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ABSTRACT

Streamflow modeling is of foremost importance for appropriate planning, designing,
development and decision-making activities of water resources. The snow-fed rivers
originating from Himalayan basins receive ample amount of runoff generated from snow and
glacier melt. Moreover, in a Himalayan basin, like the Beas river basin, snowmelt is a
governing factor for runoff production. A systematic modeling of streamflow components in
such complex terrain of Himalayas is an important and challenging issue in recent changing
environment. A snowmelt model that precisely simulates the three components of streamflow
namely snowmelt runoff, rainfall-runoff and baseflow are essential for modeling streamflow in
Himalayas. The information on model inputs such as snow cover area, meteorological data,
temperature lapse rate and other related parameters are mandatory for snowmelt models. The
snowmelt modeling also enables to understand the catchment processes and the major impacts
on the streamflow regime due to climate change. A probable change in climatic variables
namely temperature and precipitation impact the hydrological processes and control the
streamflow. Spatio-temporal variation in magnitude of streamflow due to climate change may
affect potential water availability of surface water in future, operation of reservoirs and flood
related analysis. Therefore modeling of streamflow and study of climate change impact on
streamflow is of paramount importance.

Snow is an important key environmental parameter of earth’s climatic system which not
only affects the radiation budget of the earth but also influences the streamflow of mountainous
rivers. A major source of runoff and groundwater recharge in middle and higher latitudes is the
snowmelt runoff from seasonal snow covered areas and Himalayan mountain system forms one
of the world’s largest suppliers of freshwater. All the three predominant south Asian rivers
namely the Indus, the Ganga and the Brahmaputra river systems originating from the
Himalayan mountain system are snow and glacier fed. These rivers receive ample amount of
snowmelt water and therefore are considered as the lifeline for the Indian sub-continent. The
snow accumulated during winter season turns into a major source of runoff for these rivers
during summer period. The spring and summer season runoff of a Himalayan river is mostly a
contribution from snowmelt and is a dependable source of water for irrigation, generation of
hydroelectric power and drinking water supply.

The lack of detailed systematic evaluation of the Himalayan water resources, first of all
due to poor and inadequate network of hydro-meteorological observations and secondly, its



inaccessibility for being rugged, dangerous with harsh climatic conditions are the challenges
demanding time for proper assessment of streamflow in these rivers. Even then, the available
estimates show that water yield is almost double in the snow-fed higher Himalayan river basins
than that of an equivalent peninsular basin mainly because of snowmelt and glacier melt
contribution. The perennial nature of these rivers and the appropriate topographic setting of the
Himalayan region provide exploitable hydropower potential in these regions. The effect of
climatic change on the hydrologic systems, specifically on snow and glacier, have led to the
alteration in timing and the amount of runoff in mountainous basins. Streamflow in the
Himalayan rivers generated from the melting of snow and glaciers have a direct impact on the
water resources of a region under these changing climatic conditions. Therefore, near real time
snow cover estimation along with the accurate streamflow simulation and forecast under the
changed climatic scenarios is of great importance in managing and planning the water
resources of a region and also to minimize risk and loss from devastating floods caused due to
rapid melting of snow and glacier under changing climate. Therefore, there exists a pressing
need to properly assess the natural water resources in mountainous areas and their judicious
utilization during different seasons and years for supporting agricultural production, water
supplies, industries, energy generation and for functioning of ecosystem health. Moreover, to
plan new upcoming hydropower and river valley projects on the river system of Himalayas
accentuated the need of accurate and reliable estimation of runoff from snow and glacier.
Therefore the present study envisages the assessment of streamflow estimation including
snowmelt runoff and evaluation of the impact of climate change on streamflow.
Based on the literature review, the objectives of the present study have been set such as
to interrelate snowmelt modeling and impact of climate change on streamflow, as follows:
e Snow cover assessment using multiple satellite images and assessment through a
relationship developed between SCA and temperature.
e Determination of seasonally and topographically varying TLR using LST data estimated
from thermal satellite images.
e Snowmelt runoff simulation for the Beas river using snowmelt runoff model.
e Trend analysis of temperature, precipitation and discharge data of Beas basin.
e Application of future scenarios on the basis of data analysis to investigate the impact of
climate change on runoff.
The above objectives have been accomplished for the Beas river basin up to Pandoh
dam. The Beas river originates from Beas Kund, a small spring near Rohtang Pass at an
elevation of 4085 m and is an important river of the Indus river system. The length of the Beas



river up to Pandoh dam is 116 km. Among its major tributaries namely Parvati, Thirthan, Sainj
Khad, Bakhli Khad, Parvati and Sainj Khad are glacier-fed. The catchment area of Beas river
upstream of Pandoh dam is 5384.9 sq. km.

In the present study, snowmelt runoff has been modeled using SNOWMOD model. The
important input of this model is snow cover area (SCA) and temperature lapse rate beside
meteorological data and other parameters. Therefore, the main emphasis has been on estimation
of SCA using different approaches and seasonally/topographically varying TLR. Further to
evaluate the impact of climate change, trend analyses as well as generation of future scenarios
have been the major areas of concern in this study. Finally, impact of climate change on

streamflow has been studied on the basis of future scenarios.

Snow cover assessment

Vastness of the river basin area, time, and manpower constraints in data collection and
seasonal changes in the information require fast inventory of the snow cover areas and its
mapping. The scarce availability of field based information on the snow cover area (SCA) is a
big constraint, rather a challenge, for carrying out snowmelt runoff studies in such a complex
rugged terrain of Himalaya. Innovative space based sensor technology and digital image
processing tools provide researchers and scientists to envisage snow cover monitoring and
mapping for hydrology and water resources management and its impacts due to climate change.
Remote sensing has emerged as a powerful active tool with its proficiency in mapping the snow
cover area. Earlier NOAAA-AVHRR and IRS-WIFS data products were used in Himalayan
basins. However, getting cloud-free data for most part of the year, particularly in the
Himalayan region, is again a big deal. Consequently, Moderate Resolution Imaging Spectro
radiometer (MODIS), a NASA space satellite, has been used for determination of SCA for the
study area as it provides cloud-free scenes at a regular interval. The MODIS 8-day composite
maps for a period of six years (2000-2005) were downloaded and processed to obtain snow
cover depletion curves for the Beas basin. To check the efficacy of MODIS SCA, IRS-1C/1D
WiFs and AWIFS satellite data have also been used for some of the dates. As per the analysis it
was found that SCA estimated using MODIS is quite satisfactory compared to SCA obtained
using WIiFS and AWIFS satellite data. SCA was estimated mainly using MODIS satellite data
available from 2000 onwards. A method using mean air temperature has been proposed to
obtain SCA information when the satellite data was not available. An exponential relationship

between SCA and CMAT has been generated for preparation of depletion of SCA. This



technique also supports in providing SCA for the previous years when the satellite data is not

available or is cloud covered and hence reducing the quantity of satellite imageries.

Deter mination of Temperature Lapse Rate

Temperature Lapse Rate (TLR) is an important parameter necessary for temperature-
based conceptual snowmelt runoff simulation. Earlier TLR was estimated from the ground
based air temperature data recorded at meteorological stations. However, it is very difficult to
establish meteorological stations in the complex Himalayan terrains with rugged and undulated
topography and the available sparsely located network represents only local temperature. Thus,
estimation of representative TLR values is extremely difficult and hence a fixed TLR value
(=0.65 °C/100m) calculated from air temperature is most commonly and often used in
snowmelt studies. Moreover, since TLR can vary both seasonally and regionally within
different elevation zones, the use of fixed values of TLR in the snowmelt model may not be
appropriate. Nowadays, remote sensing satellites provide a straightforward and consistent way
to observe Land Surface Temperature (LST) over large scales with more spatially detailed
information and these data well represent the terrain.

Spatio-temporal TLR was estimated for different dates (2001 to 2009) employing
satellite based MODIS-LST maps and USGS-DEM for the Beas basin. In case of seasonal
variation, TLR was the lowest during monsoon season whereas its variation with respect to

topography showed that the lapse rate was low in lower altitudes than in higher altitudes.

Snowmelt runoff ssmulation

Streamflow was modeled for the Beas river basin using SNOWMOD, which is a
temperature index based snowmelt runoff model. The model simulates the three components of
streamflow i.e. snowmelt runoff, rainfall-runoff and baseflow independently and their sum
provides the total streamflow. Employing the above variable TLR values the model was
calibrated using daily data of 3 years (2002-2005) and these parameters obtained during
calibration were used for validation of streamflow for a period of twelve years i.e. 1990-1993,
1993-1996, 1996-1999 and 1999-2002. The model efficiency (R?) for snowmelt season of
1990-2002 varied from 0.68 to 0.80 and the difference in volume varied from -9.63% to 9.15%.
During this period the snowmelt contribution varied from 24.07% to 34.62%, and rainfall from



30.48% to 41.85%. The average runoff generated from the snowmelt during the ablation period

was 38.2% whereas remaining 61.8% was contributed from rainfall.

Trend analysis of temperature, precipitation and discharge data of Beas basin

For better understanding the trends in climatic variables namely temperature, rainfall
and discharge of the Beas basin trend analysis was carried out using parametric (linear
regression) and non-parametric (Mann-Kendall and Sen’s slope Estimator) approaches both at
annual and seasonal scales. The hydro-meteorological data of Beas river were collected from
BBMB, Pandoh, Himachal Pradesh. Majority of stations showed increasing trends in mean
annual temperature whereas one station (Manali) showed a decreasing trend over the last three
decades. The annual rainfall indicated increasing trend at Banjar station, and decreasing trend
at all other four stations with maximum decrease of -8.07mm/year at Sain;.

Seasonal analysis of rainfall trends showed that all stations during pre-monsoon, post-
monsoon, and winter season experienced decreasing trend whereas all stations experienced
increasing trend in monsoon seasons. A decreasing trend in discharge was observed at three
stations Bakhli, Pandoh and Thalout while the other two stations Sainj and Tirthan indicated

increasing trend at annual time scale.

I mpact of climate change on runoff

For climate change impact assessment, in two ways scenarios were generated and
applied. First of all, ten hypothetical scenarios for (T + 1°C, P + 0%), (T + 2°C, P + 0%), (T +
1°C, P + 5%), (T + 2°C, P + 5%), (T + 1°C, P + 10%), (T + 2°C, P + 10%), (T + 1°C, P - 5%),
(T +2°C, P-5%), (T + 1°C, P - 10%), (T + 2°C, P - 10%) with respect to baseline scenario (T
+ 0, P + 0%) were generated to study the impact of climate change on streamflow. An increase
of 1°C and 2°C in temperature increased the mean annual streamflow by about 9% and 8.69%,
respectively.

Further, to assess the impact of temperature, projected temperature scenarios based on
IPCC SRES A1B were generated and applied. To account for the change of SCA, modified
snow cover depletion curves were prepared using exponential relationship between SCA and
air temperature. The model was simulated with the change in temperature and modified
depletion curves for the years 2040-43, 43-46, 46-49, 49-52 and 2093-96, 2096-99. The total



flow reduced for the years 2040-43, 2043-46, 2046-49, 2049-52 while for the years 2093-96
and 2096-99, it increased marginally. The snowmelt runoff decreased in all future scenarios.
The stream/snowmelt runoff modeling and impact of climate change studies for a
Himalayan basin incorporating the unique technique of estimating SCA using mean air
temperature and seasonally and topographically varying TLR have been used for the Beas basin
for the first time, and promising results obtained. Overall, the significantly improved TLR and
SCA estimates enhanced the model efficiency in simulating the streamflow. The assessment of
hydrological impacts of climate change at basin scale for any Himalayan region is unique and
crucial. The hypothetical and future projected scenarios furnished with the plausible future
streamflow under the changing climatic conditions for the basin. Therefore, such studies are of
great significance for accurate streamflow simulation and forecast of Himalayan rivers under
contemporary and changing climate for proper planning and management of precious water

resources.
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Chapter 1
INTRODUCTION

1.1 GENERAL

Water is the second essential element among the five elements of nature namely earth,
water, air, fire and space with cold and wet sensible qualities. Available as a vital natural
resource is of utmost important for the subsistence of any kind of life on the planet earth. Its
availability is highly variable with space and time. Water is of paramount importance and
precious for the livelihood, from crucial drinking water to food production, production of
energy to development of industries and from management of natural resources to environment
conservation. The scarcity of water resources and its tremendous increasing demand, which is
outcome of growing population, intensification of agriculture sector, industrial and urban
expansion, has necessitated its proper planning and management. Streamflow modeling in this
line is of great importance for designing and operating of hydraulic structures, forecasting and
regulating floods, and evaluating the impact of climate change over a river basin under the
harsh, complex and rugged terrain of Himalaya.

A large amount of fresh water is stored in the form of snow and ice in the mountains for
which they are considered as ‘water towers’ of the world. A large portion of earth is covered
with the mountains occupying with different climate regime, shape, altitude, extension and
vegetation. Mountain regions constitute relatively small river basins but are the major source of
perennial rivers providing significant river flows downstream. These regions accumulate about
half of the world’s fresh water from precipitation in the form of rain and snow and are expected
to satisfy the bigger part of growing demand. Freshwater is locked up in Antarctica and
Greenland in the form of permanent ice or snow, or in deep ground water aquifers. With the
rapid and escalating changes in landscape of mountains along with the growing demands of
mountain resources, fresh water availability is being affected. Vast terrestrial ecosystem on the
earth is sustained by the snow and ice representing 80% of the total freshwater globally. The
Himalayan region is widely known as Third Pole because it contains the largest reservoirs of
fresh water reservoir in the form of snow and glacier outside the Polar regions.

Himalaya the great mountain system is an amalgamation of the Sanskrit words-“Him”
for snow and “alaya” for abode meaning storehouse of snow and ice. It is the highest, youngest

and sensitive mountain network system of Asia in the world with Tibetan Plateau to its North
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and Indian subcontinent on its southern edge. Geologically, impact of Indian tectonic plate has
led to the origin of Himalayas. This unique mountain network runs uninterruptedly in southerly
arched for 2500 km between Nanga Parbat (8126 m) in west to Namcha Barwa peak (7756 m)
in east with 240 km average width. The Himalayan mountain system has 530 peaks above 6000
m, hundreds above 7000 m and 14 peaks over 8000 m high (Goswami, 2007). After the two
poles Antarctica and Arctic, Himalayas represent the highest deposition of snow and ice. It
passes through the five countries namely India, Pakistan, China, Nepal and Bhutan. In India, it
extends through the States of Jammu and Kashmir, Himachal Pradesh, Uttar Pradesh, Sikkim,
Arunachal Pradesh, Nagaland, Manipur, Mizoram, Tripura and Meghalaya.

In Indian context, based on the distinct geology, geomorphology and physiographic
features, Himalaya can be grouped into three transverse or parallel ranges running from Jammu
and Kashmir in the west to Arunachal Pradesh zones in east often referred as the Greater
Himalayas, the Lesser Himalayas and the outer Himalayas. Further, these zones are divisible
into three main realms, western Himalayas, central Himalayas and eastern Himalayas on basis
of differing spatial geographic elements. More than 12000 glaciers are nourished by the
Himalaya (Kaul, 1999; ICIMOD, 2001). The area covered by these glaciers is about 33000 km?
(Rai and Gurung, 2005). Himalayan region is the prime source of three major river systems, the
Indus, the Ganga and the Brahmaputra. Himalayan rivers replenished by melt water from these
glaciers drain Indian subcontinent and sustain the population living in the contiguous lowlands.
Since Indian society is mainly agrarian with about 75% of the people depending on agriculture,
the water resources generated from these perennial rivers is significant premeditated resource
and is considered a boon for the development of country. Availability of abundant water due to
snow/ice and glacier melt together with monsoon precipitation and with physical topographical
setting, the Himalayas is bequeathed with significant, incredible and excellent hydropower
potential for its river basins.

Snow and ice are the key features of the Himalayan river basins that contribute almost
58% of the total runoff primarily controlled by seasonal snow and glacial melt. Snow and
glaciers act as reservoirs with vast storage of freshwater. Seasonal snow cover and glacial ice
being the alluring elements of nature have always attracted the researchers and scientist for
studying the zenith environment. These elements are important fresh water resources and
equally imperative resources for the economical hydropower generation in a region. If available
in an appropriate manner, is a boon for the development for the region, however also a potential
root cause for natural hazards as strongly affected by climate change leading to enlargement

and growing of glacial lakes, instability of permafrost regions, increasing avalanches in
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mountain regions (Bernstein, 2007). Possible change in the climate and its adverse effects on
the hydrological components pose a major threat to water resources sector all over the globe.
Thus, adequate knowledge of hydrology and proper management of water resources can
safeguard from serious deceleration of water quality and quantity.

The Himalayas act as a mountain barrier and plays a key role in sustaining and
controlling the monsoon system over the Asian continent. The upper catchments of the major
rivers originating from Himalayas are snow covered receiving substantial amount of runoff
from snow and glacier melt. These rivers flow through steep varied topography, any variation
in the climatic condition may have plausible impact on the precipitation influencing the surface
water runoff at the downstream. Hence, besides well timed reasonable precise estimation of
streamflow, there exists an imperative need to study the trend of important climatic variables
and their impact on the streamflow regime of Beas river basin possessing enormous water
resources potential. Hence time demands that there is great need to properly assess the natural
water resource in Beas river basin for their judicious utilization during different seasons and
years for supporting agricultural production, water supplies, industries, energy generation and
for functioning of ecosystem health. The Beas river basin located in the western Himalayan
region receives significant amount of runoff from snow and glacier melt. Snowmelt runoff in

such basin forms an integral part of hydrological modeling for predicting streamflow.

