The 

Hathmati River watershed has been selected for the study which is one of the major tributary 

(left) of the Sabarmati River. The spatial variation in the rainfall is highest for the Hathmati 

basin amongst all sub-basins of the Sabarmati basin. The river happens to be one of the most 

important tributary for western India in accordance with climate change. 

The study went through various analysis that dealt with trends of weather data and 

simulation of existing data to assess the possible outcomes in the near future. The results of 

scenarios clearly show the evidence of climate change impact on evapotranspiration and 

runoff making the watershed more vulnerable towards global warming. The scenarios of 

IPCC (CMIP5) have been incorporated for the simulation and each of the simulation result 

witnesses the existence of a considerable increase in the magnitude of maximum events.  

More precisely it can be concluded that the study deals with three modules broadly as 

1) Analyzing existing scenarios 2) Projecting the existing scenarios to near future and 3) 

Framework to mitigate the impact on maximum events. All these modules are done through 

trend analysis and hydrological modelling. Existing trends are generated by assuming linear 

regression and method utilised is Sens’ slope method. This module comprised of annual, 

seasonal and monthly analysis over rainfall, maximum temperature, minimum temperature, 

and average temperature. The detailed summary is shown in table 4.1. The detailed trend 

analysis clearly shows the evidence of climate change on the Hathmati river basin. Except for 

Feb, March and July, each month shows a considerable positive trend towards the 

temperature rise ranging from -0.29 to +3.09. The trend for annual mean rainfall (from 1979 

to 2013) shows a considerable positive trend (Z=1.82) as well. This trend is utilised to 

generate scenarios for different climatic condition and their impact on ET and runoff is 

simulated through hydrological modelling. 

The Trend analysis is followed by hydrological modelling that introduces SWAT in 

association with ArcGIS to form a simulated watershed. The SWAT interface was written as a 

plug-in for ArcGIS which is apparently the way most dynamic existing SWAT module. 
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ArcGIS version 10.2.2 interfaces with SWAT 2012 is used for the study and like any other 

semi-distributed hydrological model it acquires several spatial data in the form of maps and 

some temporal data like weather files. The model is calibrated by choosing parameters 

(Variables) affecting the value of surface runoff (Considerably) for the period of 2000 to 

2010 (10 years). The parameters affecting the value of surface runoff are calibrated as a part 

of sensitivity analysis and the results are obtained giving average NSE as 0.89. The model is 

validated for the next five years (2011-2014) and monthly values are show below giving NSE 

as good as 0.88. Figure 5.2 gives a brief summary of Hydrological Modelling after calibration 

& validation of model giving an annual average value of PCP, ET and SURQ in mm as 882, 

303 & 285. Surface runoff contributes about 28-30% while ET losses are about 35%. 

The calibrated model is used to commence the next module of study i.e. Simulation 

using Forecasting Scenarios of IPCC. From the extensive literature survey on the CMIP5 

models, two models namely CCSM4 and CESM1-CAM5 are selected to process the bias 

correction. As shown in figure 5.11 both the models are compared after doing the bias 

correction in the tool named CMhyd. From the RMSE score of both the models, CCSM4 is 

chosen to run the projections. For projections RCP 4.5 project used where the precipitation 

and temperature are projected up to 2050 as shown in figure 5.12. These data are incorporated 

in SWAT (already calibrated) and the outputs in the form of ET and surface runoff are worked 

out. These outputs are plotted and respective significance values are obtained after the trend 

analysis. The numbers (significance values) as shown in table 7.1 shows the considerable 

increase in the trend if IPCC scenarios are executed in the model.  

