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ABSTRACT:

Climate change, whether as a natural cycle variability and/or due to anthropogenic reasons, is affecting and likely to further affect the
water resources, which is a vital necessity for existence of life form. The predicted intensification of hydrological cycle would
change all of its constituents both in time and space domain. This is a long term phenomenon and the necessity is to understand the
intensity of the effects on various aspects of water resources by way of scientific studies backed by the available field data.
Therefore, in the present study, the impact of climate and land use land cover change on entire India under different assumed
plausible hypothetical scenarios has been studied. These scenarios were developed by increasing; temperature by 1, 2 and 3°C;
rainfall by 5, 10 and 15%; and then the combination of both. To carry out this analysis, variable infiltration capacity (VIC) semi-
distributed macroscale hydrological model has been investigated. It was found that slight change in climate may pose huge difference

on hydrological cycle and its component.

1. INTRODUCTION

Since the beginning of concern over the possible consequences
of global warming, it has been widely recognized that changes
in the cycling of water between land, sea, and air could have
very significant impacts across many sectors of the economy,
society, and the environment. The climate change and its impact
on hydrological processes are of widespread concern and a great
challenge to researchers and policy makers in this changing
environment. Moreover, understanding the hydrologic response
of very large river basins or entire country offers new challenges
and opportunities for hydrologists. The impacts of climate
change on hydrology wusually are studied by defining
scenarios for changes in climatic inputs to a hydrological model
in two ways: (i) studies using GCM/RCMs directly to predict
impact of climate change scenarios (ii) studies using
hydrological models with assumed plausible hypothetical
climatic inputs (IPCC, 2001b). The three key issues confronted
here are: constructing scenarios that are suitable for
hydrological impact assessments; developing and using
realistic hydrological models; and understanding better the
linkages and feedbacks between climate and hydrological
systems. In the present analysis these issues were critically
analysed and addressed as discussed below.

The rainfall and temperature drives the hydrological cycle,
influencing hydrological processes in a direct or indirect way. A
large number of studies have been carried out to analyze the
trends of variation in these parameters over India/Indian Sub-
continent. The projections indicate that the warming would vary
from region to region, accompanied by increase and decrease in
precipitation (Sahai et al., 2003; Gadgil et al., 2004; Goswami
et al., 2006; Ghosh et al., 2009). In addition, there would be
change in the variability of climate, and changes in frequency
and intensity of some extreme climatic phenomenon. Flood
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magnitude and frequency are likely to increase in most regions,
and low flows are likely to decrease in many regions. However,
there have been very few studies addressing the issue directly,
largely due to difficulties in defining credible scenarios for
changes in flood producing climatic events. As it may be
observed from these findings, studies using hydrological model
with assumed plausible hypothetical climatic inputs would be
useful for assessing impacts of climate change on water
resources. The evolution of soil-vegetation-atmosphere transfer
schemes (SVATS) models, those are applicable to large areas
and river basins, has solved the second and third issue to large
extent. Therefore, in the present study, the impact of climate
and land use land cover change on entire India under different
assumed plausible hypothetical scenarios has been studied.

2. STUDY AREA AND ITS CLIMATE

India has been known for vast variability in availability of water
resources in the country. The main land mass of India is located
between 8°4’ N and 37°6° N latitude to 68°7° E and 97°25’ E
longitude with the geographical area of 3,287,263 km?. India is
endowed with almost all the important topographical features
such as high mountains in north, extensive plateaus, wide plains
traversed by mighty rivers and ocean in south which influence
its climate. That is why; India is a country with extremes of
climate. The presence of Himalaya has an important bearing on
the climate and water resources of the country. The Himalayan
ranges are the primary source of rivers which derive their flow
from rainfall, snow and glacier melt. Moreover, Himalayas act
as a meteorological barrier due to which the Indian sub-
continent experiences tropical monsoon. The temperature in
country varies from 47°C at many places in summer to low as -
40°C at few places in Himalayas. The rainfall distribution is
also extreme as some places receive negligible rainfall, where,
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Cherrapunji alone receives highest rainfall in the world around
11,000 mm per annum. These widely varying climatic
conditions in conjunction with range of topographic and soil
properties lead to a complex water resources distribution over
the country.