1.2 NEED OF THE STUDY

In spite of the paramount significance of Beas river system, a means of survival for a
large population of the northern region of India, only a few systematic studies on its snowmelt
runoff assessment have been carried out so far. However, there still exist few research gaps
which need to be addressed for this area. In a Himalayan basin, like Beas river basin, modeling
streamflow becomes highly complex due to complex variability in different hydrological and
meteorological parameters due to highly varying topography, along with changing landuse and
landcover in a changing environment. Moreover, global warming and looming climate change
in the region has further added more intricacy. For better addressing these major issues, the
technological advancement like availability of new generation satellite data, can be
advantageously employed to map snow cover area and determine seasonally and
topographically varying lapse rate to improve the overall accuracy of snowmelt runoff
simulation. Keeping in view these foremost active research aspects, there is need to carry out

research work to model the streamflow, and studies related to changes in key climatic variables
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and impact of climate change on the streamflow of Beas river basin. Streamflow modeling of a
Beas river basin would lead to long-term hydrological yields of the basin, scenarios for future
climate change, and impact of climate on runoff needed for development of effectual
management strategies for the region. Thus, the present study conceived with the objectives
mentioned in next section to model the streamflow and assess the impact of climate change in

the Beas basin in Himalaya.

1.3 OBJECTIVES

With this background, the present study was initiated with the following interrelated
objectives pertinent for streamflow modeling.

1. Snow cover assessment using multiple satellite images and assessment through a
relationship developed between SCA and temperature.

2. Determination of seasonally and topographically varying TLR using LST data estimated
from thermal satellite images.

3. Snowmelt runoff simulation for the Beas river using snowmelt runoff model.

4. Trend analysis of temperature, precipitation and discharge data of Beas basin.

5. Application of future scenarios on the basis of data analysis to investigate the impact of
climate change on runoff.

The five interrelated objectives have been carried out for the Beas river basin up to
Pandoh dam. The geographical area of the Beas river basin up to Pandoh dam site is 5384.9
km? The Beas river is bounded by high peaks in North and East of the river valley. The river
gushes through very steep rolling meadow in upper reaches. It cuts its way through the
mountains and encounters many falls and confronts varied complex characteristic of the basin

before reaching Pandoh.

1.4 ORGANISATION OF CHAPTERS

The coherent research work carried out in this thesis has been organized into nine
chapters and below is the brief overview of these chapters.
Chapter 1 mainly focuses on the introduction of the research work, its importance and related

issues. The need of study and objectives of the study have been also discussed in this chapter.



Chapter 2 deals with the theoretical background about the work carried out earlier in this area.
A comprehensive literature review is presented on concerned topics associated with the
research work like snow cover mapping, temperature lapse rate, runoff modeling, trends in
climate variables and impact of climate change. The use of satellite remote sensing for mapping
snow cover area and temperature lapse rate has also been reviewed. The studies carried out in
general and particularly in the Himalayan region and in Beas basin have been reviewed and

discussed.

Chapter 3 describes about the study area details, dataset and software’s used for the present
research work. The climatic conditions and seasonal variation, geology etc. in study basin along
with hydropower potential of the river have been described. The availability of the space borne
satellite and hydro-meteorological data are discussed. The satellites imagery namely
Aqua/Terra-MODIS, IRS-1C/1D, Resourcesat-1 (IRS-P6) satellites and their scientific
specifications, relative importance and capabilities for estimation of snow cover and lapse rate
have been discussed in detail. The digital elevation models and their technical specifications
used for the present work are also discussed in detail.

Chapter 4 describes the different modus operandi involved in mapping and estimating aerial
snow cover area from multiple satellite images. A method for preparation of depletion of SCA
using mean air temperature has been described under the conditions when no cloud-free
satellite data is available or to generate snow covered area in a new climate to see the impact of

climate change on snowmelt runoff studies.

Chapter 5 describes the importance, technical specifications and approaches for the retrieval of
Land Surface Temperature (LST) from thermal satellite data. The methodology to determine
lapse rate using LST maps and Digital Elevation Model (DEM) have been discussed. The lapse
rate computed for different months, seasons and topography based (different elevation) for
Beas basin is discussed.

Chapter 6 deals with the streamflow modeling using SNOWMOD, a temperature index based
conceptual snowmelt runoff model. The snow cover area and temperature lapse rate estimated
in chapter 4 and 5 respectively besides meteorological data and other parameters used in the
model are discussed. The various processes involved in the melt modeling have been



systematically discussed. The results of the streamflow calibration and simulation along with

efficiency criteria have been described in detail.

Chapter 7 addresses trend detection techniques for hydro-meteorological parameters. Trend
analysis for climatic variables namely temperature, rainfall, and discharge data using
parametric (linear regression) and non-parametric (Mann-Kendall and Sen’s slope Estimator)
approaches have been discussed. The results of trend analysis on seasonal and annual scale
have been discussed in detail.

Chapter 8 deals with the climate change and its impact on runoff of the Beas river using
SNOWMOD model. The impact of climate change on the streamflow and its different
components under plausible hypothetical scenarios and IPCC SRES A1B temperature projected

scenario have been carried and discussed in detail.

Chapter 9 summarises the conclusions and scope for future work.



Chapter 2

LITERATURE REVIEW

21 BACKGROUND

Himalayan mountain system is one of the world’s biggest reservoirs of fresh water in
the form of snow and glaciers. Runoff produced from the snow and glacier melt in the
Himalayan basin significantly influence the river streamflow. Rapid snow and glacier melt due
to climate change could affect the water availability and its management over a long-term.
Therefore, it is important to precisely model the streamflow in such snow and glacier fed river
basins. This chapter presents a review of relevant literature for streamflow modeling and
impact of climate change on snow-fed Himalayan rivers. The valuable role and contribution of
remote sensing in estimation of snowmelt runoff has been also carried out. Review of literature
on snow cover mapping, temperature lapse rate, snowmelt runoff modeling, trend analysis and

climate change have been presented in this chapter.

22  SPACE BORNE SATELLITE REMOTE SENSING OF SNOW COVER

Snow forms an integral part of hydrological modelling (Ohara et al., 2014a) for
predicting the snowmelt runoff. Its spatial coverage or extent i.e. Snow Cover Area (SCA)
together with physical properties are very significant input parameters for simulation and
estimation of snowmelt contribution in the river flow. In mountain hydrology, remote sensing
has potential in snow cover/glacier mapping, terrain analysis, hazard and vulnerability mapping
and accessibility analysis. The researchers especially hydrologists are of more concern about
the areal distribution of the snow, its condition and amount of water stored in the form of snow
in a river basin. Remote sensing has emerged as a valuable and economical tool for acquiring
information on snow cover for prediction of snowmelt runoff in a river basin. It provides
researchers and scientists to envisage and monitor snow cover for analysis, hydrological
modeling, prediction and forecasting for supporting decision making processes. Moreover, it
has shown its ability in measuring the snow cover extent and glacier cover (Krishna, 1996,
1999, 2005) and physical properties of snow in complex, rugged mountainous terrain (Thakur

et al., 2012, 2013) which are equally inaccessible, dangerous and harsh climatic conditions,
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also measurement of which is not possible through conventional methods. Use of remote
sensing data also provides low-cost synoptic view in multi-spectral at repetitive coverage over
the larger areas.

Satellites are well suited to measure unique and spectrally varying reflectance of snow
owing to high albedo of snow surfaces, presenting a good contrast with other natural earth
surface materials except clouds. Usually, fresh snow has high albedo of 90% or more whereas
old weathered snow with accumulated dust and litter may have low albedo of 40% (Foster et
al., 1987) which is mainly dependent upon the properties of snow such as the grain size, shape,
depth, water content, surface roughness and impurity. Advancement in satellite image
processing techniques facilitates users in identifying the snow and the boundary of snow and
snow-free areas precisely.

Snow for the first time was observed from the first image obtained from the Television
Infrared Observation Satellite-1 (TRIOS) launched in April 1960 (Singer and Popham, 1963).
Since then, satellite based space technology is being employed for snow studies with two types
of techniques; one using optical remote sensing and another using the microwave remote
sensing, each having its own advantages and limitations. Optical images from satellite remote
sensing from 1980s have been usually used to monitor snow cover and glaciers (Matson et al.,
1986; Dozier and Marks, 1987; Kulkarni, 1991; Hall et al., 2002a, 2002b; Kaab et al., 2002;
Kargel et al., 2005; Kulkarni et al., 2006, 2010) and using passive imageries since1980s
(Hallikainen, 1984; Chang et al., 1987). Also, since 1990s combined active and passive
microwave imageries are used for this purpose (Dozier, 1998; Hallikainen, et al., 2003a, 2003b,
2004). But, the optical remote sensing lacks ability in producing snow cover maps in cloudy
conditions (Frei and Robinson, 1999) or nighttime conditions (Carsey, 1992).

In optical multi spectral images the visible and mid infrared wavelength regions are
used for SCA mapping because the snow cover and clouds spectral reflectance are very
analogous at  visible wavelengths below about 1 um (Carsey et al., 1987; Massom, 1991;
Konig et al., 2001) and achieve maximum diversion in near infrared wavelength (between 1.55
and 1.75 pum) region. It is this key property which plays an important role in discriminating
snow from snow-free areas in the visible bands of spectrum. In comparison to most of the
earthly or terrestrial objects, snow has high reflectance in visible wavelength and strong
absorption in infrared spectral regions. Due to these characteristics, reflectance ratios in the
visible and near infrared wavelengths are used for detecting snow (Riggs and Hall, 2002) and
this rationing approach formed the basis for the extensively used snow cover mapping products
for MODIS (Hall et al. 2002a; Hall and Riggs, 2007) using NDSI technique.
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Nowadays large number of satellite data of various sensors with different spatial and
temporal resolutions and different geographic extent are made available to user for different
applications. The spatio-temporal inputs provided by satellites when integrated with GIS and
hydrological models become a promising approach to quantify the surface runoff (Deshmukh et
al., 2004; Gangodagamage and Aggarwal, 2012). Moreover, remote sensing technique is a
practical means to obtain snow cover information in large, inaccessible, rugged terrains of
Himalayan basins. Various studies have been carried out in Himalayan region using the satellite
images namely for snow cover mapping in snowmelt runoff estimation (Rango et al., 1977,
Gupta et al., 1982; Kulkarni et al., 2001; Singh and Jain, 2003).

The primary differences in remote sensing instruments lie in their spatial, temporal,
spectral and radiometric resolutions. Optimization of one type of resolution generally involves
some sacrifice in other types of resolution, e.g., the Indian Remote Sensing Satellite (IRS)
1C/1D (Linear Imaging Self Scanning) LISS II, Landsat Thematic Mapper (TM) has a much
better spatial resolution than the IRS 1C/1D (Wide Field Sensor) WiFS and NOAA/AVHRR
(23.5/30 m versus 188 m and 1 km pixel size respectively); however, the AVHRR can provide
daily coverage for a given point and WIFS has a revisit period of 3 days, whereas the LISS and
TM can only provide bi-weekly coverage. Modern age satellite, Terra/Aqua MODIS provides
an inimitable advantage for mapping the daily and eight days snow cover and land surface
temperature globally and continuously since its launch. The MODIS data products have overall
higher accuracy produced utilizing the group decision systems giving users more confidence to
use. MODIS uses the finer and higher radiometric resolutions (12 bits) for quantization of all its
spectral bands in comparison to other sensors like (AVHRR’s (10 bits) for detecting smaller
differences in emitted of reflected energy. These data products provide more finely defined
visible and infrared bands and deploy most precisely calibrating subsystems. The MODIS data
products also incorporate adjustment for snow even in dense vegetation areas unlike earlier
snow cover mapping approaches (Klien et al., 1998). The MODIS snow maps have augmented
the valuable record by providing daily snow products with numerous spectral bands and
superior resolution relative to other satellite products. The MODIS derived data products have

the capability to discriminate snow from most clouds.

23 SNOW COVER MAPPING

The precise and periodic monitoring and mapping of snow cover is important for

snowmelt runoff studies. The distributed models which incorporate the spatial variability of
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basin physical geography and the meteorological inputs are competent to utilize detailed snow
cover information including snow cover area. Traditional methods for measurement of snow
cover like snow surveys are costly and hazardous and even then are not helpful in distributed
models due to their site specific nature and lesser frequency. Tremendous advancement in
technology during the 20™ century facilitates the researchers and scientists to undertake
research in this area. Recent use of automated measurement techniques of telemetering of snow
pillow and storage gauges for precipitation have reduced upto some extent fieldwork but
problem of point measurement of snow still persist. With massive advancement in space
technology during the last decade provides us with large number of satellites to study the
complex physical development of earth-atmosphere system (Konig et al., 2001). Space borne
remote sensing satellite has emerged as a promising tool to monitor and map snow cover for
hydrology and water resources management. Space based snow mapping when used with
digital elevation models in mountainous regions provide realistic snow cover extent. Extraction
of snow cover from a remote sensing data is a complex task and thus requires effective
techniques to extract useful information on snow cover information from digital image acquired
by variety of satellites and aircrafts at diverse spectral, spatial and temporal resolutions. With
increasing demands for areal estimation of snow cover, a number of image information
extraction techniques have been developed and utilized for the said purpose. The various digital
image extraction techniques used for snow cover mapping are categorised as; manual
delineation, change detection-based method, spectral ratios, spectral indices, per pixel image
classification and sub-pixel image classification. There are numerous successful applications of
snow cover mapping using satellite remote sensing. Some of them applied specifically for the
Himalayan region are reviewed in detail.

Wang and Li (2003) employed three techniques of snow mapping; supervised
classification, digital number and NDSI to map and extract snow cover area using the satellite
data of Landsat TM, MODIS and NOAA/AVHRR. It was found that the best method for
acquiring the snow index was different for each sensor depending upon the spatio-temporal
resolutions and objective of application.

Gupta et al. (2005) used the remote sensing data to differentiate between dry/wet snows
in glacerized basin of Himalayas using multispectral data of IRS-LISS-I11 for the period March
to November 2000 and DEM. The satellite sensor data was converted to reflectance values and
NDSI was computed and boundary between dry/wet snow was determined from spectral
response data. Further, threshold slicing of images was done to obtain dry/wet snow areas for

different satellite overpasses in the basin. It is suggested that the directly derived position and
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extent of wet snow and exposed glacier ice data can enhance the hydrological simulations in
such basins.

Krishna (2005) conducted a study for the assessment of snow and glacier cover in the
high mountains of Sikkim Himalayas. The different visual and digital image processing in
combination were carried out on multi date satellite data of IRS 1B and 1C (1992 to 1997) for
analyzing the baseline inventory of snow/glacier, permanent snowline and the short-term
temporal changes in it. The study highlighted the utilization of remote sensing and GIS tools in
establishing snow/glacier cover extent for assessment of possible impacts of climate change in
such mountainous areas.

Shimamura et al. (2006) conducted a study to evaluate different methods used for
monitoring snow cover areas over the snowy Niigata prefecture plains, Japan. The snow cover
areas were delineated using Landsat-7 satellite data in the springs of year 2002 and 2003. The
three methods: visible reflectance, NDSI and snow index (S3) were intercompared and found
that S3 index was able to map snow covered areas under forested areas without any reference
data in comparison to other methods.

Kulkarni et al. (2006) utilized NDSI based algorithm to generate 5 and 10 day snow
cover products from RESOURCESAT-1 (AWIFS) sensor data for the Himalayan region. The
5-daily product provided snow and cloud extent scene-wise whereas 10-daily product analyzed
three scenes and provided estimates of maximum snow extent at basin wise. It was suggested
that this technique is useful for the Himalayan region where mountain shadow conditions
prevails.

Keshri et al. (2009) suggested two new indices Normalized Difference Glacier Index
(NDGI) and Normalized Difference Snow and Ice Index (NDSII-2) for systematically
discriminating and detailed mapping of Supraglacial terrain cover as such found in the
Himalayas. The Chenab basin in the Himalayas was selected as test area and ASTER image
acquired on 8 September 2004 during post-monsoon season was used for the study. The
combination of these two indices along with NDSI allows discrimination of snow, ice and ice-
mixed-debris (IMD) in three steps. In the initial step, NDSI index separates snow and ice from
rest of terrain. In the second step, NDGI index is used to separate snow and ice from IMD and
finally snow and ice separated using NDSII-2 index.

Negi et al. (2009a) carried out a study to map snow cover in Beas basin in Indian
Himalayas using satellite data of IRS-P6 (AWIFS). For the mapping snow cover, a technique
based on Normalized Difference Snow Index (NDSI) along with NIR band reflectance and

vegetal information was used for snow cover distribution in Beas basin consisting rugged

11



terrain, snow under forest, patchy and contaminated snow. The cloud-free satellite images for
year 2004-05 were used to estimate the snow cover distribution. A good correlation was found
between increase/decrease areal extent of seasonal snow cover and ground observed snowfall
(fresh) and standing snow data.

Negi et al. (2009b) carried out snow monitoring to regionally evaluate accumulation
and ablation snow cover patterns in Pir Panjal and Shamshawari ranges of Kashmir valley. The
multi temporal of IRS-1C/1D (WIFS) for the winter season of 2004-05, 2005-06 and 2006-07
was processed to generate region wise snow cover maps and estimate the areal snow cover
extent using hybrid technique. The study illustrated the spatio-temporal variability in the
seasonal snow cover within the Kashmir valley.

Kaur et al. (2009) carried out a study using NDSI technique to monitor variations in
snow cover and snowline altitude in the Baspa basin situated in Kinnaur district of Himachal
Pradesh. The snow cover for the basin was delineated for years 2004-05 and 2006-07 between
the months of October and June using Resourcesat-1, AWIFS satellite sensor data. It was
observed that 98% of basin area lies below the elevation of 5800 m and the lowest snowline
altitude was found to be 2425 m in the month of February 2004-05 and 2846.25 m in March for
the year 2006-07.