The simulation of scenarios developed in the previous module shows the considerable 

results in accordance to the climate change impact. There arises an inevitable necessity to 

mitigate these vulnerable spots in the channel of optimising the adversities, ignorance of 

which may lead to the failure of the natural watershed so developed in the watershed. The 

present module provides the framework that enhances the landcover in favour of watershed 

while the other measures i.e. changing crop patterns and alteration in soil data is left under 

the scope of the study. As far as the objectives of the study are concerned, landcover plays a 

vital role in the analysis of hydrological parameters. Though the forest provides the major 

contribution to the landcover, enhancement in the green cover could change the scenarios 

affirmatively. From the existing landcover, mixed forest seems to dominate (after agriculture) 

with the score of about 26% while in this module of setting up the framework, it has been 

enhanced to around 36% evacuating all the wasteland and settlements. The simulation is 

performed by keeping the rest of the inputs unaltered. 
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A framework has been established to mitigate the impacts in terms of ET and runoff. 

From the past research and reports (IPCC) relevant to climate change and its impact on the 

watershed, the study area can be defined that seems to be more vulnerable to the effect of 

climate change, followed by the relevant data collection and compilation. The dataset would 

include spatial and temporal data in the form of maps and statistical format. This can be done 

through government bodies like data centers and space organisations. More specifically the 

spatial data required for the study would include digital elevation model (DEM) of the 

tributaries, landuse/landcover map, soil map, weather stations map, climate station map, etc 

whereas temporal data includes weather data like rainfall, temperature, humidity, solar 

radiation, and wind velocity. These data are then used to get a better idea about the 

vulnerability of the watershed through trend analysis. The temporal data collected/compiled 

are then analysed in this part of the framework. This is done by performing trend analysis 

over the climatic data, more specifically rainfall and temperature data. According to IPCC 

temperature and rainfall are the two most important climatic parameters to find the impact of 

climate change on hydrological parameters. The trend analysis can be performed by various 

methods which are explained in the next stage of the framework. The more popular methods 

to perform trend analysis are the Mann-Kendall test and Sen’s slope method. The literature 

review has provided many evidences about the researches including these methods for 

statistical analysis of the data. This study uses Sen’s slope method to determine the existing 

trend of the climatic condition of the watershed. The method is a linear regression that 

formulates the slope of the trend line in the form of a parameter called as Significance value 

designated as Z. The range of this value helps to decide the trend of the data. Closer to zero is 

the value (of Z), lesser is the vulnerability of the watershed in the context of climate change. 

Accordingly, positive values show a positive trend leading to a higher probability of 

occurrence of maximum events while negative value evident the occurrence of minimum 

events in the near future. The statistical analysis is followed by the modelling part where 

spatial data in the form of maps and collaterals are incorporated in the hydrological model to 

determine the value of hydrological parameters of the watershed. A number of hydrological 

models are available to serve the purpose but it is recommended to go for distributed or semi-

distributed models that can vary spatially and/or temporally. In this study the model used is 

SWAT (soil and water assessment tool) which is a semi-distributed model allowing the data 

to vary spatially. Selection of model is also derived from the review of past researches in the 

relevant field which has proved the model to give substantially positive results. The model 

works as an interface of GIS wherein ArcGIS is used for the study. The model is first 
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calibrated and validated by comparing the results with the observed value of the outputs 

followed by the simulation. 

The hydrological outputs like evapotranspiration and runoff are obtained for all the 

years and trend analysis is performed on these outputs the same way as done in stage 2 and 

stage 3. The significance value of hydrological parameters helps to decide the consequences 

of the impact of climate change in the near future. What could be the scenario in the near 

future if the existing trend persists, can be proposed from this analysis. Once the model is 

calibrated and validated, it can be graded capable to simulate the outputs at different 

scenarios. More specifically, the model can be used to project the outputs in the form of 

hydrological parameters under different climatic condition in the near future. This study 

incorporates the scenarios suggested by IPCC (CMIP5 and RCP4.5 projections) where 

considerable changes are done in the weather files and projections are made up to the year 

2050. 