In India several studies have been carried out to determine the
changes in temperature and rainfall and its association with
climate change. However, investigators used different data
length and now studies have been reported using more than a
century data.

2.1 Temperature Trend in India

A study by Pant and Kumar (1997) on the seasonal and annual
air temperature of India from 1881 to 1997 shows that there has
been an increasing trend of mean annual temperature by the rate
of 0.57°C per 100 years. The trend of all India mean annual
surface air temperature anomalies is shown in Figure 1. An
analysis of temperature data of 125 stations distributed all over
India shows an increase of 0.42°C, 0.92°C and 0.09°C in annual
mean temperature, mean maximum temperature and mean
minimum temperature respectively over the last 100 years
(CWC and NIH, 2008). In a similar study, Hingane et al. (1985)
analysed long term temperature records (1901 - 1982) of 73
stations and again found increasing trend of mean annual
surface air temperature over India. It was observed that about
0.4°C warming has taken place on country scale during the
period of eight decades. It has been observed that the changes in
temperature in India/Indian-Subcontinent over last century are
broadly consistent with global trend of increase in temperature.
However, the studies carried out on regional basis show varying
trends. Hingane et al. (1985) observed that trend of increase in
mean annual temperature over the entire country was a result of
rise in the maximum temperature; but later studies carried out
by Sinha Ray et al. (1997) have shown that the changes in mean
annual temperature are partly due to rise in the minimum
temperature related to enhanced extent of urbanisation.
Thereafter findings by Mukhopadhyay et al. (1999) have
confirmed that there is clear signal of urbanisation in these
warming, i.e. that there is a steeper rise in the minimum
temperature in urban locations. Further, examination of long-
term variation in the annual mean temperature of highly
industrial and densely populated cities like Mumbai and
Kolkata has shown increasing trend in annual mean temperature
by 0.84°C and 1.39°C per 100 years, respectively (Hingane,
1995). These warming rates are much higher than the values
reported for the country as a whole.
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Figure 1. All India mean annual surface air temperature
anomalies (1881 - 1997) [Source: Pant and Kumar (1997)]
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2.2 Rainfall Trend in India

Studies related to change in rainfall over India have shown that
there is no clear trend of increase or decrease in average annual
rainfall over the country (Mooley and Parthasarathy, 1984;
Sarkar and Thapliyal, 1988; Thapliyal and Kulshrestha, 1991;
Lal, 2001). The examination of trend of annual rainfall over
India has indicated that 5 year running mean has fluctuated
from normal rainfall within + one standard deviation (Thapliyal
and Kulshrestha, 1991). Summer monsoon rainfall anomalies
for all India are shown in Figure 2. Though the monsoon
rainfall in India is found to be trendless over a long period of
time, particularly on the all India scale (Mooley and
Parthasarathy, 1984), but there are pockets of significant long-
term rainfall changes (Koteswaram and Alvi, 1969; Jagannathan
and Parthasarathy, 1973; Raghavendra, 1974; Chaudhary and
Abhyankar, 1979).

A comprehensive study using the monthly rainfall data for 306
stations distributed over India was attempted by Rupa Kumar et
al. (1992). It was noticed that areas of north-east peninsula,
north-east India and north-west peninsula indicate widespread
decreasing trend in the Indian summer monsoon rainfall. On the
other hand, a widespread increasing trend in monsoon rainfall
over the west coast, central peninsula and north-west India. The
decreasing trend ranges between -6 to -8% of the normal per
100 years while the increasing trend is about 10 to 12%.
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Figure 2. All India summer monsoon rainfall anomalies (1871 -
1999) [Source: Lal (2001)]

A warmer climate may lead to intensification of the
hydrological cycle, resulting in higher rates of evaporation and
increase of liquid precipitation. These processes, in association
with a shifting pattern of precipitation, may affect the spatial
and temporal distribution of runoff, soil moisture, groundwater
reserves etc. and may increase the frequency of droughts and
floods. Increase in extreme climatic events will be of great
consequence owing to the high vulnerability of the region to
these changes.