Kulkarni et al. (2010) at 5 or 10 days intervals monitored seasonal snow cover for 28
sub-basins of the Ganga and Indus river basins in the Himalayan region. The NDSI algorithm
was used to extract the seasonal snow cover from the Advanced Wide Field Sensor (AWIFS) of
Indian remote Sensing satellite (IRS) for a 3 years period (2004-2007) between the months of
October and June. The area-altitude distribution and snow map were combined to estimate the
snow cover distribution in different altitude zones for the individual basin and for the central
and western Himalaya. It was observed that lowest snowline altitude was at 2480 m in winters
during the three years period on 25" February 2005. During the year 2004-05, it was seen that
the snow accumulation and ablation were continuous process throughout the winter period in
the Ravi basin and snow area reduced from 90% to 55% in the middle of winter.

Gurung et al. (2011) conducted a study to examine the changes in the seasonal snow
cover area in the Hindu Kush Himalayan (HKH) region using the satellite data of MODIS 8-
day standard snow products. Based on the satellite data from 2000-2010, the average snow
covered area of the HKH region was estimated to be 0.76 million km? which is found to be
18.23% of the total geographical area. During the spring season, snow covered area indicated a
decreasing trend i.e. -1.04+0.97%. The decadal snow cover trends were found to vary with

season and region.

12



Subramaniam et al. (2011) developed and implemented an automated algorithm to
estimate snow cover by using AWIiFs sensor of IRS-P6 (Resourcesat-1). The algorithm was
developed using the spectral information of snow and other land cover noise in the Red, Near
Infrared and SWIR bands. The algorithm was evaluated with several temporal images covering
entire snow belt of Indian Himalayas (from Kashmir to Arunachal Pradesh) and found to be
working satisfactorily. It was also found that alorithm identified snow pixels even in the
presence of mountain shadow, clouds and water bodies and worked well with Landsat ETM
and IRS I11 satellite data.

Pant et al. (2014) examined the dynamics of snow cover in Pinder watershed located in
the central Himalayas, India. The NDSI technique was used to extract and quantify the snow
cover from the satellite data of Landsat TM of three different time periods (1990, 1999, 2011).
The study revealed that geographical extent of snow cover was 9.4%, 8.60% and 7.80 % in
1990, 1999 and 2011 respectively. It was concluded that about 2.7 km? of the snow cover area
of catchment has been converted to snow-free area over the last two decades.

Panwar and Singh (2014) carried out a study to monitor seasonal snow cover in
Yamuna basin from 2003 to 2010 (October to June). The NDSI algorithm was used to generate
snow cover extent from AWIFS sensor of Resourcesat satellite in every five and ten daily
interval. It was found that maximum snow cover in the Yamuna basin was 76% in the month
of January and February. The study suggested that a NDSI value of 0.4 (as a threshold) can be

taken to discriminate between snow and non-snow pixels.

24  TEMPERATURE LAPSE RATE (TLR)

Primordially, surface air temperature decreases with increase in elevation. This
decrease in temperature with increasing elevation is termed as Temperature Lapse Rate (TLR).
It is considered to be most important characteristics of local/regional climate. TLR varies with
macro topography and its magnitude varies in different geographic locations as a function of
energy balance regimes. Research studies conducted by Diaz and Bradleyy, 1997; Rolland,
2003; Tang and Fang, 2006; Mokhov and Akperov, 2006; Marshall et al., 2007; Blandford et
al., 2008; Minder et al., 2010 have highlighted the importance of surface air temperature for
determining the temperature range essential in many spheres, like hydrology, glaciology,
agriculture, forestry and ecology.

TLR is one of the most important variables for modeling melt runoff from a snowl/ice

and glacier basins employing temperature index method. The TLR varies with region and
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season. Due to sparse distribution of weather stations in mountainous terrain, it is difficult to
obtain lapse rate seasonally as well as topographically. Very limited studies have been
conducted to estimate the representative TLR values. As per practice, constant value of lapse
rate of 6.5°C km*is used in most of the studies. Remote sensing technology has emerged as a
supportive tool in this field. It provides a straightforward and reliable mode to observe Land
Surface Temperature (LST) over large scales with more spatially detailed information. This
information from satellite imagery would certainly help to estimate representative TLR values
for Himalayan region and in turn would enhance the modeling of snowmelt runoff. Some of the
important studies carried out for determining the TLR in the Himalayan region are reviewed
and discussed here in brief.

Singh (1991) computed TLR for Sutlej catchment based on the temperature data for two
sets of stations namely Rampur-Kalpa and Kalpa-Rakchham to better understand the
distribution of temperature and incorporate its effect on snowmelt models. The results of the
study showed that TLR values for the two sets of stations vary drastically, even though in the
same region. The mean monthly TLR for the Rampur-Kalpa varies between 6.9-10.6, 5.4-7.9,
6.8-8.9 °C/km for maximum, minimum and mean temperatures respectively and for the Kalpa-
Rakchham TLR values were observed between (-0.8)-5.1, 3.2-8.9, 3.0-5.3°C/km. The study
suggests using representative values of TLR in accordance with temperature data instead of a
constant value for a basin.

De Scally (1997) determined the lapse rates from slope air temperature data for seven
stations located in the Punjab Himalaya, Pakistan. The data collected over two snowmelt
seasons was analyzed and a strong negative correlation between elevation and mean daily
temperature was observed. The study suggests that the lapse rates values calculated for this
region, ranging from 0.48 to 0.78 °C 100 *m™ are normally higher than the values reported
from other studies mainly due to relatively higher thermal regime of the area and cooling
influence of snow cover at some high altitude stations. It is also suggested to use derived lapse
rates carefully, as the lapse rate values varies between the individual pairs of stations, as well as
between the two years.

Thayyen et al. (2005) carried out a Temperature Lapse rate study for Din Gad
catchment located in Garhwal Himalaya during ablation period i.e. May to October for three
years (1998 to 2000). The temperature data of three meteorological stations situated at different
altitudes was analyzed for determination of suitable lapse rate of slope, for modeling
snow/glacier runoff and mass balance of Dokriani glacier. It was found that monsoon months

were having lower lapse rate values, as compared to other ablation months. The study
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suggested that for hydrological modeling, temperature lapse rate values of alpine zone have to
be monitored rather than adopting these values of other geographic locations or extrapolated
from lower elevations of the Himalayas.

Jain et al. (2008b) determined the Temperature Lapse rate (TLR) for the Satluj river
basin located in the western Himalayas from satellite datasets of National Oceanic and
Atmospheric Administration/Advanced Very High Resolution Radiometer (NOAA/AVHRR)
using the split-window algorithm. The TLR values obtained were in the range of 0.6-
0.74°C/100 m in the study area. The study suggests a good agreement between the air
temperature and LST retrieved from the satellite data of NOAA-AVHRR and MODIS-Terra.

Kattel et al. (2013) carried out temperature lapse rate study on the southern slope of the
Central Himalayas. The surface air temperature data of 56 stations located at different elevation
for a period of 20 years in Nepal was analyzed for monthly, seasonal, and annual characteristics
of temperature lapse rates using linear regression model. It was found that highest temperature
lapse rate occurred in the pre-monsoon season whereas lowest in the winter season. It was
observed that a different pattern exists in this region than other mountain regions. The results
also suggest different controlling factors on the magnitude of TLR values for individual
seasons.

Pratap et al. (2013) reported near-surface temperature lapse rate (dT/dZ) variability in
Dokriani Glacier catchment located in the Garhwal Himalaya for year 2011-2012 based on
temperature data (maximum, minimum, average) from three automatic weather stations in the
catchment. The mean monthly temperature lapse rate dTag/dZ, dTma/dZ, dTmin/dZ were
computed between three camp station namely Tela camp, Base camp and Advanced base camp.
It was found that dT ,4/dZ was lower than 6.5 °%C km™ in monsoon months and higher in dry
period between Tela camp-Base camp, Base camp-Advanced base camp and Tela camp
Advanced base camp. A significant inter-basin regional variation in central and western
Himalayas was also observed. The study emphasizes to use locally determined temperature
lapse rate for hydrological and glacier modeling in Himalayan region, rather than regional or

global lapse rates.
25 SNOWMELT RUNOFF MODELING

Concept of modeling involves replacing the complex parts of universe under
contemplation with a model of similar nature but with simple structure (Eldho et al., 2006).

Hydrological models at watershed or basin scale are fundamentals for the assessment, evolution
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and management of water resources and understand the interplay between climate and surface
hydrology (Eldho et al., 2009). In the Himalayan basins, snow is a key feature and a major
source of fresh water. The hydrological models are exploited to quantify the runoff generated
from the snow/ice and glacier melt under the changing climate.

Snowmelt in hydrology is the surface runoff generated or produced from the melting of
snow. Globally, snowmelt runoff is considered as major component of the movement of water.
The potential effects of snowmelt are triggered landslides, debris flow besides flooding which
is a serious concern for community round the world. Snowmelt runoff modeling proffers an
excellent opportunity, to study the physical processes of snow accumulation, snowmelt and
runoff. The precise and reliable estimation of runoff and its components at daily time step is of
prime importance to hydrologists, which is required for designing the river valley projects and
forecast available water which helps them in proper water resource management, flood hazards
assessment, and study the impacts of climate change. The basin models which simulate
snowmelt runoff generally consist of two major components called snowmelt component and
transformation component which generates the liquid water from the snowpack, available for
runoff in the rivers. As per WMO (1996) classification, both components may be lumped or
distributed or combination of two. Lumped and distributed models are further categorized on
the basis of approach used for analysis i.e. energy balance approach or temperature index
approach (WMO, 1986; Debele et al., 2009) to simulate the snowmelt process. The snowmelt
processes are mainly dependent on net radiation, temperature and wind velocity (Singh and
Singh, 2001).

26 SNOWMELT COMPUTATION

The snowmelt component of snowmelt runoff simulation models usually takes the
energy balance or temperature index form to simulate the process of melting. The two
approaches known as energy budget or energy balance and temperature index or degree-day are
described below:

2.6.1 Energy Balance Approach

Snowmelt is driven mainly by energy exchanges at the snow-air interface. The
generation of melt water is governed by the energy balance or heat budget of a snowpack. An

energy balance methods explicitly handles relevant processes and involves in accounting of
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incoming energy, outgoing energy, and the change in the storage for a snowpack for a given
period of time. Finally, the net energy is expressed as equivalent of snowmelt. The energy

balance equation of the snowpack (Singh and Singh, 2001) for any time interval is given by:

Qm:Qnr+Qh+Qe+Qp+Qg+Qq

where, Qn = Energy available for melting of snowpack, Q- = Net radiation, Qn = Sensible or
convective heat from the air, Q. = Latent heat evaporation, condensation or sublimation, Q, =
Heat content of rain water, Q4 = Heat gained through conduction from underground and Q4 =
Change of internal energy of the snowpack.

The above equation considers the different components of energy in the form of energy
flux, defined as the amount of energy received on a horizontal snow surface of unit area over
unit time. The positive value of Qn will result in production of melt from snow. The energy
balance of a snow surface is significantly affected by the presence of cloud cover and vegetal
cover. Moreover, due to highly complex physical processes within snowpack and involved in
snowmelt, and data scarcity, especially in the Himalayan region, application of this approach is
rare and restricted to small, well instrumented or experimental watersheds and resulted in
development of numerous snowmelt models ranging from purely statistical techniques, which
neglects the physics involved behind the snowmelt process. Among all, the conceptual models
are most popular and used extensively because they are compromise between realistic complex

science and realistic simple practical.

2.6.2 Degree-Day Approach

In the Himalayan region, availability of the metrological data is very poor due to scanty
network. Several studies have been made by using empirical relationships between air
temperature and snowmelt runoff. For the mountainous regions, the daily temperature data,
surface wind speed and humidity measurements are most commonly available. Thus,
temperature indices are widely used in estimation of snowmelt as it has been recognized as the
best index of heat transfer processes associated with snowmelt. Air temperature expressed in
terms of degree-day is used for the snowmelt computations. The simplest and most common

expression which relates daily snowmelt to temperature index is given as:

M = D(Tair - Tmelt)
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where, M = daily snowmelt (mm/day), D = degree-day factor (mm ° C™* day™), Tair = index air
temperature (°C) and T mer = threshold melt temperature (usually, 0°C).

Generally, in snowmelt studies daily mean temperature is the most commonly used
index of temperature. The temperature index model is a conceptual snowmelt runoff (SMR)
model which mainly requires daily data of air temperature, precipitation, discharge along with
the degree day factor and snow cover information as input to simulate the daily snow melt
runoff. In data limited Himalayan basins, these temperature index models have been
extensively used in snowmelt estimation with fair degree of accuracy (Singh et al., 1997a;
Prasad et al., 2005; Thakur et al., 2009; Jain et al., 2010 a,2010b).

2.7 SNOWMELT RUNOFF MODELS

Several snowmelt models have been developed to account snow accumulation and
melting processes to meet specific needs and hydrologic conditions. In general, very few
models are capable of handling the varied hydrologic condition (Tekeli et al., 2005a). The
snowmelt models used for forecasting are basically classified into two categories namely (1)
Statistical models (2) Simulation models and are described below:

2.7.1 Statistical Modés

The statistical correlation models are normally exploited for forecasting the seasonal
yields. The basic method use the correlation analysis to relate the contemporary snow cover or
the past precipitation, or combination thereof to the observed seasonal runoff (U.S. Army Corps
of Engineers, 1956). Other variables namely baseflow, soil moisture, high elevation and low
elevation water equivalent or precipitation ratios, wind and areal snow cover extent have been
added to the analysis to ameliorate the results (Anderson, 1973). Statistically developed
snowmelt models relate the runoff volume to snowpack and antecedent conditions and are used
for long-term forecast. Though, statistical methods are widely used but yet they are not capable
to represent the intricate physical interaction of the snowmelt runoff processes.

2.7.2 Simulation Models
Snowmelt runoff modeling employs both the conceptual and physical approaches for

simulation. The conceptual models exploit a mathematical relationship between snowmelt and
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measured quantities to compute snowmelt without considering detailed physical processes and
parameters that affects the melt. These models require less informational input but suffer from
uncertainty about the degree of applicability of parameters estimated under one set of model
conditions to other condition. On the other hand, physical based modeling involves
observation/ collection, and compilation of obligatory meteorological and snow cover
information for running, calibrating and validating such models. The simulation models are the
potential tools both for forecasting and a means to improve the understanding of snowmelt
processes. Several studies on stream/snowmelt runoff modeling have been reported in the
literature. Some of them applied specifically for the Himalayan region are reviewed in detail.

Shashi Kumar et al. (1993) implemented Snowmelt Runoff Model (SRM) to simulate
discharge for two study areas i.e. Beas basin upto Thalot and Parbati river upto Pulga dam
located in western Himalayan region. The digital data of Landsat MSS was analyzed using
sophisticated interpretation techniques for the runoff seasons of 1986 and 1987. The areal
snow cover extent was evaluated for each elevation zone. This information along with
meteorological data, degree-day factor, temperature lapse rate and runoff coefficients was used
as input to run the snowmelt model. Simulation studies were carried out to obtain a good fit
between the simulated and actual discharges measured at Thalout and Phulga dam site by user
departments.

Singh and Quick (1993) carried out a study to simulate streamflow for the Satluj river at
Rampur located in the western Himalayas by using the University of British Columbia (UBC)
watershed model. Daily simulation was made for the whole watershed by treating it as a single
entity and by splitting into two sub-basins namely upper sub-basin and lower sub-basin. The
study showed that on combining two watersheds of different hydrological behavior into a
single watershed reduces simulation or forecasting accuracy. It was also reported that areal
distribution of precipitation is the most crucial factor in streamflow simulation because the
model exploit precipitation-elevation relationships to build up snowpack.

Singh et al. (1997a) estimated average contribution of melt runoff from snow and
glacier to the annual streamflow of Chenab river at Akhnoor in western Himalayan region
using a water balance approach over a period of ten years. Variability of snow covered area
was also made using satellite imagery for the same period. It was observed that about 70% of
the total basin area was covered with snow during the months of March/April which reduced to
about 24% by September/October. The estimated average contribution of the snow and glacier
melt was found to be about 49%.
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Singh and Jain (2003) developed and applied a snowmelt and rainfall runoff conceptual
snowmelt model for simulation of daily streamflow for Satluj river basin, a mountainous basin
located in western Himalayan region. The model satisfactorily simulated daily streamflow and
its components namely rainfall, snowmelt and baseflow for an independent dataset of 6 years.
It was observed that most of the peaks in streamflow were generated by rainfall, but the
prolonged high flows were due to melting of snow. The model was also utilized to estimate the
contribution from snowmelt and rainfall to seasonal and annual flows. The analysis suggested
that more than two-third of annual flow was contributed from snowmelt runoff. Seasonal
distribution of streamflow indicated that about 60% annual flow was generated during summer
season and about 75% of this was obtained from snowmelt.

Prasad et al. (2005) used Snowmelt Runoff Model (SRM) to estimate snowmelt runoff
in Beas basin upto Pandoh dam on a 10 day average basis. The various model inputs were
derived from available maps, remote sensing data and hydro-meteorological data. The snow
covered area in the basin was extracted from IRS-1C/1D (WIiFS). A good agreement was seen
between the observed and computed runoff with monthly average deviation of +4.6% and a
coefficient of determination was 0.854.

Kumar et al. (2007) estimated the average contribution of melt runoff from snow and
glacier in the annual streamflow of Beas river at Pandoh, Himachal Pradesh. The total water
budget for the basin using the water balance approach was computed over a period of 15 years
(199-2004). A study on variability of snow covered area was also made for the same period. It
was found that about 45% (2375 km?) of the total drainage area of the basin was covered with
snow during the March/April and about 15% (780 km?) is under the perpetual snow and glacier
cover. The estimated average contribution of the snow and glacier melt was found to be about
35%.

Singh et al. (2008c) carried out a study for simulation of daily streamflow for the
Gangotri glacier basin lying in central Himalayas. The SNOWMOD, a snowmelt model based
on temperature index approach was used to simulate streamflow for the melt period of four
years (2000 to 2003). The different simulated components of the streamflow clearly indicated
that nearly all high peaks were attributed to melt. It was also concluded that on the seasonal
scale, the basin receives 97% of runoff from glacier melt and only 3% is generated from
rainfall runoff.