 The results from the model in the form of hydrological parameters are summarised 

and trend analysis is performed on the outputs. This module provides two significant outputs 

as the projected value of hydrological parameters (say runoff) and the significance value of 

the trend line generated from the trend analysis. These results help to have a comparative 

analysis between existing and projected values. This stage helps to decide the condition of the 

watershed during the projections, whether it would go mild, moderate or severe as compared 

to the existing values in the form of hydrological parameters. This is done by setting up a 

range of variation for the values of hydrological parameters and Sen’s slope. In this study the 

range of variation for the mild condition is proposed to be less than or equal to 10% while for 

moderate and severe the range is proposed as 11% to 24% and greater than equal to 25%. 

Based on the variation (for moderate and severe), relevant precautionary measures are 

developed and implemented to reframe the watershed condition to mild. “The aim of any 

objective is not to find the problem but the solution”. With this phrase the research proposes 

the possible solutions to mitigate the impact of climate change if the vulnerability of the 

watershed turns out to be moderate or severe. This study develops the simulation by 

enhancing the green cover of the watershed and running the framework again from stage-6 

until the condition of the watershed turns to mild. The algorithm is programmed in such a 

way that the model continues to simulate itself by trying different mitigation measures until 

the target is achieved. The algorithm is programmed in such a way that the model continues 

to simulate itself by trying different mitigation measures until the condition of the watershed 
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becomes mild. The conclusion of the study in the concise and generalised form can be 

presented as there exists an unavoidable evidence of the climate change impact on Hathmati 

River which happens to be the important tributary of western India. Lack of mitigating 

measures could lead to the inevitable consequences which might affect the natural resources 

and economy of the nation. 

The proposed framework could be applied to any watershed with the objective to 

assess the impact of climate change on the hydrology of the watershed and to mitigate the 

impact by adopting necessary measures. 

********* 
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APPENDIX-B: Files of Swat Run 

 

Calibration output files from SUFI-2 

FLOW_OUT_9 

observed          L95PPU         U95PPU         Best_Sim       M95PPU 

0.000000        0.000000        0.000000        0.000000        0.000000        

0.000370        0.000407        0.000407        0.000400        0.000407        

0.000000        0.000000        0.000000        0.000000        0.000000        

0.000000        0.000000        0.000000        0.000000        0.000000        

0.000000        0.000000        0.000000        0.000000        0.000000        

133.646606      146.899994      146.899994      146.899994      146.899994      

168.082825      184.699997      184.699997      184.699997      184.699997      

178.657364      196.300003      196.300003      196.300003      196.300003      

195.269119      214.600006      214.600006      214.600006      214.600006      

103.081276      113.300003      113.300003      113.300003      113.300003      

52.416496       57.599998       57.599998       57.599998       57.599998       

23.591368       25.920002       25.920002       25.920000       25.920002       

6.503563        7.147000        7.147000        7.147000        7.147000        

1.494485        1.642000        1.642000        1.642000        1.642000        

0.573272        0.630000        0.630000        0.630000        0.630000        

0.334930        0.368100        0.368100        0.368100        0.368100        

0.139595        0.153400        0.153400        0.153400        0.153400        

0.184966        0.203300        0.203300        0.203300        0.203300        

36.776241       40.410000       40.410000       40.410000       40.410000       

78.855141       86.650002       86.650002       86.650002       86.650002       

139.983765      153.800003      153.800003      153.800003      153.800003      

95.742149       105.199997      105.199997      105.199997      105.199997      

51.705086       56.820000       56.820000       56.820000       56.820000       

23.598700       25.929998       25.929998       25.930000       25.929998       

6.576396        7.227000        7.227000        7.227000        7.227000        



 