3. SCENARIO DEVELOPMENT

In order to predict the future change in temperature as well as
temporal and spatial variability in monsoon rainfall over India,
many studies have been carried out. In one such analysis, Lal
(2001) developed the four SRES emission scenarios based on
the data generated in numerical experiments with Atmosphere
and Ocean coupled Global Circulation Model of the
CCSR/NIES, Japan. It was projected that over the inland
regions of the Indian sub-continent, the mean surface
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temperature may rise between 3.5°C and 5.5°C by 2080. On
seasonal basis, the projected surface warming is higher in winter
then during summer monsoon. The spatial pattern of
temperature change has a large seasonal dependency. The
spatial distribution of the surface warming suggests that north
India may experience an annual mean surface warming of 3°C
rise or more by 2050s. GCM models have simulated peak
warming of 3°C over north and central India in winter. Over
much of the southern peninsula, the warming is likely to be
under 2°C during winter season. The surface temperature rise
would be more pronounced over northern and eastern region
(~2°C) during the monsoon season.

The increase in annual mean precipitation over the India sub-
continent is projected to be 7 to 10% by 2080s. Winter
precipitation may decrease by 5 to 25% in the Indian sub-
continent. An increase of 10 to 15% is projected in area average
summer monsoon rainfall over the Indian sub-continent. Over
north-west India, during monsoon season an increase of about
30% or more is suggested by 2050s. The western semi-arid
margins of India could receive higher than normal rainfall in the
warmer atmosphere. It is also likely that date of onset of
summer monsoon over India could become more variable in
future. IPCC (2001a, b) has indicated that variability in Asian
summer monsoon is expected to increase along with changes in
the frequency and intensity of extreme climate events in this
region. All climate models simulated an enhanced hydrological
cycle and increase in annual mean rainfall over South Asia
(under non-aerosol forcing). Future projection of increase in
temperature and changes in precipitation over Indian
subcontinent are shown in Table 1.

Table 1. Climate change projections for the Indian sub-
continent [Source Lal (2001)]

Increase in Change in
Scenarios Temperature rainfall
() (%)
Annual 1.00-1.41 2.16-5.97
2020s | Winter 1.08-1.54 (-)1.95 - 4.36
Monsoon 0.87-1.17 1.81-5.10
Annual 2.23-2.27 5.36-9.34
2050s | Winter 2.54-3.18 (-)9.22 - 3.82
Monsoon 1.81-237 7.18 - 10.52
Annual 3.53 -5.55 7.48 - 9.90
2080s | Winter 4.14-6.31 (-)24.83 - 4.50
Monsoon 2.91-4.62 10.10 - 15.18

Based on these studies and IPCC A2/B2 recommendations, 16
hypothetical combination of scenarios were developed for the
present analysis by increasing; temperature by 1, 2 and 3°C;
rainfall by 5, 10 and 15%; and their combination.

4. HYDROLOGICAL MODEL SET-UP AND DATA
ASSIMILATION

An effort has been made to investigate advantageous SVAT
‘variable infiltration capacity (VIC)’ model to assess runoff
potential and other hydrological components for entire India.
VIC is a semi-distributed macroscale hydrological model
designed to represent surface energy, hydrological fluxes and
states at scales from large river basins to the entire globe (Liang,
1994; Liang et al., 1994; Liang et al., 1996). It is grid based
model which quantifies the dominant hydro-meteorological
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process taking place at the land surface atmospheric interface.
In the present study, the model was forced with daily
precipitation, maximum and minimum air temperature procured
from Indian Meteorological Department (IMD) at daily time
step on 25 x 25 km grid. The 25 x 25 km grid map laid over
land mass of India is shown in Figure 3. It was identified that
4707 number of grids lie on land mass and are to be run for
analysis. The base map in the figure is GTopo30 digital
elevation model (DEM) with resolution 3 arc seconds, which
has been used for elevation and slope parameters.
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Figure 3. GTopo 30 DEM map of India showing its location

In order to implement VIC model, five main input files are
required namely forcing, soil parameter, vegetation parameter,
vegetation library and global parameter file in ASCII format.