Jain et al. (2010a) applied snowmelt runoff model (SRM) for estimating the streamflow
for the Satluj river basin lying in the western Himalayan region. The snow cover area for the
basin was extracted from NOAA-AVHRR and MODIS remote sensing satellite and area
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elevation curves were prepared from SRTM-DEM. The calibrated model was used to simulate
streamflow for a period of 4 years i.e. 2000-2003 and 2004-05. The well recognized criteria
like shape of outflow hydrograph, efficiency and volume difference were used for verification
of streamflow accuracy.

Arora et al. (2010) simulated daily streamflow of two major tributaries of river Ganga,
river Bhagirathi and river Dhauli Ganga using SNOWMOD snowmelt runoff model. The
results indicated that both the tributaries have significant contribution from snow and glacier
melt. In the Bhagirathi river, the maximum snow/ice contribution was found to be 63.81% to
77.95% whereas rainfall and baseflow contribution were in the range of 8.14% and 23.06% and
12.73% to 13.90% respectively, of the total discharge. It was also concluded that the average
contribution of streamflow components; snowmelt, rainfall runoff and baseflow were found to
be 70.54%, 16.30% and 13.14% respectively for the study period (1999-2002). In the Dhauli
Ganga river, the maximum snow contribution was found to be 79.23% to 80.61% whereas
rainfall and baseflow components contributed in the range of 6.91% to 17.67% and 11.40% to
13.95% respectively, of the total discharge. It was also concluded that the average contribution
of streamflow components; snowmelt, rainfall runoff and baseflow were found to be 77.35%,
10.35% and 12.32% respectively for the study period (1983, 1984 and 1987).

Sharma et al. (2012) carried out a study to estimate the spatio-temporal variation of
snow cover during the past decade and streamflow simulation for the Jhelum river basin using
Snow Melt Runoff Model (SRM). The NDSI algorithm was used to estimate the snow cover
extent from the satellite imageries of MODIS sensor. The study indicated large variation in the
distribution pattern of snow cover and also falling trend was also observed in different sub-
basins of the Jhelum river. It was seen that a strong correlation existed between snow cover
extent-temperature, snow cover extent-discharge and discharge-precipitation, analyzed for
different seasons. A modified version runoff model developed for smaller watersheds was used
to estimate the monthly discharge contribution from different sub-basins to the total discharge
of the Jhelum river.

Panday et al., (2013) utilized Markov Chain Monte Carlo (MCMC) method for
examining and evaluating the performance of SRM, a degree day conceptual snowmelt model.
The model was applied in the Tamor river basin lying in eastern part of Nepal Himalaya for
simulating the daily streamflow during the hydrological years from 2002 to 2006. The SRM
model coupled with the MCMC method presented better fit to observed flows, nevertheless
failed to capture peak discharge during summer monsoon months. It was found that the

estimated average snowmelt contribution to the total runoff was 29.7+2.9%, which comprised

21



4.2£0.9% from snowfall that promptly melts while rainfall contribution was found to be
70.3+£2.6% in the basin.

Agarwal et al. (2014) estimated snowmelt runoff for the sub-basin of Ganga river;
Alaknanda and Bhagirathi river basins upto Joshimath and Uttarkashi respectively using SRM
snowmelt runoff model. The information on snow cover area was extracted from satellite
imageries of MODIS, Landsat and AWIFS for Bhagirathi basin and IRS-P6 of Resourcesat-1
and Landsat (ETM+) for Alaknanda basin. It was observed that the maximum discharge
occurred during the monsoon season (in July and August) and decreases in winter from October
to February for the study period. In Bhagirathi basin it was found that the measurement runoff
and computed runoff were about 3602.69 (10° m® and 3533.21(10° m®) respectively and
average runoff and average computed runoff were 114.20 m® and 112.0 m*/s respectively for
the study period (2002-2007). Also, overall snowmelt simulation for the Alaknanda basin for
the study years 2000 and 2008 was found good.

Li et al. (2014) carried out a study to estimate the runoff and its components for two
Himalayan basins namely the Wang Chhu basin and the Beas river basin located in Bhutan and
India respectively. The Hydrologiska Byrans Vattenbalansavdelning (HBV) model was used to
identify the runoff proportion from four components i.e. glacier melt, snow melt on glacier,
snow melt outside glacier and rainfall. The results indicated that rainfall is the largest
contributor to runoff in the Wang Chhu basin, whereas snow and glacier melt is manifestly

dominant in Beas river basin.

28 TREND ANALYSIS

Water resources systems are designed and operated on the basis of assumption of
stationary hydrology, if these assumptions are erroneous then existing procedures for design
needs to be amended. The changes in temperature, precipitation, and other climatic variables
are likely to influence the amount and distribution of runoff in all river systems globally. The
detection of trends in hydro-climatic data, particularly temperature, precipitation, and
streamflow is essential for assessment of impacts of climatic variability and its change on the
water resources of a region. Trend analysis may thus focus on the overall pattern of change
over time, help temporal and spatial comparisons for deriving future projections. Estimates of
temperature anomaly were better estimated using long-term series data. Several statistical
methods apply parametric and non-parametric approach for the detection of trends. Mainly four
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stages are involved in the trend analysis; collection and preparation of suitable database,
exploratory analysis of data, application of statistical tests, and interpretation of results.

Himalayan region aptly called the water tower of Asia is greatly to be affected due to
change in climatic conditions and impact the streamflow of snow-fed rivers originating from
the region. The Himalayan region, including the Tibetan Plateau, has shown consistent trends
in overall warming during the past 100 years (Yao et al. 2007). Various studies suggest that
warming in the Himalayas has been much greater than the global average of 0.74°C over the
last 100 years (IPCC, 2007). Long-term trends in the maximum, minimum and mean
temperatures over the north western Himalaya during the 20th century (Bhutiyani et al., 2007)
suggest a significant rise in air temperature in the north western Himalaya, with winter
warming occurring at a faster rate. Global warming has resulted in large-scale retreat of
glaciers throughout the world. This has led to most glaciers in the mountainous regions such as
the Himalayas to recede during the last century and influence runoff of Himalayan rivers. The
climatic change/variability in recent decades has made considerable impacts on the glacier life
cycle in the Himalayan region. Several studies have been carried out to investigate the changes
in temperature and rainfall series and its association with climate change. Some of the
important studies carried out for the Himalayas are reviewed and discussed here in brief.

Mirza et al. (1998) analyzed the trends and persistence in precipitation in the Ganges,
the Brahmaputra and the Meghna river basins. Time series of annual precipitation of 16
meteorological sub-divisions covering these basins were examined for trends using Mann-
Kendall rank statistic, student’s t-Test and regression analysis, and first order autocorrelation
analysis was used for persistence. The results indicated that precipitation was by-and-large
stable in Ganga basin while sub-divisions of both Brahmaputra and Meghna basin had either
increasing or decreasing trend. It was also concluded that persistence was not present in
precipitation series of Ganga basin but existed in 2 common sub-divisions in Brahmaputra and
Meghna basin.

Shrestha et al. (1999) analyzed the maximum temperature data of 49 stations in Nepal
for the period (1971-1994). The results indicated warming trends after year 1977 ranging from
0.06 to 0.12°C/year in most of the Middle mountain and the Himalayan regions whereas the
Siwalik and Terai, southern plains regions showed warming trends less than 0.03°C/year. It was
observed from the distribution of seasonal and annual temperature trends that high rates of
warming existed in regions at higher elevations (Middle Mountains and the Himalaya), whereas

low warming or even cooling trends found in the southern region.
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Fu et al., (2004) applied the Kendall's test to examine the hydro-climatic trends in the
Yellow river watershed during the last half century. It was observed that watershed had become
warmer with more significant rise in minimum temperature than maximum and mean
temperatures. The change in precipitation trend was not found significant and the basin runoff
depicted falling trend. These results were attributed mainly to the human activities, global
warming, and changes in landuse/landcover along with other constraints such as accuracy in
estimation of natural runoff, snowmelt, water transfer, ground water exploitation and
precipitation characteristics. The homogeneity analysis showed that precipitation, maximum
and minimum temperature were all heterogeneous and the trends varied both monthly and
regionally.

Bhutiyani et al. (2007) carried out a study to examine the trends in long-term
instrumental air temperature data across the northwestern Himalayas during the last century.
The study reported significant increase in air temperature by about 1.6°C with winters warming
at a faster in the twentieth century in the study region. It was concluded that the increasing
significant trends in the diurnal temperature attributed to rise in both maximum and minimum
temperatures, with maximum temperature increasing much more rapidly.

Basistha et al. (2009) carried out a study to investigate changes in the rainfall pattern
during twentieth century in the Indian Himalayas. The statistical tests were applied to detect
trend and possible shift in rainfall using 80 years of data from 30 stations. The study suggested
that 1964 was found to be the most probable year of change in monsoon and annual rainfall in
the region. It was concluded that there was an increasing trend upto 1964 after which trend
decreased during 1965-1980 for this region and changes were most explicit over the shivaliks
and southern part of Lesser Himalayas.

Rai et al. (2010) statistical test were used to investigate the persistence, trend and
periodicity in hydro-climatic variables in Yamuna river basin. The results indicated significant
difference in the patterns of monsoon and non-monsoon rainfall in terms of persistence and
periodicity and about 20% of rainfall time series indicated the presence of persistence. The
study concluded that overall declining trend was examined in the annual and monsoon rainfall,
annual and monsoon rainy days and aridity index along with a rising trend in onset of effective
monsoon.

Kumar et al. (2010) analyzed rainfall and rainy days time series at five stations i.e
Srinagar, Kulgam, Handwara, Quazigund and Kukarnag in Kashmir valley to decipher rainfall
trends at seasonal and annual time scale. It was revealed that the during the year 1903-1982,

annual rainfall showed decreasing trend at three stations (Srinagar, Kulgam, Handwara) and all
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three stations showed a decreasing trend in monsoon and winter and increasing trend in pre-
monsoon and post-monsoon rainfall. It was also seen that all the stations experienced a
decreasing trend in monsoon and winter rainy days. Other two stations experienced decreasing
trend in annual rainfall during the period 1962-2002.

Xu et al. (2010) applied Mann-Kendall (non-parametric) test to detect the trends in
main hydro-climatic variables in the Tarim River basin, China for a period of 1960-2007. The
results indicated that both mean annual air temperature and precipitation experienced rising
trend. The annual streamflow showed a mixed trend of increasing and decreasing. Moreover, it
was found that the mountain region upstream illustrated a rising trend while region downstream
showed a falling trend.

Khattak et al. (2011) examined trends in various hydro-meteorological variables based
on non parametric tests in the upper Indus river basin (UIRB) in Pakistan. The results indicated
increased trend in winter maximum temperature for the upper, middle and lower region with
the slopes of 1.79, 1.66 and 1.20 °C per 39 year, respectively. It was concluded that increased
winter temperatures would possibly increase streamflow during winter and spring whereas flow
will decrease during summer months.

Jain et al. (2012b) analyzed the trends in rainfall and temperature data series in
northeast India for the period (1871-2008) at monthly, seasonal and annual time scale. It was
examined that rainfall series at regional scale had no clear trend, although trends for some
seasonal and hydro-meteorological sub-divisions existed. The temperature variables namely
maximum, minimum and mean temperatures showed increasing trend and Sen’s estimator of
slope for the minimum, maximum and mean temperature was found to be 0.011(°C/year),
0.019(°Clyear), and 0.015(°C/year) respectively.

Choudhury et al. (2012) analyzed the long term data (1983-2010) to detect trend in the
weather variables using non-parametric tests in Umiam located at mid altitude in Meghalaya.
The results of the study indicated that there was non-significant increasing trend (3.72 mm/yr)
in the total annual rainfall and maximum temperature depicted a linear increasing trend (0.086
OC/year) whereas minimum temperature showed non-significant decreasing trend (-
0.011°C/year). A significant increasing trend (0.031°C/year) was also observed in the mean
temperature over the period.

Mishra et al. (2013) identified trends in climatic variables using non-parametric
methods in the Kaligandaki river basin located in Nepal Himalaya. It was revealed from the
spatial distribution of temperature trend that there were greater warming trends at higher

altitudes. The increasing trends in temperature (approx. by 0.03 to 0.08°C/year) were found in
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different seasons whereas seasonal precipitation showed mixed trends in the study basin. It was
seen that with the increasing trends in winter and spring temperature and decreasing trends in
precipitation, a clear significant negative trend in SCA was identified during these seasons. The
results indicated potential effect of global warming on the climatic variables, precipitation and
snow cover area in higher mountainous region.

Kattel and Yao (2013) carried out a study to examine the recent trends at 13 mountain
stations on the southern slope of the central Himalayas. The analysis was carried for
temperature variables namely annual maximum, minimum and average temperature for a
period of three decade (1980 to 2009) for the stations located between elevation range of 1304
and 2566 m amsl. From the spatial analysis of average temperature, it was found that most of
the stations showed warming trends. It was observed that maximum temperatures had higher
warming magnitude while the minimum temperatures showed larger variability. The temporal
variations indicated a dramatic increase in temperature during the latest decade, especially in

the average and maximum temperatures.

29 CLIMATE CHANGE

Climate has changed considerably throughout the history of the earth due to change in
its forcing components, whether natural or anthropogenic. Potential climate change impacts on
hydrology pose a threat to water resources systems throughout the world. One of the most
important and immediate effects of global warming would be the changes in local and regional
water availability, since the climate system is interactive with the hydrologic cycle. This global
warming is likely to have significant impacts on the hydrologic cycle, affecting water resources
systems (IPCC, 2001, 2007; Waurbs et al., 2005; Kavvas et al., 2006). Predicted changes in
climate regime, and paradigm shift in temperature, rainfall and other atmospheric variables may
have an impact on the availability of fresh water resources, frequency of extreme weather
events (floods, droughts, cyclones), agriculture yield, functioning of ecosystems, melting of
glaciers, sea level rise etc.

In order to provide an indication of the extent of impacts of climatic change on water
resources, streamflow represents an integrated response to hydrologic inputs on the drainage
basin. Generally, in order to evaluate the impact of climate change on streamflow two
approaches are most widely used firstly, hypothetical plausible scenarios and secondly,
scenarios based on the projected output from GCMs or RCMs. Several studies have been
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reported in the literature on climate change and some specific to Himalayan region are
discussed here.

Sharma et al. (2000) conducted a study for the Koshi river basin in central Himalayas to
analyze the hydrologic sensitivity of the basin to potential climate change scenarios using
distributed deterministic modeling approach. It was found that the runoff increase was higher
than precipitation increase in all possible precipitation change scenarios applying contemporary
temperature. Moreover, runoff decreased by 2 to 8% with the scenario of contemporary
precipitation and 4 °C rise in temperature.

Singh and Bengtsson (2004) carried out a study using SNOWMOD, a conceptual
hydrological model to assess the impact of climate change on the sensitivity of water
availability in the Satluj river basin (western Himalayas) using hypothetical scenarios. It was
observed that the impact of climate change was more on the seasonal water availability as
compared to the annual.

Singh and Bengtsson (2005) investigated the impact of climatic warming on the melt
and evaporation for the rain-fed, snow-fed and glacier-fed river basins in the Himalayan region.
Based on the future projected hypothetical climatic scenarios in the study area, three
temperature rise scenarios (by 1°C, 2 °C and 3°C) were used to quantify the effect of warmer
climate. It was found that the melt reduced from snow-fed basins under the warmer climate,
whereas it increased from glacier-fed basins.

Singh et al. (2006) carried out a study to investigate the impact of climate change on
runoff of a glacierized small basin in the Himalayas. The SNOWMOD model was used to
simulate the melt runoff and to assess the impact of climate change under the possible scenarios
of rainfall and temperature, both individually as well as in combination on the monthly runoff
distribution and total runoff for the summer season. The analysis incorporated six temperature
scenarios (0.5 to 3°C) and four rainfall scenarios (10%, —5%, 5%, 10%). It was revealed that
runoff increased linearly with increase in temperature and rainfall. It was also observed that the
changes in runoff were more sensitive to temperature changes as compared to rainfall.

Arora et al. (2008) simulated the daily runoff for the Chenab river basin upto Salal
gauging site using a simple conceptual snowmelt model to study the possible hypothetical
scenarios of temperature and rainfall on the melt characteristics and daily runoff. The average
value of increase in snowmelt runoff obtained were 10, 28, and 43% for the T+1 °C, T+2 °C
and T+3 °C scenarios respectively. Whereas the average value of increase in total streamflow
runoff were found to be 7, 19 and 28% for the T+1 °C, T+2 °C and T+3 °C scenarios

respectively.
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Jain et al. (2010b) carried out a study to investigate the of climate change on the
streamflow for the Satluj river basin located in the western Himalayas based on three
temperature projected hypothetical climatic scenarios (T+1, T+2, T+3°C). It was
revealed that with the increase in temperature there was not much change in total flow,
however change in the distribution of streamflow was noticed. It was concluded that
more snowmelt runoff occurred earlier because of increased melting of snow, with
reduced runoff during monsoon months.

Gain et al. (2011) carried out a study to investigate the impact of climate change on the
low and high flows of lower Brahmaputra river basin (LBRB) for the A1B and A2 emission
scenarios. Weighted discharge time series were used for the future trends in average flow and
extreme flow for the period 1961-2100. It was observed that extreme low flow conditions are
probable to occur less frequent and very strong increase in peak flows in the future. The study
concludes that the A1B and A2 scenario projects the strongest increase in low flow and high
flow respectively.

Neupane et al. (2013) used Soil and Water Assessment Tool (SWAT) to estimate the
impacts of climate change on the hydrologic processes of the Kali Gandaki watershed located
in central Himalaya, based on projected changes in climatic conditions. The model used
modified weather inputs like average, minimum and maximum temperature, and precipitation
changes for SRES B1, A1B and A2 for 2080s. The mean annual streamflow was found to be
about 39% higher than the current values for maximum temperature and precipitation changes
of A2 scenario and 22% less for the minimum changes of same scenario. Also, it was also
observed that the projected snowfall and snowmelt were lesser than current average by about be
30% and 29% respectively.