136 
 

1.462755        1.607000        1.607000        1.607000        1.607000        

0.491382        0.540000        0.540000        0.540000        0.540000        

0.221961        0.243900        0.243900        0.243900        0.243900        

0.019336        0.021250        0.021250        0.021300        0.021250        

34.255623       37.639999       37.639999       37.639999       37.639999       

273.707428      300.799988      300.799988      300.799988      300.799988      

148.921524      163.699997      163.699997      163.699997      163.699997      

157.566055      173.100006      173.100006      173.100006      173.100006      

114.015877      125.300003      125.300003      125.300003      125.300003      

69.701195       76.589996       76.589996       76.589996       76.589996       

33.707851       37.040001       37.040001       37.040001       37.040001       

13.538454       14.880000       14.880000       14.880000       14.880000       

3.162072        3.475000        3.475000        3.475000        3.475000        

0.900843        0.989900        0.989900        0.989900        0.989900        

0.503684        0.553500        0.553500        0.553500        0.553500        

0.191070        0.210000        0.210000        0.210000        0.210000        

0.072033        0.079160        0.079160        0.079200        0.079160        

20.614649       22.650000       22.650000       22.650000       22.650000       

66.465553       73.040001       73.040001       73.040001       73.040001       

78.359215       86.110001       86.110001       86.110001       86.110001       

57.776520       63.490002       63.490002       63.490002       63.490002       

31.676008       34.810001       34.810001       34.810001       34.810001       

14.776515       16.240000       16.240000       16.240000       16.240000       

3.646661        4.007000        4.007000        4.007000        4.007000        

0.691895        0.760300        0.760300        0.760300        0.760300        

0.217512        0.239000        0.239000        0.239000        0.239000        

0.151751        0.166800        0.166800        0.166800        0.166800        

0.151010        0.165900        0.165900        0.165900        0.165900        

3.887598        4.272000        4.272000        4.272000        4.272000        

50.682728       55.700001       55.700001       55.700001       55.700001       
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92.845428       102.000000      102.000000      102.000000      102.000000      

91.946495       101.000000      101.000000      101.000000      101.000000      

63.620712       69.910004       69.910004       69.910004       69.910004       

33.954151       37.310001       37.310001       37.310001       37.310001       

15.495157       17.030001       17.030001       17.030001       17.030001       

 

p-factor= 1.00 

r-factor= 0.00 

R2= 1.00 

Nash_Sutclif= 0.98 

 

 

 FLOW_OUT_9 

observed       L95PPU         U95PPU         Best_Sim       M95PPU 

0.000000        0.000000        0.000000        0.000000        0.000000        

0.000370        0.000407        0.000407        0.000400        0.000407        

0.000000        0.000000        0.000000        0.000000        0.000000        

0.000000        0.000000        0.000000        0.000000        0.000000        

0.000000        0.000000        0.000000        0.000000        0.000000        

133.646606      146.899994      146.899994      146.899994      146.899994      

168.082825      184.699997      184.699997      184.699997      184.699997      

178.657364      196.300003      196.300003      196.300003      196.300003      

195.269119      214.600006      214.600006      214.600006      214.600006      

103.081276      113.300003      113.300003      113.300003      113.300003      

52.416496       57.599998       57.599998       57.599998       57.599998       

23.591368       25.920002       25.920002       25.920000       25.920002       

6.503563        7.147000        7.147000        7.147000        7.147000        

1.494485        1.642000        1.642000        1.642000        1.642000        

0.573272        0.630000        0.630000        0.630000        0.630000        

0.334930        0.368100        0.368100        0.368100        0.368100        
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0.139595        0.153400        0.153400        0.153400        0.153400        