4.1 Meteorological Forcing File

In the present study, as the model was employed in water
balance mode, the meteorological parameters considered to
force the model were daily precipitation, daily minimum and
maximum temperature. The 0.5° x 0.5° precipitation; and 1° x 1°
minimum and maximum temperature gridded data of IMD have
been procured for the period of 1991 - 2005 (Rajeevan and
Bhate, 2008). For each grid, forcing files containing daily
precipitation, minimum and maximum temperature from 1991
to 2005 have been generated using the programming in IDL.

4.2 Soil Parameter File

The soil parameter file describes the unique soil properties (in
addition to several other variables) for each grid cell in the
model domain. As mentioned above VIC2L has been adopted in
the present analysis, hence, 02 layers of soil with 300 mm and
700 mm depth have been considered. The soil information,
namely soil texture, bulk density and saturated hydraulic
conductivity correspond to each layer depth has been extracted
from FAOQO’s digitized soil map of the world at scale of
1:5,000,000 (FAO, 2003). The related other soil variables such
as maximum velocity of baseflow; fraction of maximum soil
moisture where non-linear baseflow occurs; average soil
temperature; particle density; fractional soil moisture content at
the critical and wilting point; surface roughness; residual
moisture of each layer have been picked as the standard values,
those are provided at VIC website. All these parameters have
been designated for each grid along with its longitude, latitude,
median elevation, mean annual rainfall and initial soil moisture
to initiate the model.
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4.3 Vegetation Parameters and Vegetation Library File

The vegetation parameter and vegetation library files were
prepared from global land cover classification map generated by
The University of Maryland Department (UMD) of Geography
at a 1 km nominal spatial resolution (Hansen et al., 1998; 2000).
The vegetation parameter file defines the number of vegetation
types in each grid cell, along with their fractional coverage, root
depth and its fraction. The vegetation library file defines the
different landcover types allowed in the simulation and
corresponding influencing parameters namely architectural
resistance; minimum stomatal resistance; leaf-area index;
shortwave  albedo;  vegetation  roughness length and
displacement height; trunk ratio; and height at wind speed is
measured. In this file, a flag has to be assigned to indicate
whether or not the current vegetation type has an overstory. The
values of these parameters correspond to each LULC class is
available in LDAS 8" database and MM5 Terrain dataset
(http://ldas.gsfc.nasa.gov/nldas/NLDASmapveg.php).

4.4 Global Parameter File

This is the main input file of VIC model which sets simulation
options, such as start/end dates and modes of operation;
compiling the locations of the above prepared input files and
directory which will store output files.
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5. RESULTS AND DISCUSSION

The hydrological simulation of the entire India has been carried
out using VIC model at 25 x 25 km grid. Initial run was carried
out for the base year 1995, which was normal rainfall year. It
was found that the estimated runoff is in close agreement as per
Indian conditions. The perfect water balance resulted for entire
landmass of India in the base year, provided impetus to study
the impact of climate/land cover change by developing various
scenarios.

The set up VIC hydrological model was run for modified
meteorological forcing files based on rainfall and temperature
increase as per scenarios developed. It was found that runoff
increase manifold with increase in overall rainfall percentage.
However, increase in temperature, which is mainly attributed
due to urban sprawl, reduces the runoff generation slightly. The
time series of estimated runoff for each scenario is presented in
Figure 4. A table of summary of analysis of each scenario is
given in Table 2. It can easily be noticed that increase in
rainfall, increase runoff manifold, whereas, increase in
temperature reduces runoff slightly.