Kulkarni et al. (2013) applied PRECIS model to examine the potential impact of global
warming over the three sub-regions; the western, central, and eastern Himalaya of Hindu
Kush-Himalayan (HKH) region. The 3 PRECIS simulations were carried out for IPCC A1B
emission scenario for continues period 1961 to 2098 for monsoon season (June-September).
The climate projections were examined over the short (2011-2040), medium (2041-2070), and
long term (2071-2098). The study indicated that significant warming will occur towards the
end of 21% century all over the HKH region. It was concluded that precipitation in summer
monsoon is likely to be higher by 20-40% in 2071-2098 than baseline period (1961-1990).

Rajbhandari et al. (2014) carried out a study to assess the impact of climate change over
the Indus river basin using high resolution regional climate model (PRECIS). The study
analyzed IPCC SRES A1B scenario over 3 time slices i.e. near future (2011-2040), middle of
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21% century (2041-2070) and distant future (2071-2098). The study suggests that overall there
is non-uniform change in precipitation, with an increased precipitation in upper Indus basin and
decreased in lower Indus basin with little change in the border areas. The projection results also
indicated greater warming in the upper Indus basin than lower Indus basin and greater warming
during winter than in other season.

Bharti et al. (2014) carried out a study to assess the impact of climate change on water
resources development using SWAT model for the Koshi River basin located in Nepal. The
projections were generated for the 2030s and 2050s under the IPCC’s A2 and Blscenarios. It
results indicated that impacts are likely to be scale dependent because little impacts were
projected for annual and full-basin scales. But at sub-basin scale, it was found that projected
precipitation increased under both scenarios in 2030s in the upper transmountain sub-
watersheds and most of the basin in 2050s while decreased in 2030s in lower sub-basins. Flow
volumes were projected to increase during monsoon and post-monsoon and decrease during

winter and pre-monsoon seasons.

210 SUMMARY

In this chapter review of the studies carried out by different investigators in the past for
estimation of snow cover area, temperature lapse rate, streamflow modeling, climatic
variability and its impact on the streamflow has been presented. From the review it is seen that
one of the major inputs required for snowmelt runoff modeling is lapse rate, which has not been
given due weightage in earlier studies. Most of the studies have taken lapse rate as constant and
only a few studies have considered the variation of lapse rate. Therefore, it is better to take into
consideration the true representation of seasonal and topographic variations in lapse rate for
obtaining precise estimate of streamflow.

Another important aspect in snowmelt runoff modeling is generation of snow cover
depletion curves (SDCs). For this purpose, snow cover area at closer intervals is required for
better assessment of SDC. Therefore use of number of satellite data is required for assessment
of SDC. Keeping this in view, the research was taken up for Beas basin for estimation of
streamflow which may used for various purposes including hydropower, irrigation and drinking

etc. over different periods and seasons under continual changing environment.
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Chapter 3

STUDY AREA AND DATA AVAILABILITY

31 INTRODUCTION

The country has been divided into 7 zones and 26 hydro-meteorologically
homogeneous subzones out of which the hydro-meteorological subzone 7 is designated as
western Himalayas subzone. The major Indus river systems and its five major rivers namely
Jhelum, Chenab, Ravi, Beas and Sutluj emanates from the western Himalayan region covering
the hilly terrain of Jammu & Kashmir and Himachal Pradesh. These rivers and their tributaries
are snow-fed and rain-fed during summer and through groundwater in winter season and
carries bountiful discharge throughout the year flowing through steep bed slopes, which can be
harnessed for hydropower generation. To meet out the objectives of the research work, the
Beas basin upto Pandoh dam has been selected as the study area. This study area was chosen
for several reasons: Firstly, ease and safety of access which helped us for frequent ground truth
verification, collection and availability of good data network in the basin, and secondly, to
harness potential of Beas river for hydropower and irrigation purposes. Moreover, global
warming and potential climate change, have further added another dimension of complexity on
the hydrological regime of the snow-fed Beas river which needs to be timely addressed.
Further, very limited studies have been carried out earlier to assess the impact of climate
change on the streamflow and its components for Beas basin. The chapter presents the
description of the Beas river basin and details of wide range of hydro-meteorological and

satellite data incorporated in the study.

32 THESTUDY AREA

The Beas river is a primary river tributary of Satluj river in the Indus river system. The
river originates from the foot of a small glacier Beas Kund at an elevation of 4085 m above
mean sea level lying on southern slopes of massive Pir Panjhal range of Rohtang Pass in Kullu
district of Himachal Pradesh. It flows almost in north-south direction upto Larji, from where it
turns nearly at right angle and flows towards west upto Pandoh dam. The average bed slope

above Larji is of order of about 30 m/km while the river slope decreases sharply and near the
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Pong dam site, it is of the order of 1.89 m/ km. The length of the river upto the Pandoh dam is
116 km. The catchment of the Beas basin upto Pandoh dam is 5384.9 km? out of which 780
km? is under permanent snow. The average annual rainfall in the catchment is about 1800 mm.
The altitude varies from 832 m near Pandoh to more than 5000 m near Beo-Toibba. Some of
the major tributaries which join the Beas river upstream of Pandoh dam are: Parvati river near
Bhuntar, Tirthan and Sainj rivers near Larji, Sabari nala near Kulu and Bakhli khad near
Pandoh dam.

All these rivers are perennial and the flow varies considerably during different months
of the year. A major portion of the catchment lies under degraded forests and cultivated land
and therefore, the proportion of the silt and sand are of fine, medium and coarse configuration.
Steep slopes are very common but are terraced at several places in the lower ranges upto an
elevation of 1982 m for agricultural purposes. In certain reaches, thick forests exist mostly
between elevations of 1830 m to 2744 m. A map showing the Beas basin upto Pandoh dam is
given in Figure 3.1.

In year 1960, Indus water treaty was signed between India and Pakistan after which
India came to possess exclusive share of water of three eastern rivers i.e. Satluj, Beas and Ravi.
Bhakra Beas Management Board (BBMB) earlier Bhakra Management Board was formed
under a master plan for harnessing and utilization of water of these rivers for irrigation, flood
control and power generation. In order to meet these objectives, dams were constructed over
the rivers. On river Beas two units comprising namely Beas-Satluj Link (Unit-1) and Beas Dam
at Pong (Unit-11) were taken up for consistent and effective use of the flow of river Beas for
irrigation supplies, flood control and for generating hydropower for the States of northern
India. Beas-Satluj Link project basically meant for power generation. The main purpose of
Pandoh dam on Beas river is to divert the Beas river water to Satluj river for generating power
at Dehar power house. The reservoir of the dam extends about 9.25 km upstream of dam and

has the gross storage capacity of 4100 hectare-meter.
3.3 CLIMATIC CONDITIONSAND VARIATIONSIN STUDY AREA

The altitude and aspect are the two crucial factors governing the weather and climate in
the Himalayan region. Firstly, variation in altitude not only varies the climate, from hot and

moist tropical in lower valleys to cool temperate at about 2000 m and towards Polar beyond
2000 m but also controls the climatic variables temperature and rainfall. Secondly, the aspect
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Figure 3.1: Location map of the Beas basin up to Pandoh Dam
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has strong influence on temperature, as it affects the angle of sun rays. Usually in Northern
Hemisphere south facing slopes are more exposed to sunlight and warm winds, and thus, these
slopes in Himalayas are more sunny, warmer, wetter and forested, and also receive more
rainfall whereas it is cold, dry and glaciated heavily in north facing slopes. The basin lies in the
windward side of the middle Himalayas and hence receives heavy rainfall during the monsoon
season due to moisture-bearing winds arriving from both Arabian Sea and Bay of Bengal. The
study area enjoys the cold and dry climate and depending on the broad climatic conditions, four
seasons viz., pre-monsoon (March-May), monsoon (June-September), post-monsoon (October-
November) and winter (December-February) prevail over the basin. Though rainy months are
spread from mid June to mid September, highest rain occurs in the month of July-August
whereas lowest during October-January. A good amount of snowfall usually occurs in this
region from December to February at an elevation above 2000 m and most of the parts of the
Kullu remain under cover of snow.

Singh and Kumar (1997a) examined rainfall distribution in the Beas basin and found a
distinct pattern of rainfall distribution for the outer and middle ranges of Himalayas, as given
in Table 3.1. The table clearly indicates that higher rainfall occurs during the monsoon season

than the other seasons in the basin.

Table 3.1: Average rainfall distribution in the Beasbasin

Himalayan Rainfall (mm)
Aspect
Range . Pre Post
Winter M onsoon Annual
M onsoon M onsoon
Leeward 179 148 985 83
Outer (North) (12.8%) | (10.6%) | (70.6%) (5.9%) 1395
Windward 317 292 1459 122 2190
Middle (South) (14.5%) (13.3%) (66.6%) (5.6%)
Leeward 327 210 413 102 1052
(North) (31.1%) (19.9%) (39.2%) (9.7%)

34 GEOLOGY AND SOIL

The Beas river bed consists of large boulders and the geology of the catchment above
Pandoh dam mainly comprises of alluvium, glacial deposits quartzite, sandstone and granites.
In general, the soils vary from very shallow to moderately deep and very deep, yellowish

brown to dark brown in colour. The texture of soil varies from sandy loam to silty clay loam
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and clay. The texture of soil aid in providing useful information about the characteristics of soil
which is directly or indirectly related to the growth of plants in the region. Moreover,
relationship between soil texture and soil hydraulic parameters confers soil parameters for
watershed hydrological models (McCuen, 1981) and information on antecedent soil moisture
conditions are of great importance for event based rainfall-runoff modeling (Sahu et al., 2007).
Both calcareous and non-calcareous soils are found in the basin. Various researchers have
mapped the geology of Beas basin (Fuchs and Gupta, 1971; Chaku, 1972; Frank et al., 1973).
The distribution of various major rock types in the Beas basin includes quartzites, gneisses,
granites, schists, slates, marbles and metasediments and their distribution is given in Table 3.2
(Gupta et al., 1982).

Table 3.2: Distribution of major rock typesin Beasbasin at sub-catchment scale

Sub Area Generalised geographic Maior rock tvpes
catchments (km?) elongation of the sub 4 yp
catchment
Manali 356.7 NNW-SSE granite and metasediments
o granite, metasediments, and
Sainj 746.9 E-W )
quartzites
_ granite, metasediments, and
Parvati 1742.4 S-E-NW TO NE-SW _
quartzites
granite, metasediments,, quartzites,
Bhunter 3074.4 N-S TO E-W : _
limestones, slates and phyllites
metasediments,granites, quartzites,
Pandoh 5711.0 NNW-SSE

limestones, slates and phyllites

35 HYDROPOWER POTENTIAL

The five major perennial rivers namely Chenab, Ravi, Satluj, Beas and Yamuna
emanate from the western Himalayas and flow through the Himachal Pradesh and bless the

State with significant hydropower potential. The bulk of potential available in Himachal
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Pradesh of different river basins is at 20634 MW. The basin wise details of hydro-electric

power generation in Himachal Pradesh are given in Table 3.3 (Slariya, 2013).

Table 3.3: Details of hydro-électric power in Himachal Pradesh

. Currently Under TEFR TEFR Survey
Basin : : not Total
oper ational Execution | Ready completed
Ready

Yamuna 211.52 110 231 0 39 591.52
Satluj 3150.25 1280.5 1402 2227 1360.5 9420.25
Beas 1634.5 1330 736 856.5 25 4582
Ravi 1043.5 0 642.5 348 260 2294
Chenab 5.3 0 0 240 2503 2748.3
Total 6045.07 2720.5 3011.5 3671.5 4187.5 19636.07

It is discernible from Table 3.3 that out of the total estimated hydropower in the State,
about 48% (nearly half) has been identified alone in the Satluj river basin. The Beas river basin
ranks second in hydropower potential with more than 22% and more than 11% in Ravi and
Chenab river basin. The largest 990 MW, Dehar hydro-electric power plant managed by
Bhakra Beas Management Board (BBMB) receives water from Pandoh dam. The Larji
hydropower project upstream of Pandoh dam has the installed capacity of 126 MW. Besides
these, Allain Duhangan hydropower project (192 MW) and Malana hydropower project (86
MW) are among the private developers harnessing the hydropower of this area. The main

upcoming hydropower projects in the basin are Sainj, Parbati-I, Parbati-11 and Parbati-I11.

36 STREAMFLOW CHARACTERISTICSOF RIVER BEASAT PANDOH

Streamflow of river Beas consists of two components: one contributed from snow and
glacier melt and another resulting from the rainfall over the basin. Generally, contribution from
snowmelt starts from March and lasts till June/July depending on the accumulated snow pack
water equivalent and prevailing temperature. The contribution from snowmelt increases
continuously and exceeds the rainfall component as the summer season advances.
Consequently, a major part of streamflow is generated during the pre-monsoon season from
seasonal snow. During the monsoon season, rainfall component dominates and produces higher
discharges and augment the river flow. Generally, higher discharges or floods are pronounced

in the months of July and August, factually due to heavy rainfall in the lower reaches of the
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basin. Normally, ablation of the seasonal snow which accumulates on the glaciers during the
winter season begins at the end of May/June, and thereafter, glaciers start contributing to
streamflow. They contribute to their utmost in the month of July and August. The melt runoff
contribution from glaciers lasts till September/October. During the post-monsoon season,
streamflow is presumed to be partly from the glaciers and occasional rainfall events. Minimum
streamflow is observed during winter season because no melting occurs due to low temperature
regime. The baseflow contribution during this period sustains the river flow and makes the

mountainous rivers perennial.

3.7 AVAILABILITY OF DATA

Climatologically, the present study area falls in the lower Himalayan zone lying in the
State of Himachal Pradesh in western Himalayas. As the streamflow of the river have
contribution from rainfall as well as from snow and glacier melt, data on hydro-meteorology
and areal extent of snow cover is essential for modeling. For the present research study, the
hydro-meteorological and remote sensing dataset used is collected from two sources. The
ground observed hydro-meteorological data is collected from the office of Bhakra Beas
Management Board (BBMB), Pandoh during the field visit whereas the remote sensing data is

either downloaded from internet or procured depending upon the access of satellite product.

38 REMOTE SENSING SATELLITE DATA

Mapping the earth’s resources is a major challenge both technically and scientifically
(Gupta et al., 2002, Srivastava et al., 2003). Among them water is an important and essential
resource for the survival of humans and their well being. Timely and consistent information of
water resources, especially in the Himalayan regions receiving substantial contribution from
melting of snow/ice, glaciers and permafrost is crucial for optimal planning and utilization.
This melt runoff generates numerous streams that nourishes the river and makes them perennial
(Krishna, 2014). However, in the mountainous areas, due to the intricate rugged terrain,
heterogeneous ground properties, and inaccessibility, snow cover estimation is a challenging
mission. Use of satellite remote sensing is the only efficient way for monitoring the
dynamically changing snow cover area at sufficiently large scale (Rango, 1996) and the land

surface temperatures. Snow Cover Area (SCA) and Temperature Lapse Rate (TLR) are two
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important input parameters for the hydrological modeling of snowmelt runoff estimation, flood
forecasting, climate change studies etc. The information on these two parameters can be
derived from the remotely sensed data of different satellites.

According to Hall and Martinec (1985), for a particular analysis, judicious selection of
proper sensor taking into consideration factor like wavelengths, spatial and temporal resolution
or frequency and timing of ground converge plays an important role. The remote sensing
technique offers important advantages such as areal measurements, good spatial and temporal
resolution, data availability in numerical formats and in less accessible regions. One of the
great advantages of remote sensing data is its ability to provide areal information instead of
point data which had rapidly increased its role in the field of snow hydrology. Even though a
variety of remotely sensed devices are available, the greatest applications have been found in
Visible (VIS) and Near Infrared (NIR) region of electromagnetic spectrum (Hall et al., 2002a).
The main advantage of this is easy availability, interpretation and relatively easy distinguishing
snow from snow-free area.

As snow forms an integral part of hydrological modeling in the Himalayan basins, its
spatial coverage or extent i.e. Snow Cover Area (SCA) together with physical properties are
very significant input parameters for simulation and estimation of snowmelt contribution in the
river flow. Snow cover is important at all spatial scales (Rees, 2006). It represents an important
geophysical variable for climate as it plays an important role in controlling the Earth’s albedo
(Wiscombe and Warren, 1980; Nolin and Stroeve, 1997) and in hydrology (Ross and Walsh,
1986; Barnett et al., 1989).

Previously, conventional methods of snow surveys based on manual ground
measurements were used for snow cover information. These methods had limitations in
monitoring of SCA in intricate climatic conditions of Himalayas due to inaccessibility, sparse
location of ground stations and rugged terrains. Thus, snow monitoring, snow mapping, its

estimation and analysis for snowmelt runoff is time consuming, for it is a convoluted process.

With the advancement in technology, manual measurement of snow cover is being
replaced by the automatic weather stations. Now days, remote sensing is a popular tool for
acquiring information about objects from measurements made at a distance without any
physical contact with the objects. This tool is supplementing the ground based measurement
techniques of snow cover area. However, ground information is very valuable and decisive in
calibration and verification of other remotely sensed data available now a days. The main

advantage of these satellite data is that they are continuous, cost effective and allow us to
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monitor snow cover with high spatial coverage and repetition time even in the harsh, rugged
and inaccessible areas.

The distribution of snow cover is a major function of topography and the climatic
conditions prevailing in a craggy terrain. Digital Elevation Model (DEM) models being a
function of geographic location are useful to model the elevation of terrain and provide the
basic niceties essential to characterize the topographic features of a terrain. They are also used
for automatic delineation of basins, channel network, land slope, average slope of stream
segments etc. Thus, it becomes very important to derive the proper information of the terrain of
the area as it is broadly used to understand the distribution pattern of snow with respect to
change in topographic features. Presently, numbers of several techniques are available to
generate DEMs which includes GPS, aerial photogrammetry and spaceborne technology etc.
(Snehmani et al., 2013b). DEMs can be created at different spatial scales depending upon a
specific application (Gupta et al., 2014).