0.184966        0.203300        0.203300        0.203300        0.203300        

36.776241       40.410000       40.410000       40.410000       40.410000       

78.855141       86.650002       86.650002       86.650002       86.650002       

139.983765      153.800003      153.800003      153.800003      153.800003      

95.742149       105.199997      105.199997      105.199997      105.199997      

51.705086       56.820000       56.820000       56.820000       56.820000       

23.598700       25.929998       25.929998       25.930000       25.929998       

6.576396        7.227000        7.227000        7.227000        7.227000        

1.462755        1.607000        1.607000        1.607000        1.607000        

0.491382        0.540000        0.540000        0.540000        0.540000        

0.221961        0.243900        0.243900        0.243900        0.243900        

0.019336        0.021250        0.021250        0.021300        0.021250        

34.255623       37.639999       37.639999       37.639999       37.639999       

273.707428      300.799988      300.799988      300.799988      300.799988      

148.921524      163.699997      163.699997      163.699997      163.699997      

157.566055      173.100006      173.100006      173.100006      173.100006      

114.015877      125.300003      125.300003      125.300003      125.300003      

69.701195       76.589996       76.589996       76.589996       76.589996       

33.707851       37.040001       37.040001       37.040001       37.040001       

13.538454       14.880000       14.880000       14.880000       14.880000       

3.162072        3.475000        3.475000        3.475000        3.475000        

0.900843        0.989900        0.989900        0.989900        0.989900        

0.503684        0.553500        0.553500        0.553500        0.553500        

0.191070        0.210000        0.210000        0.210000        0.210000        

0.072033        0.079160        0.079160        0.079200        0.079160        

20.614649       22.650000       22.650000       22.650000       22.650000       

66.465553       73.040001       73.040001       73.040001       73.040001       

78.359215       86.110001       86.110001       86.110001       86.110001       

57.776520       63.490002       63.490002       63.490002       63.490002       
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31.676008       34.810001       34.810001       34.810001       34.810001       

14.776515       16.240000       16.240000       16.240000       16.240000       

3.646661        4.007000        4.007000        4.007000        4.007000        

0.691895        0.760300        0.760300        0.760300        0.760300        

0.217512        0.239000        0.239000        0.239000        0.239000        

0.151751        0.166800        0.166800        0.166800        0.166800        

0.151010        0.165900        0.165900        0.165900        0.165900        

3.887598        4.272000        4.272000        4.272000        4.272000        

50.682728       55.700001       55.700001       55.700001       55.700001       

92.845428       102.000000      102.000000      102.000000      102.000000      

91.946495       101.000000      101.000000      101.000000      101.000000      

63.620712       69.910004       69.910004       69.910004       69.910004       

33.954151       37.310001       37.310001       37.310001       37.310001       

15.495157       17.030001       17.030001       17.030001       17.030001       

 

p-factor= 1.00 

d_factor= 0.00 

R2= 0.91 

Nash_Sutclif= 0.90 

 

Goal_type= Nash_Sutcliff    No_sims= 5     Best_sim_no= 1    Best_goal = 9.846128e-001 

no_pars=  6 

no_Sims=  150 

type_of_goal_fn= Nash_Sutcliff 

Goal_type= Nash_Sutcliff    No_sims= 5     Best_sim_no= 1    Best_goal = 9.846128e-001 

Variable           p-factor  r-factor  R2    NS     bR2      MSE       SSQR       PBIAS  KGE  RSR   MNS   VOL_FR  -
--  Mean_sim(Mean_obs)   StdDev_sim(StdDev_obs) 

FLOW_OUT_9         1.00      0.00      1.00  0.98   0.9100   5.7e+001  5.7e+001   -9.9  0.86  0.12  0.90  
0.91           50.85(46.28)          67.17(61.13) 
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---- Results for behavioral parameters ---  

Behavioral threshold= 0.500000 

Number of behavioral simulations = 5  

 

Variable           p-factor  r-factor  R2    NS     bR2      MSE       SSQR       PBIAS  KGE  RSR   MNS   VOL_FR  -
--  Mean_sim(Mean_obs)   StdDev_sim(StdDev_obs) 

FLOW_OUT_9         1.00      0.00      1.00  0.98   0.9100   5.7e+001  5.7e+001   -9.9  0.86  0.12  0.00  
0.91           50.85(46.28)          67.17(61.13) 

4      -0.1600   0.1000 408.0000   0.2000  0.984613 

5       0.0800   0.3000 324.0000   1.8000  0.984613 
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