Simultaneously, an analysis to study the effect of climate
change on evapotranspiration (ET) for the developed scenarios
has also been carried out. The summary of results is presented
in Table 3. It can be seen that ET is showing increasing trend in
both the cases.
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Figure 4. Time series of estimated runoff of each scenario
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Table 2. Summary of runoff estimation analysis of each scenario

Increment in Rainfall (%) Change % Change
0 5 10 15 0-5 0-10 0-15 0-5 0-10 0-15
= g 0 281.84 309.95 338.96 368.80 28.11 57.12 86.96 9.97 20.27 30.85
g goa‘ 278.63 306.55 335.39 365.07 27.92 56.76 86.44 10.02 20.37 31.02
§ gv 275.43 303.18 331.83 361.33 27.75 56.40 85.90 10.08 20.48 31.19
=F 3 272.24 299.85 328.30 357.64 27.61 56.05 85.40 10.14 20.59 31.37
Increment in Temperature (°C) Change % Change
0 1 2 3 0-5 0-10 0-15 0-5 0-10 0-15
E 9 0 281.84 278.63 275.43 272.24 -3.21 -6.41 -9.60 -1.14 -2.27 -3.41
é .‘r;g/ 5 309.95 306.55 303.18 299.85 -3.41 -6.77 -10.11 -1.10 -2.18 -3.26
g -% 10 338.96 335.39 331.83 328.30 -3.57 -7.13 -10.66 -1.05 -2.10 -3.15
= 15 | 368.80 365.07 361.33 357.64 -3.73 -7.47 -11.15 -1.01 -2.02 -3.02
Table 3. Summary of ET estimation analysis of each scenario
Increment in Rainfall (%6) Change % Change
0 5 10 15 0-5 0-10 0-15 0-5 0-10 0-15
= 0 704.73 717.63 729.54 740.61 12.90 24.81 35.88 1.83 3.52 5.09
g § o 1 712.08 725.37 737.61 748.98 13.28 25.53 36.90 1.87 3.58 5.18
§ %Q’ 2 719.26 732.91 745.51 757.18 13.65 26.25 37.92 1.90 3.65 5.27
=k 3 726.24 740.25 753.20 765.18 14.01 26.96 38.94 1.93 3.71 5.36
Increment in Temperature (°C) Change % Change
0 1 2 3 0-5 0-10 0-15 0-5 0-10 0-15
£ 0 704.73 712.08 719.26 726.24 7.35 14.53 21.50 1.04 2.06 3.05
% Sz\, 5 717.63 725.37 732.91 740.25 7.73 15.28 22.62 1.08 2.13 3.15
% :_;; 10 729.54 737.61 745.51 753.20 8.07 15.97 23.66 111 2.19 3.24
so 15 740.61 748.98 757.18 765.18 8.38 16.57 24.57 1.13 2.24 3.32

6. CONCLUSIONS

In the present study, an attempt has been made to study the
impact of climate and LULC change on water resources of
India. It has been reported in literature that temperature and
rainfall may increase in India in years to come. Therefore,
different scenarios were developed with incrementing
temperature by 1°C, 2°C and 3°C; rainfall by 5%, 10%, 15%;
and combination of these two. The VIC semi-distributed macro-
scale hydrological model has been investigated for hydrological
simulation.

As a general tendency in land cover change, open forest usually
gets converted into agriculture/urban settlement, in such a case,
slight increase in runoff and corresponding decrease in ET was
predicted. Same kind of trend has been found, in case of
agriculture converts into urban/settlements.
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In climatic variation scenarios, an increase in runoff and ET has
been predicted. It was observed that due to urbanisation
temperature increases, and affects the hydrology. Consequently,
results in increase in runoff, which may lead to urban flooding
also. With increase in rainfall as well as temperature, an
increasing trend in ET has been identified. The results are
encouraging for climate and LULC change point of view. The
model results will help planners in land use policy planning;
and formulating mitigation and adaptation in different land
cover and climate change scenarios.

It may also be concluded that the VVIC model results in idealistic
hydrology as it takes into account a large number of parameter
influencing the process. It was realized that to study such
complex hydrological interaction between land surface and
atmosphere over a large region, it requires enormous data, in
this regard; remote sensing data may play an important role.
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