In the present study, snow cover area, digital elevation model, land surface temperature
information has been derived from the satellite data. For SCA estimation satellite data of
Aqua/Terra MODIS, IRS-1C/1D-WIFS and AWIFS have been used. The data of two sets from
Shuttle Radar Topographic Mission (SRTM) of 90 m spatial resolution and GTOPO30 with

1000 m spatial resolution were used for DEM, discussed earlier in section 3.9.3.

39 SATELLITE IMAGERIESAND DATA PRODUCTS

39.1 IRS1C/1D and IRS-P6

Following successful launch of experimental satellites Bhaskara-1 and Bhaskara-2 in
June 1979 and November 1981 respectively, the golden era of India’s space exploration began
with the launch of first indigenous and civilian Indian Remote Sensing Satellite, IRS-1A on 17
March, 1988 which laid a successful milestone in the Indian space programme and an IRS
programme was commissioned. Currently, there are eleven satellites available in the IRS series
to provide satellite data in varied spectral, spatial and temporal resolutions. The second
generation IRS series IRS-1C and 1D with a mission to provide enhanced sensor and coverage
features were launched on 28 December, 1995 and 29 September, 1997 respectively. Both of
these satellites weighed 1250 kg and have onboard recorders to collect data. Both satellites
carried three payloads namely Panchromatic Camera (PAN), Linear Imaging Self Scanner
(LISS-3) and Wide Field Sensor (WiFS) with a spatial resolution of 5.8 m, 23.5 m and 70.5 m.
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In continuation of IRS series, ISRO successfully launched its tenth satellite named as
Resourcesat-1 or IRS-P6 on 17 October, 2013 from Bangalore onboard Indian PSLV-C5. This
advanced version polar Sun synchronous orbit carries three payloads namely a Linear Imaging
Self Scanner LISS-3, LISS-4 and AWIFS. The LISS-4, a high resolution sensor operates with
spatial resolution of 5.8 m in three bands in the visible and near infrared bands of the spectrum
and achieves five day revisit capability whereas the LISS-3, a medium resolution sensor with a
spatial resolution of 23.5 m operates in three spectral bands in VNIR and one in SWIR band
with 142 km swath. The data from high resolution sensor are valuable for urban planning and
mapping application while medium resolution data is of great importance for vegetation
discrimination, land mapping, and management of natural resources. The key parameters of
IRS -1C/1D and IRS-P6 satellites are given in Table 3.4. Seventeen cloud free data of IRS-
1C/1D and IRS-P6 were procured from National Remote Sensing Centre (NRSC), Hyderabad,
India for the present study. The details of satellite data are provided in Table 3.5.

Table 3.4: Key parametersof IRS-1C/1D and IRS-P6 satellites

IRS-1C/1D | RS-P6/Resour cesat-1
Parameter LISS M MX LISS
- . ono - .
Pan Band m WiFs Mode Mode m AWIFS
58 | Band2 | o4 i i 58m | 235m | 56m
(Green)
Band 3
Spatial (Red) 23 m 188 m 58m 58m 23.5m 56 m
Resolution Band4 | 531 | 188m i 58m | 235m | 56m
(NIR)
Band 5
(SWIR) 70m - - - 23.5m 56 m
0.50- Band 2 0.52- 0.52- 0.52- 0.52-
0.75 0.59 - - 0.59 0.59 0.59
(Green)
pm pm pm pm pm
Band 3 0.62- 0.62- 0.62- 0.62- 0.62- 0.62-
0.68 0.68 0.68 0.68 0.68 0.68
(Red)
Spectral pum pm pum pm um um
Coverage Band 4 0.77- 0.77- 0.77- 0.77- 0.77-
0.86 0.86 - 0.86 0.86 0.86
(NIR)
pm pum pum pm pum
1.55- 1.55- 1.55-
Band 5
(SWIR) 1.70 - - - 1.70 1.70
um pm pum
Radiometric | ¢\ 00 | oiipands | 7 bit 7 bit 7 bit 7 bit 7 bit 10 bit
resolution
Swath 70 km all bands | 142 km | 810 km 70km | 23.9km | 140km | 740 km

(Source: Euromap, 2013)
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Table 3.5: Details of satellite data used in the study

Y ear Date Satellite/Sensor Path/Row
29 March IRS-WIFS 94/47
2000 02 October IRS-WIFS 93/47
18 December IRS-WIFS 94/47
04 February IRS-WiFS 94/97
28 February IRS-WIFS 94/47
11 May IRS-WIFS 94/47
2001
31 October IRS-WIFS 95/47
14 November IRS-WIFS 93/47
23 December IRS-WIFS 96/48
30 January IRS-WIFS 94/47
18 February IRS-WIFS 93/47
2002
11 May IRS-WIFS 95/47
27 September IRS-WIFS 94/47
2004 14 May IRS-P6 (AWIFS) 93/49
24 October IRS-P6 (AWIFS) 93/49
2005 17 November IRS-P6 (AWIFS) 93/49
11 December IRS-P6 (AWIFS) 93/49

3.9.2 Moderate Resolution Imaging Spectroradiometer (MODIS)

The Earth Observing System (EOS) is a program of National Aeronautics and Space
Administration (NASA) comprising series of artificial satellite missions and scientific
instruments in Earth orbit designed for long-term global observations of the land surface,
biosphere, atmosphere and ocean of the Earth. Moderate Resolution Imaging
Spectroradiometer (MODIS) is a key instrument boarded on the platform of Terra (EOS AM)
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and Aqua (EOS PM) satellites launched by EOS. Terra was successfully launched on
December 18, 1999 aboard an Atlas IIAS vehicle from Vandenberg Air Force Base located
northwest of Lompoc, California. This satellite at an altitude of 705 km orbits in a sun
synchronous polar orbit timed such that it descends southward passing from north to south
across the equator in morning. Another satellite Aqua (EOS PM-1) carrying the second
MODIS instrument was launched on May 4, 2002 from Vandenberg Air Force Base,
California. This satellite passes south to north over the equator in the afternoon. The land-
imaging element of MODIS sensor appends the characteristics of both AVHRR and Landsat
sensors to endow enhanced monitoring of the Earth surface globally. MODIS instrument on
board on Terra and Aqua satellites view the whole Earth surface with swath of 2330 km (+ 55
0) every one to two days, obtaining data in 36 spectral bands, or wavelength groups (Hall et al.,
2002a, MODIS, 2007). Among these 36 spectral bands ranging in wavelength from 0.4 um to
14.4 um, 11 are in the visible range, 9 in near Infrared range, 6 in thermal range, 4 in the short
wave infrared (SWIR) range and 6 in the long wave infrared range (LWIR). The sensor maps
the earth’s surface in high radiometric sensitivity (12 bit) and in three different spatial
resolutions viz. 250 m (band 1-2), 500 m (band 3-7) and 1 km (band 8-36).

MODIS design team has given substantial emphasis to instrument calibration and
characterization, recognizing it as critical for generation of accurate long-term time series
products required for global change studies (Justice et al., 2002). The data acquired from this
satellite under goes five different levels of processing. The data from MODIS instrument are
transferred to ground stations in White Sands, New Mexico through Tracking and Data Relay
Satellite System (TDRSS). After, first Level-0 processing at EOS data and Operations System,
the GES DAAC fabricates the Level 1A and 1B, geolocation and cloud mask products. The
responsibility for generation of Level 2 and higher products are offered by MODAPS. The
MODIS Level-3 (V003) generates earth gridded geophysical products mapped onto space and
time grids. The MODIS Level-4 (V004) is the earth gridded model output or result analysis
obtained from lower-level data.

3.9.2.1 MODI S snow data products

The MODIS snow maps have augmented the valuable record by providing daily snow
products with several spectral bands and better resolution comparative to other satellite
products. The MODIS derived data products have the capability to differentiate snow from
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most clouds. The MODIS snow and sea ice products are globally accessible in various
resolutions and projections to serve various user communities (Hall et al., 2002a, 2006; Riggs
et al., 2006) and are disseminated via National Snow and Ice Data Centre (NSIDC) in Boulder,
Colorado (Scharfen et al.,, 2000). The MODIS make use of fully automated and
computationally prudent snow mapping algorithm technique for snow detection thus reducing
subjective problems due to human biases. Seven bands (bands 1-7) of MODIS are especially
designed to image the earth’s land surface, corrected for atmospheric effects using aerosol and
water vapour information. Among these seven bands MODIS snow mapping algorithm utilizes
four bands (bands 1, 2, 4, 6). The MODIS identifies snow covered land, snow covered ice on
inland water product globally. For identification and classification of snow on pixel by pixel
basis, the snow mapping algorithm employs grouped criteria techniques by making use of
Normalized Difference Snow Index (NDSI) and other spectral threshold tests (Hall et al.,
2001). NDSI is analogous to the Normalized Difference Vegetation Index (NDVI) (Tucker,
1979, 1986; Townshend and Tucker, 1984). In snow map algorithm, the snow pixels need to
satisfy the criteria applied in order of their appearance as below:
a. Pixel has nominal Level-1B radiance data
b. Pixel is in daylight
c. Pixel is on land or water
d. Pixel are unobstructed by cloud
e. Pixels have an estimated surface temperature < 283 Kelvin

The snow map algorithm of MODIS, based on rationing techniques is successful at
local and regional scales. (Kyle et al., 1978) determined the use of ratio of a SWIR band to a
visible band. This algorithm is based on long ancestry of NDSI technique for snow detection
and was evolved using data of Landsat Mapper (TM) (Bunting and d’Entremont, 1982; Dozier,
1989; Hall et al., 1995; Klien et al., 1998; Hall et al., 2001; Hall et al., 2002a; Klien and
Barnett, 2003). Due to higher reflectance of snow in the visible range (0.5-0.7 um) of spectrum
and lower in the short wave infrared range (1-4 um) of spectrum (Nolin and Liang, 2000),
MODIS automated algorithms make use of reflectance in bands 4 (0.545-0.565 pum) and 6
(1.628-1.652 um) for calculation of Normalized Difference Snow Index (NDSI) (Hall et al.,
1995).

On the other hand clouds have higher reflectance in both visible and near-IR
wavelength of the electromagnetic spectrum (Rossow and Gardner, 1993). Based on these
differences between snow/cloud reflectance and emittance characteristics, NDSI index also

holds good in snow/cloud discrimination.
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NDSI= Band4 - Band6
Band 4+ Band 6

The higher NDSI value indicates pure snow and NDSI decreases with mixing of other features
in a pixel. MODIS bands 1 and 2 are also used by the algorithm to calculate Normalized
Difference Vegetation Index (NDSI) values which are used with NDSI values to map snow in
dense forests (Klien et al., 1998).

NDVI= Band 2-Band 1
Band 2+ Band 1

Snow detection is achieved by using two groups of grouped criteria tests for snow
reflectance characteristics in visible and near infrared wavelength regions. The first group
criterion is for detecting snow in several conditions. In this criteria group of tests a pixel is
mapped as snow if NDSI value is greater than 0.4, the reflectance in band 2 is greater than 0.11
and in band 4 reflectance is greater than 0.10. The other group of criteria tests is aimed to
detect snow in dense vegetation in a better way by using bands 1 and 2 to calculate NDVI. In
this criteria group, a pixel is also determined to be snow if NDSI and NDVI values in a defined
polygon of a scatter plot of two indices and reflectance in band 2 (0.841-0.876 um) is greater
than 0.11 as well as reflectance in band 1 (0.62-0.67 um) is greater than 0.1 (Hall et al., 2001).

3.9.2.2 MODISIland surfacetemperature data

MODIS is particularly useful for the LST product and its strength lies in its global
coverage, high radiometric resolution and dynamic ranges for a variety of land cover form, and
high calibration accuracy in manifold thermal infrared bands designed for retrieval of SST,
LST and the atmospheric properties (Zhengming, 1999; Wan et. al., 2004, Mao et al., 2005).
The MODIS-LST products are archived in Hierarchical Data Format-Earth Observing System
(HDF-EQOS). These MODIS-LST data products are produced in seven series (Zhengming,
2006). A summary of the sequence of MODIS-LST products is given in Table 3.6. The
MODIS/Terra LST data are generated using the split window algorithm evolved by Wan and
Dozier (1996). The LST algorithm employs data in band 31 and 32 of MODIS as inputs to the

split-window at 11 and 12 microns respectively.
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Table 3.6: Sequential overview of MODIS-L ST products

Earth Science | Product Nominal Data Spatial Temporal Map
Data Type Level Array Dimensions Resolution Resolution Projection
(ESDT)
2030 or 2040 lines swath None.
MOD11 L2 L2 by 1354 pixels per 1km at nadir (lat,lon
. (scene)
line referenced)
1200 rows by 1200 1km (actual . . .
MOD11A1 L3 columns 0.928km) daily Sinusoidal
200 rows by 200 6km (actual . . .
MOD11B1 L3 columns 5.568km) daily Sinusoidal
1200 rows by 1200 1km (actual . . .
MOD11A2 L3 columns 0.928km) eight days Sinusoidal
MOD11C1 L3 360° by 180 0.05° by 0.05° daily equal-angle
(global) geographic
360° by 180° R R . equal-angle
MOD11C2 L3 (global) 0.05° by 0.05 eight days geographic
MOD11C3 L3 360° by 180 0.05°by 0.05° | monthly | cdual-angle
(global) geographic

The MOD11_L2 is the first LST product with a spatial resolution of 1 km for a swath
(scene) obtained using the generalized split-window LST algorithm developed by Wan and
Dozier (1996). The geolocation information (latitude and longitude) at a coarser resolution is
stored with the products. The second product, MOD 11AL1 is a tile of daily LST at a spatial
resolution of 1 km produced by mapping the pixels of first LST product for a day to the Earth
locations on sinusoidal projection.

In the present study, MOD11A2 has been employed which is 8-day LST product
obtained by averaging from 2 to 8 days of MOD11A1 products which consist of 1200 km
x1200 km tiles of 1km spatial resolution (0.928 km in actual) and sinusoidal map projection.
The LST data is available as 16 bit unsigned integer while emissivity as 8 bit unsigned integer.
MOD11A2 is encompass of daytime and nighttime LSTs, quality assessment, observation
times, view angles, bits of clear sky days and nights, and emissivities estimated in Bands 31
and 32 from land cover types (LP DAAC, 2014).

3.9.3 DIGITAL ELEVATION MODEL

@ Using SRTM 90 M Data
The Shuttle Radar Topography Mission (SRTM) is an international project led by the
U.S. National Geospatial-Intelligence Agency (NGA), U.S. National Aeronautics and Space
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Administration (NASA), the Italian Space Agency (ASI) and the German Aerospace Center
(DLR). SRTM obtained elevation data on a near-global scale to generate the most complete
high resolution digital topographic database of Earth, including three resolution products, of 1
km and 90 m resolutions for the world, and a 30 m resolution for the US (USGS, 2004). The
elevation data used in this study is the 90 m resolution (3-arc SRTM), which consists of a
specially modified radar system that flew onboard the Space Shuttle Endeavour during an 11-
day mission in February of 2000. These two radar antennas operating in C and X-bands
acquired elevation information over the landmass between 56 °S to 60 °N. All SRTM data are
freely available at: http://seamless.usgs.gov/Website/Seamless/. The SRTM-DEM was
downloaded from the USGS ftp site. These data are presently supplied free of cost for scientific
study. The data were supplied in GeoTIFF format. The ERDAS Imagine software has been
used to export the DEM to 32-bit data format. Many times variation in pixel intensity (digital
numbers) occurs due to conflicting sensitivities resulting either from malfunctioning of
detectors or due to topographic or/and atmospheric effects. These variations were corrected by
radiometric calibration. The SRTM-DEM was available in Geographic latitude/longitude map
projection with WGS84 datum.

(b) Using USGS Data

The USGS GTOPOS30 is a global digital elevation model (DEM) resulting from a joint
endeavors by the team of USGS EROS data center with a regular horizontal spacing at 30-arc
seconds (nearly 1 km). This global model available in public domain was developed over a
period of three years and completed in 1996. The DEM was evolved with an objective to serve
the exigencies of geospatial data user groups for topographic data, both at regional and
continental scale. Being a worldwide dataset, it covers the complete extent of Earth from 90 °S
to 90 °S (latitude) and from 180 °W to 90 °E (longitude). The horizontal coordinate system of
GTOPOS30 is Latitude and longitude measured in decimal degrees, and referenced to WGS84
datum. The vertical units (in meters) exemplify elevation above mean seal level and range from
-407 m to 8752 m.

The complete GTOPO30 has been alienated into 33 smaller tiles, also called as tiles to
facilitate its electronic distribution. The area from 60 °S to 90 °S of latitude and from 180 W to
90 °E of longitude is covered by 27 tiles, with each tile covering 50 degrees of latitude and 40

degrees of longitude. In this study, snow cover area and LST information elevation wise have
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been extracted using SRTM and GTOPO30 DEM models respectively, which are important

input parameters for a distributed snowmelt runoff model.

310 HYDRO METEOROLOGICAL DATA

The Bhakra Beas Management Board (BBMB) has setup a hydro-metrological network
for the proper, safe, judicious regulation and operation of Pandoh dam. The hydro-
meteorological data on temperature, rainfall and discharge covering the entire Beas basin have
been collected from the office of BBMB at Pandoh, Himachal Pradesh. The observed daily
maximum and minimum temperature data were available for four distinct stations namely
Bhuntar, Larji, Manali and Pandoh located at different altitudes have been collected. The daily
rainfall data has been collected for six stations namely Banjar, Bhuntar, Larji, Pandoh, Manali
and Sainj.

The river flows are monitored and their discharge is measured in different tributaries by
BBMB at five discharge sites on the river Beas namely Bakhli, Sainj, Thalout, Tirthan and
Pandoh. The discharge observed at these stations was collected from the BBMB office at
Pandoh. The spatial distribution of hydrometric stations in the study area is shown in Figure

3.2 and their general details are listed in Table 3.7.
3.11 SOFTWARE USED

ERDAS Imagine 9.3, an image processing and GIS software has been used for
processing the satellite data before commencing the analysis. Arc GIS is the main GIS software

used for GIS mapping while C++ program used for the statistical analysis. SNOWMOD

snowmelt model has been used for streamflow modeling.
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Figure 3.2: Spatial distribution of hydrometric stationsin the study area

Table 3.7: General details of hydro-meteorological stationsin the Beas basin

S. No Station Altitude (m) Air temperature Rainfall Discharge
1. Pandoh 899 1986-2009 1979-2009 1978-2005
2. Thalout 933 - - 1978-2005
3. Bakhli 940 - - 1978-2009
4. Larji 995 1986-2009 1979-2009 -

5. Tirthan 1043 - - 1978-2009
6. Bhuntar 1102 1986-2009 1979-2009 -
7. Sainj 1348 - 1979-2009 1978-2009
8. Banjar 1353 - 1979-2009 -
0. Manali 1842 1986-2009 1989-2009 -
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Chapter 4

ASSESSMENT OF SNOW COVER AND ITSDEPLETION

41 BACKGROUND

Snow Depletion Curve (SDC) is a significant input variable for streamflow modeling
for the snow-fed river basins of Himalayas. Snow cover area information is required for
preparation of SDCs. The complex and rugged terrain of Himalayan region obstructs in
collecting areal SCA information manually. Thus, space technology based remote sensing has
proved as a promising and vital source for deriving the valuable information of SCA at
different temporal and spatial resolutions. The present study aims to estimate the spatio-
temporal snow cover from multiple satellite imagery of different satellites such as MODIS,
IRS-1C/1D and AWIFS. The continuous dataset of MODIS snow products have been classified
into snow and non-snow categories for the period 2001-2005. The classified maps obtained
from MODIS have been compared with the Snow Cover Area (SCA) maps estimated from
IRS-1C/1D and AWIFS satellite imageries for some selected dates. More or less the area
estimated using MODIS are comparable to the area obtained from IRS-1C/1D and AWIiFS
satellite images. Moreover, an exponential relation has been developed to derive SCA
information using mean air temperature. This technique has been used to acquire SCA for the
previous years (1990-2000) when the satellite data is unavailable or is cloud covered. The air
temperature data of Manali station has been used to estimate the SCA of different elevation
bands. This technique has proved to be simple, logical and conducive in providing propitious
good results under the sophisticated environment of Himalayas. Further, SDCs were prepared
for the years 1990-2000 and 2001-2005 based on snow cover area maps obtained from

exponential relationship and satellite data respectively.

42 INTRODUCTION

Spatio-temporal coverage of snow is an important parameter for hydrological modeling
for simulating and estimating the contribution of snowmelt to the river flows. Monitoring of
snow cover is a big challenge in modeling the surface water distribution (Bergeron et al., 2013).

Snow acting as reservoir of water controls the water supply and contribution of snowmelt. It is
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a significant variable for the management of dams for being an excellent source for hydropower
(Lavallee et al., 2006) which is cheap and renewable energy as well. On the other hand, abrupt
melting poses an immense threat of flood in several areas.

Space based remote sensing technology is extensively used to map the snow, an
important natural element with the higher albedo in comparison to other natural surfaces except
cloud. Curiosity of researchers for knowing the distribution of snow for wide variety of reasons
had made much evolution. It was in the middle of 1960s, Environmental Science Service
Administration (ESSA-3) satellite which carried the Advanced Vidicon Camera System
(AVCS) with the spectral range (0.5 - 0.75 pum) with a spatial resolution at Nadir of 3.7 km
successfully mapped the weekly snow. Since 1966, National Oceanographic and Atmospheric
Administration (NOAA) satellite is the first to map the snow cover on weekly basis; by
utilizing variety of space borne sensors that provided daily and global observations of snow
cover extent for monitoring the spatio-temporal variability (Robinson et al., 1993; Frei and
Robinson, 1998; Salomonson and Appel, 2004). The MODIS is also mapping snow cover on
daily basis since 2000 (Hall et al., 2002a; Riggs et al., 2006; Hall and Riggs, 2007). Nowadays,
a large number of spaceborne sensors are available to provide satellite imageries with higher
spectral, spatial and temporal resolutions, selection of which mainly depends on the need of
commodity and study.

In the Himalayan region, the snow cover contributes substantially to the water resources
in the summer months. However, a very little field information on snow/glacier is available or
collected in this region (Shroder et al., 1993; Singh and Jain, 2002; Gupta et al., 2005). The
satellite based data facilitate to ameliorate near real time simulation by providing continuous,
complete spatial coverage and frequent data availability of the region. Thus, remote sensing has
emerged as a valuable means to obtain viable information on snow cover in the large basins of
Himalayas. Numerous researchers in recent decades have extensively used the satellite images
for snow studies in the Himalayan region. A high temporal resolution is important particularly
for monitoring changes in snow extent due to melt or accumulation. Several snowmelt runoff
studies have been carried out in the Himalayan region by using satellite data driven snow cover
(Rango et al., 1977; Gupta et al., 1982; Kulkarni and Bahuguna, 2001; Singh and Jain, 2003;
Thakur et al., 2008; Jain et al., 2012a; Aggarwal et al., 2013, 2014). Dey and Goswami (1983)
carried out a study to predict seasonal snowmelt runoff for Indus basin using NOAA-AVHRR
data. The NOAA (AVHRR) and Aqua/Terra (MODIS) snow cover data are useful for snow
studies for the basins having area above 200 km? (Rango, 1996). Also, the satellite data
acquired from IRS LISS-II, LISS-I11, Landsat TM and SPOT satellites are much more suited
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for basins as small as 2.5 km?, while IRS LISS-I and Landsat Multi Spectral Scanner (MSS)
can be used for basins about 10 km? in size (Singh and Singh, 2001).

The multispectral images of Indian satellite, IRS (LISS-111) have been used for mapping
dry/wet snow cover in Himalayas (Gupta et al., 2005). Passive microwave (SMMR) data has
been used for the estimation depth and extent of snow cover for a part of Satluj basin in the
Himalayan region (Saraf et al., 1999). (Gurung et al., 2011) have used MODIS snow products
to monitor seasonal snow cover using remote sensing technique in Bhutan. Based on satellite
derived information, a large number of studies have been carried out in the Himalayan region
(Gupta at el., 1982; Agarwal et al., 1983; Dey et. al., 1988; Upadhyay et al., 1991; Thapa 1993;
Jain, 2001; Singh et al., 2004; Thakur et al., 2006, 2011; Krishna and Sharma, 2013; Snehmani
et al., 2013a). At present, many of the satellite data are freely available via World Wide Web
(WWW) and can be accessed and downloaded free of cost through the internet service and data
which is not available free of cost can be procured through specific agencies on nominal
payment basis depending upon the nature of data.

The SCA significantly changes during spring and winter season and influences the
streamflow of snow-fed Himalayan rivers which directly or indirectly exerts pressure on the
various activities such as hydropower generation, reservoir operation, water management and
lots of other developmental projects in the region. Thus, it is very essential to estimate the
precise and consistent areal extent of snow cover of a river basin so that it can be used with
confidence in simulating and predicting streamflow, and water balance studies for the existing
or upcoming river valley projects in the region. The streamflow of Beas river up to Pandoh dam
has significant contribution from snow/glacier melt. Keeping this in view, the present study has
been taken for snow cover mapping using satellite data of MODIS, IRS-1C/1D WIFS and
AWIFS. A simple and logistic exponential relationship between SCA and mean air temperature
has been developed and used for estimating SCA for previous years when the satellite data is
not available or is cloudy for the study area. Further for snowmelt runoff modeling for the
basin, SDCs have been prepared using MODIS satellite data for years 2001 to 2005 and for
years 1990 to 2000 using exponential relationship between SCA and temperature.

43  ASSESSMENT OF SNOW COVER AREA (SCA)

4.3.1 Using Remote Sensing Data
A snow cover mapping procedure involves in discriminating a pixel of snow from a

non-snow pixel. Usually three techniques; reflectance statistics, training sites supervised
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classification and Band ratio (Normalized Difference Snow Index) (NDSI) are applied for snow
cover mapping for estimating the distribution and aerial extent of snow cover. Although,
estimation of SCA from satellite images is a sensitive work under the complex Himalayan
climatic conditions due to cloud cover and mountain shadow. The reflectance of snow is higher
in the visible band and strong absorption is exhibited in the Short Wave Infrared (SWIR) band.
A spectral band ratio can enhance features if there are differences in spectral slopes (Gupta et
al., 2005). The NDSI utilize these spectral characteristics of snow and it is being developed
using the concept of Normalized Difference Vegetation Index (NDVI) which is used for
mapping vegetation through remote sensing data (Dozier, 1989; Hall et al., 1995; Gupta et al.,
2005). The NDSI is defined as the difference of reflectance observed in a visible band (0.52-
0.59 um) and the short-wave infrared band (1.55-1.70 um) divided by the sum of the two
reflectance (Gupta et al., 2005). The MODIS snow cover algorithm is based on the high
reflectance of snow in the visible band (band 4, 0.545- 0.565 pum) and low reflectance in the
near infrared band (band 6, 1.628-1.652 pm), and it is also able to delineate snow in the
mountain shadows. These two bands are used to calculate the NDSI (Hall et al., 1995), as

follows:

_ Visible Band —SWIR Band
Visible Band + SWIR Band (4.1)

NDSI

The MODIS snow products have been exploited in the present study for the Beas basin
for the estimation of snow cover area for a period of 2000-2005. The SCA has been also
estimated from the satellite data of IRS-1C/1D WIiFS and AWIFS for specific dates discussed
earlier in chapter 3. Prior to snow cover mapping, all the imageries have been projected to a

common projection system.

4311 Preparation of SCA Mapsand DEM

Notably MODIS snow data products are freely available to user’s community via
WORLD WIDE WEB (WWW). The satellite data were downloaded and processed thereafter.
The maps were in sinusoidal projection and WGS84 datum. This sinusoidal projection was re-
projected to Geographic Lat/Long and WGS84 datum. The entire MODIS snow data products
were found to be geo-referenced very precisely (Jain et al., 2008a). The SRTM 90 m DEM has
been downloaded. However, it was seen that MODIS snow data products and SRTM-DEM
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were not geo-referenced precisely with respect to each other. Hence, image-to-image re-
projection has been carried out for achieving better precision. For which all of the MODIS
images and SRTM-DEM has been geo-referenced. As many as 32 GCPs were selected in the
image. GCPs are the specific pixels in the image data for which both the file coordinates (in the
image) known as the source coordinates and map coordinates (in the map) known as the
reference coordinates. The GCPs were spread throughout the image so that the rectification is
more reliable. The Root Mean Square Error (RMSE) value was kept within a pixel (mostly
0.2).

The next step was to convert the source coordinates to rectified coordinates. For this
operation second-order, polynomial equation was used. The re-sampling was done using
Nearest Neighbor method, which uses the value of the nearest pixel to assign to the output pixel
value. The MODIS snow cover products are the classified images which are developed based
on the NDSI technique used to extract information on snow cover area. These images were
further used for classification, snow and lake ice was clubbed into snow category whereas
remaining classes were categorized into non-snow. Also, the processed DEM of the study area
has been classified. Using this classified DEM model, the relief of study basin has been divided
into nine elevation zones with an altitude difference of 600 m and further used to derive basin
characteristic (area-elevation curve) of the study area. The DEM for of the selected Beas basin
is shown in Figure 4.1.

The entire dataset of MODIS images (2000-2005) was classified into two categories i.e.
snow and non-snow. The SCA maps from January 2001 to December 2005 have been prepared.
The SCA maps for period 2001 to 2004 are shown in Figures 4.2 to 4.5. Similarly, all the
images of IRS-1C/1D WIFS and AWIFS have been also classified into snow and non-snow
category using unsupervised classification scheme.These maps were compared with the SCA
maps prepared from MODIS. It was seen that more or less the area estimated using MODIS are
equal to the area obtained from IRS-1C/1D and AWIFS satellite images. The graphical
representation of SCA estimation from these three sensors has been shown in Figure 4.6. Figure
4.7 and 4.8 show the classified images of WiFS and AWIFS respectively. Due to availability of
continual and high temporal resolution of MODIS data, possibility of acquiring cloud-free data
is better as compared to IRS-1C/1D and AWIFS data. This criteria make it unique for snowmelt
studies. Therefore, MODIS SCA maps have been further used in this study for snowmelt
modeling. Using these classified snow cover maps of MODIS, the total percentage of snow
cover (weekly) in the present study area has been estimated for different dates, shown in Table
4.1.
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Figure4.1: Digital Elevation Model (DEM) of the Beas basin
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Figure 4.3: Snow cover distribution in the Beas basin using MODI Simagesfor year 2002
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Figure 4.4: Snow cover distribution in the Beasbasin using MODI Simagesfor year 2003
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Figure 4.5: Snow cover distribution in the Beasbasin using MODI Simagesfor year 2004
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Figure4.7: Classified images of WiFS (a) 28 February, 2001 (b) 27 September, 2002
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Figure 4.8: Classified images of AWIFS (a) 14 May, 2004 (b) 11 December, 2005
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Table4.1: Estimated snow cover areafrom M ODI S data for the Beas basin

YEAR 2001 2002 2003 2004
March-1wk 65.11 73.65 67.75 71.13
March-2wk 70.09 87.62 71.61 63.63
March-3wk 54.58 68.44 61.35 55.43
March-4wk 64.62 66.33 47.93 48.28
April-1wk 63.63 48.23 66.69 42.47
April-2wk 62.68 59.45 55.78 39.98
April-3wk 48.31 51.11 50.92 36.76
April-4wk 51.76 45.47 49.4 39.33
May-2wk 46.56 56.81 39.03 45.16
May-3wk 43.06 45.29 39.2 o54.7
May-4wk 37.98 38.9 35.45 35.51
June-1wk 34.99 35.59 37.11 37.16
June-2wk 31.19 29.12 30.23 31.8
June-3wk 25.1 28.7 19.21 37.11
June-4wk 22.21 21.42 22.16 21.47
July-1wk 12.66 27.53 11.43 21.84
July-2wk 9.05 11.91 10.77 17.81
July-3wk 11.04 10.68 10.35 9.01
August-1wk 8.45 14 8.96 11.56
August-2wk 9.49 8 9.34 13.93
August-3wk 10.35 9.16 9 10.92
August-4wk 9.48 14.84 10.71 9.39
September-1wk 11.79 10.34 11.12 11.37
September-2wk 16.01 19.55 12 10.33
September-3wk 20.74 19.04 13.05 12.84
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Furthermore, for snowmelt runoff modeling, SCA is required for different elevation
zones. For this purpose, classified DEM and MODIS SCA maps have been processed for all the
dates. The SCA in each elevation zones were plotted against the elapsed time to construct the
SDCs for the various elevation zones in the basin for all the years. SDC for the months of
March to October for five years (2001, 2002, 2003, 2004 and 2005) are shown in Figure 4.9.
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Figure 4.9: Snow cover depletion curvesfor ablation period (March to October)

4.3.2 SCA Using Temperature Data

Cloud cover is a major obstruction in operational monitoring of snow cover using
optical remote sensing satellites. These satellites acquiring data in the optical region of
electromagnetic spectrum lack the ability to produce SCA maps during cloud (Frei and
Robinson, 1999). Consequently, snow cover information is obtained only for the cloud-free
days and missed during cloudy days. For cloud cover problem, microwave remote sensing can
be used to detect snow cover under cloud which includes data from both passive and active
instruments. The passive remote sensing data are having its own limitation, coarse spatial

resolution (~ 25 km) therefore they are not very much useful in snow mapping (Rango, 1996).
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Active remote sensing with higher spatial resolution, such as Envisat (“Environmental
Satellite”), Advanced Synthetic Aperture Radar (ASAR), Radarsat and European Remote
Sensing (ERS) can detect snow cover under cloud easily (Guneriussen et al., 2001, Strovold
and Melnes, 2004). To overcome the problem of temporary snow cover, the method involves
extrapolating snow cover over a cloud obscured area (Li et al., 2008).

Temperature determines the fraction of precipitation that falls as snow and is the most
important factor determining the timing of snowmelt. Moreover, air temperature and snow
cover are inter-reliant phenomena having a definite relationship. When sufficient satellite data
are not available due to cloud cover or due to some other reasons, then SDC can to be
generated using temperature data. Under changed climate conditions also, modified SDC are
required. Therefore to have SDC under such situations, a relationship between snow cover area
and cumulative mean temperature is needed for each zone of the catchment. This procedure of
having snow cover maps has two main purposes. First, it could potentially be used to generate
snow cover maps when cloud-free satellite data are not available. Second, it can be used to
generate snow covered area in a new climate to see the impact of climate change on snowmelt
runoff studies.

As discussed before, SCA have been estimated using MODIS satellite data. This data is
available from 2000 onwards, therefore, to have SCA for previous years, a method for
preparation of depletion of SCA using mean air temperature has been applied. Because
depletion of snow is a cumulative effect of climatic conditions in and around snow cover area,
the Cumulative Mean Air Temperature (CMAT) at a nearby station should represent depletion
of SCA.

In Himalayan basin, SCA starts melting in beginning of March. SCA in the basin is
reduced by retreating of the snow line from the lower elevations of the basin towards the higher
areas. The retreat rate is reduced as the thicker and denser snow packs are reached at the higher
altitudes towards the end of the melting period. With the advancement of summer season, the
snow cover starts melting in the upper part of the basin. As discussed by Singh and Kumar
(1997b), increase of snow depth with elevation would result in thinner and low-density snow
packs at the lower elevations and thicker and denser ones at the higher altitudes. The SCA
reduces with time and at each point of time melt can be related to air temperature. Therefore,
cumulative temperature over the melt period should represent the depletion of SCA (Singh et
al., 2003; Tikeli, 2005b).

Rapid melting of snow, and thus the quick disappearance of SCA in lower elevations,

was reported by Kattelman (1997). Gupta et al. (1982) derived a logarithmic relationship
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between SCA and the volume of seasonal snowmelt runoff for Himalayan basins. Kaya (1999)
and Tekeli (2005b) established a relationship between depletion of SCA in Karasu basin with
CMAT on a daily basis for the years 1997 and 1998. This exponential relationship can be
explained on the basis of distribution of snow in the basin (Singh et al., 2003; Tekeli, 2005b).
An exponential relationship implies that initial increments in temperature lead to higher
changes in the snow covered area than later increments in temperature of the same magnitude
(Singh et al., 2003). These studies support the exponential relationship between SCA and
CMAT used in the study.

Therefore, in this study also an exponential relationship between SCA and CMAT in the

following form has been adopted.

Y=a*exp (-bX) (4.2)

where, Y stands for SCA and X denotes the CMAT, while a and b are the coefficients to be
determined. Since melting starts around beginning of March, reference date for computing
CMAT was considered March 1. The above relationship has been developed for each year and
found that it is not exactly same for each year, because snow cover varies each year. Therefore
data of four ablation seasons for the years 2001-2004 have been used to establish the
relationship between SCA and CMAT.

In the present study area, the SCA for zone 1, 2 and 3 are having almost no snow cover
while zones 8 and 9 are having almost 100% snow cover area. Therefore these zones have not
been considered in this study. The remaining zones 4, 5, 6 and 7 are having snow cover area
which changes with time during ablation period, therefore relationship for these four zones
have been developed. The station Manali having an altitude of 2100 m has been considered in
zone 4. Mean daily air temperature was obtained using maximum and minimum temperature.
There is no station available above the altitude of 2500 m. Therefore, for zones 5, 6 and 7
temperature of Manali station have been used and computed with the help of lapse rate (0.6°C)
(Singh, 1991). The exponential fit to variation of SCA with respect to CMAT has been done for
four zones. The computed coefficients in equation (4.2) are given in Table 4.2. The high R?
values in Table 4.2 support the preliminary assumption of an exponential relationship between
SCA and CMAT. The study is used for interpolation and simulating of SCA on the basis of
temperature data and generation of SCA maps for climate change studies.
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Table4.2: Coefficientsand R? values for the ablation period

| Coefficient Coefficient Coefficient of
Elevation zones deter mination
a b R2
Zone 4 0.72 -0.0054 0.90
Zone 5 1.0 -0.0059 0.97
Zone 6 1.0 -0.0035 0.95
Zone 7 0.92 -0.0064 0.91

SDCs are very important in snowmelt runoff studies. For snowmelt runoff studies,
SDCs in different elevation zones are required. Once the relationship between SCA and CMAT
is derived, the SCA values for the missing dates can be found using the obtained relationship.
In this way, SCA between the observation times can be interpolated and the depletion of the
SCA from the basin can be simulated. Because SCA and CMAT are exponentially correlated,
once the trend of depletion of SCA is established in the basin, it has been used for the other
years using only CMAT data.

This approach has been applied for 11 years (1990-2000) for simulating daily SCA in
the study basin. SDCs for zones 4, 5, 6 and 7 are shown for the years 1990 to 1999 in Figures
4.10 to 4.12. The simulated values can be used as input into a snowmelt runoff model
(Martinec et al., 1998) to obtain the simulated discharges. As stated above, the relationship has
been developed using data of four years, and therefore this relationship has been checked for

one year data before applying for other years.
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Figure 4.10: Snow cover depletion curves (SDCs) for the years 1990-1993
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Figure 4.11: Snow cover depletion curves (SDCs) for the years 1994-1996
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Figure 4.12: Snow cover depletion curves (SDCs) for the years 1997-1999
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The SCA estimated using this relationship has been checked for one year i.e. 2001 and found
that it matches well with the observed SCA as shown in Figure 4.13. In order to simulate the
runoff in a new climate, it is necessary to determine a new set of SDC that would result from
higher temperature. There will be a shift of the conventional SDC for a new warmed climate
because in this situation, a greater part of the winter precipitation will be rain instead of snow.
The relationship developed as above can be used to prepare modified SDC.

In the above relationship, change in temperature due to climate change will be
considered to estimate the corresponding snow cover area. For example, if temperature is
increased by 1°C, then corresponding SDC will advance by about 15-20 days. In this study,
SDC for hypothetical climate change scenarios such as increase of temperature by 1 and 2°C
have been generated. The new SDC generated for zone 4, 5, 6 and 7 are shown in figures 4.14
to 4.16 for increase of 1°C temperature while for 2°C rise SDC are shown in figures 4.17 to
4.19.

44 SUMMARY

The air temperature has been found as a dominating and most readily available
meteorological parameter useful in snow hydrology. Since long, satellites have been in use for
snow cover area estimation, but due to cloud cover and other related problems, it becomes
difficult to acquire snow cover area information at regular interval. MODIS satellite data are
found to be useful for studying snow cover area at a regular interval. In this study, snow cover
area maps in different elevation zones for 2001-2005 have been prepared using MODIS data.
The classified maps have been also compared with the snow cover maps estimated from IRS-
1C/1D and AWIFS images for some selected dates.

For estimation of SCA in other years a relationship between mean daily air temperature
and snow cover area have been developed. An exponential relationship has been found between
SCA and cumulative mean air temperature (CMAT). The methodology adopted in this study is
found to be suitable for computing the snow cover area based on observed air temperature

values.
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Figure 4.13: Observed and simulated SCA for band 4 and band 5 for year 2001
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Figure 4.14: Snow cover depletion curves (SDCs) for the years 1990-1993 with 1°C increase
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Figure 4.15: Snow cover depletion curves (SDCs) for the years 1994-1996 with 1°C increase
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Figure 4.16: Snow cover depletion curves (SDCs) for the years 1997-1999 with 1°C increase
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Figure 4.17: Snow cover depletion curves (SDCs) for the years 1990-1993 with 2°C increase
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Figure 4.18: Snow cover depletion curves (SDCs) for the years 1994-1996 with 2°C increase
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Figure 4.19: Snow cover depletion curves (SDCs) for the years 1997-1999 with 2°C increase




Chapter 5

DETERMINATION OF TEMPERATURE LAPSE RATE

51 BACKGROUND

This chapter deals with the determination of Temperature Lapse Rate (TLR), an
important parameter necessary for temperature-based conceptual snowmelt runoff simulation
for the Beas basin. Earlier TLR was estimated from the ground based air temperature data
recorded at meteorological stations. However, it is very difficult to establish meteorological
stations in the complex Himalayan terrains with rugged and undulated topography and the
available sparsely located network represents only local temperature. Thus, it is difficult to
estimate representative TLR values and hence a fixed TLR value (=0.65 °C/100m) calculated
from air temperature is commonly used in snowmelt studies. Moreover, TLR varies on seasonal
and regional scales and also within different elevation zones. A very few studies have been
carried for the assessment of TLR. TLR estimated from space borne satellite remote sensing
provides a straightforward and consistent way to observe Land Surface Temperature (LST)
over large scales with more spatially detailed information. In India one study has been carried
out to assess TLR for Satluj basin using LST data. In this study variation of TLR was studied
seasonally. Considering all these facets, in this study an attempt has been made to determine
TLR employing satellite based MODIS-LST products for the Beas basin to see the variation of
TLR seasonally as well as topographically. The USGS-DEM and MODIS-LST maps have been
used to estimate TLR for different dates. Monthly, annually, seasonally and topographically
varying lapse rates have been developed using these thermal satellite data for a period of nine
years from 2001 to 2009.

52 MEASUREMENT OF LAND SURFACE TEMPERATURE

Temperature is regarded as the best index of heat transfer process allied with melting of
snow. It is the prevailing temperature during precipitation which determines the type or form of
precipitation reaching ground. Surface temperature is considered to be one of the most crucial
parameter to estimate the effect of climate change on snow, ice and glaciers consequently
affecting the streamflow of snow-fed rivers. Hence, the studies using LST information are of

great importance with respect to the environmental and climate change scenarios.
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In the lowest portion of earth atmosphere layer, temperature decline with an increase in
altitude. This decline is called as temperature lapse rate, which is controlled by the equilibrium
between heat convection from the surface and radiative cooling. The lapse rate varies with the
latitude, altitude, season, and interaction between topography and weather. The lapse rate
method takes into account the maximum air temperature measured at a reference station and
extrapolates it over the entire basin via a functional relationship between air temperature and
elevation data. This method assumes that a linear relationship exists between air temperature
and elevation, and horizontal gradients are negligible due to topographic and orographic
effects. This connection between temperature and altitude is essential for distinguishing the
type or form of precipitation as rain or snow, reaching the ground, for precise streamflow
modeling. Mostly in earlier studies in which lapse rate is one of the inputs, uniform and/or
constant lapse rate have been used, which typically assume lapse rates of 6.0 or 6.5°C km™
(e.g., Prentice et al., 1992; Arnold et al., 2006; Otto-Bliesner et al., 2006; Roe and O’Neal,
2010).

LST retrieved from space borne satellite remote sensing is the mean radiative skin
temperature of an area of earth land surface which results from the mean balance of heating
(solar) and cooling (land-atmosphere) fluxes. It is basically considered as determiner of the
terrestrial thermal behavior of earth surface as it controls its effective radiating temperature.
Various environmental studies and management activities of the Earth surface resources
necessitate the knowledge of LST (Li and Becker, 1993). LST data is being potentially used
nowadays in various studies in scientific and commercial domains for diverse applications
including climate change, urban heat, crop monitoring, water management and geothermal and
can provide valuable information about the physical properties of surface and climate, playing
foremost role in many of the environmental processes (Dousset and Gourmelon, 2003; Weng,
et al., 2004). Numerous researchers have used the knowledge of LST in many applications
which rely on LST such as evapo-transiration modeling (Serafini, V.V, 1987; Bussieres et al.,
1990), soil moisture estimation (Price J.C, 1990) and number of studies for climatic,
hydrological, bio-geo-chemical and ecology (Schmugge, T.J and Andre, 1991; Running et al.,
1994).

It is crucial to have reliable access of surface temperature estimates over the large
spatio-temporal scales (Bohui Tang et al., 2008) as it is difficult to monitor and acquire such
continuous information especially in rugged mountainous regions where meteorological
stations are sparse and/or are irregularly distributed. For snowmelt runoff studies, air
temperature data from meteorological station are spatially interpolated based on TLR equation
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(Singh, 1991). Traditional LST data are collected by meteorological observation and then
interpolated to gridded data. However, in some areas, especially in remote areas, spatial
interpolation cannot provide satisfactory results from point observations due to the sparsely and
salutatory distributed meteorological stations. Earlier spatial interpolation technique was
commonly in use because even the developed countries used the ground measurements
acquired from sparsely distributed stations, separated by hundreds of kilometers over the terrain
(Jain et al., 2008a). Spatial coverage of the meteorological stations is even worse in developing
countries (Lakshmi et al., 2001). Moreover, the application of conventional geo-spatial
interpolation techniques remains a challenging task in complex terrain (Steinacker et al., 2006).

In such complex terrain, retrieval of LST data from remote sensing satellite has proved
very supportive by providing high spatial and temporal resolution data, which is consistent with
repetitive coverage with ability to measure the earth’s surface conditions. LST, both at regional
and global scales, is a key parameter in the physics of land-surface processes. It combines all
the results of surface-atmosphere interactions and energy fluxes between the atmosphere and
ground (Mannstein, 1987; Sellers et al., 1988). LST derived from the satellite data after
appropriate aggregation and parameterization may be utilized to validate and improve
meteorological model prediction globally (Price, 1982; Diak and Whipple, 1993). Satellite
remote sensing provides a straightforward and consistent way to observe LST over large scales
with more spatially detailed information (Xu et al., 2013).

Remote sensing sensors are used to monitor the temperature from space, which measure
the infrared radiances leaving top of the atmosphere toward the satellite in the Thermal Infrared
Region (TIR) region. These radiances are the integrating result of three fractions of energy;
emitted radiance from the surface of earth, upwelling radiance from the atmosphere and the
downwelling radiance from the sky (Weng et al., 2004) and can be utilized to derive brightness
temperature (also called black body temperatures) using Planck’s law (Dash et al., 2002).

Over the time, new technologies have emerged which have ameliorated and simplified
the measurement of surface temperature from space radiometry in terms of instrumentation,
technique, and as well as computation. The temperature index based snowmelt runoff models
are simple to understand and run (Singh, 1991). Thus, several models based on this method
have been developed and are more commonly in use for snowmelt runoff simulation. Due to
the varied topography in mountainous regions, mostly conceptual snowmelt runoff models are
used for simulation which divides the basin into elevation bands according to the basin relief.
Precise information of temperature for each elevation band is needed to run the snowmelt

model. For which either, the manually measured air temperature are extrapolated based on the
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TLR method (more susceptible to error) or LST maps generated from satellite data are two
alternative. The TLR regionally and seasonally varies (Running et al., 1987; Aber and Federer,
1992) and also fluctuates throughout the day. Hence, region and season specific information of
TLR and its variation are quiet important for temperature index snowmelt models.
Consequently, keeping in view all the aspects including easy availability, cost effectiveness,
high spatio-temporal, and compatibility with models, the satellite driven LST information is a
better alternative for the snowmelt runoff models.

However, in Indian context, few studies using a constant value of TLR (=0.65°C per
100 m) computed from the air temperature data were carried out in different catchments with
varying relief (Thapa, 1980; Bagchi, 1981; Jeyram et al., 1983; Agarwal et al., 1983; Seth,
1983; Jain, 2001). But some recent studies (Jain, 2001; Haritashya, 2005) expressed the need of
using the actual TLR values for improving the snowmelt runoff estimates. Singh (1991) carried
out sensitivity analysis of TLR in Beas basin and observed that a difference of 1 °C in lapse rate
influenced the snowmelt runoff computation by 27-37%. Due to sparse studies on TLR from
the Himalayan region and necessity of appropriate knowledge of LST distribution over the time
and space for better results in climate change studies. There exists a pressing need to precisely
determine variation of TLR on monthly and seasonal scale for the Himalayan region.

Conversely, air temperature which is a common weather parameter is the measure of
heat content of air, described as the measure of average speed or kinetic energy level of
molecules being influenced by the intricate set of interactions among the biosphere, lithosphere
and atmosphere. The radiation transfer, sensible heat transfer, movement of air mass, and
location with respect to water bodies are the components that controls the temperature of a
place ( Gusso and Fontana, 2005; Ritter, 2007).

The difference between air temperature and LST varies notably with the surface water
status, roughness length and wind speed. However, seasonal trends of the two variables can be
correlated. A strong correlation established between LST and air temperature (Gusso and
Fontana, 2005; Jain et al., 2008b). Kawashima et al., (2000) reported a good correlation
between the two variables with a standard error of 1.4 °C to 1.8 °C. Raj and Fleming (2008)
observed a difference of 1- 2 °C between the observed field data and the retrieved data. Hence ,
the MODIS-LST retrieved from satellite data are the considered best alternative as they
provides a continuous dataset with precise radiometric calibration ( Jain et al., 2008b) for the

snowmelt runoff modeling.
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5.3 LST RETRIEVAL FROM REMOTE SENSING DATA

Land Surface Temperature (LST) is a key parameter for snowmelt runoff studies in the
Himalayan region. LST estimated from the satellite technology can be determined from the
energy thermal sensors receiving the thermal emissions in wavelength region (10.5-12.5 um)
emitted from land surface. Normally, LST is defined as the skin temperature of ground surface.
An urgent need is pointed out for long-term remote sensing based LST (skin temperature) data
in studies related to global warming, to improve the conventional limits of 2 meter World
Meteorological Organization (WMO) surface air temperature observations (IPCC, Houghton et
al., 2001). LST for the bare solil, is the soil surface temperature while for snow, it is the snow
surface temperature. Space based satellite remote sensing technology provides a better choice
to map this parameter at large scale. Various efforts have been made from time to time for
retrieval of LST information from remote sensing data. To acquire this parameter from satellite
in the thermal infrared wavelength region, it is essential take into account emissivity and to
correct the signals recorded for the perturbations created by the atmosphere along the path
between the surface of Earth and the sensor (Becker and Li, 1990). Ever since the thermal data
had become accessible, lots of efforts were made to retrieve the LST data from the space borne
satellite data and algorithms were proposed to deal with varied sensors onboard diverse
satellites. Based on the channels used by the sensors, these algorithms were broadly classified
into three categories; single-channel methods, multi-channel methods, and multi-angle
methods. Mainly, two developed approaches are used to retrieve LST from the multispectral
TIR images (Schmugge et al., 1998). The first approach makes use of a radiative transfer
equation for correcting the at-sensor radiance to surface radiance, followed by emissivity model
for separating the surface radiance into temperature and emissivity (Schmugge et al., 1998,
Friedl, 2002) while the second approach enforces the split-window technique for sea surfaces
to land surfaces with assumption that the emissivity is similar in the channels used for split-
window (Dash et al., 2002). The remote sensing based thermal infrared (TIR) data is associated
directly to the LST through the radiative transfer equation (Li et al., 2013).

The split-window was firstly proposed by McMillin in 1975 to estimate the temperature
of sea surface from the remote sensing data. Subsequently, a variety of split-window algorithms
were evolved and customized to retrieve LST from the satellite sensors with spatial resolution
varying from several hundred meter to several kilometers having quasi temporal resolution.
Presently, most of the algorithms are widely and effectively applied to retrieve LST from the
satellite sensors of Advanced Very High Resolution Radiometer (AVHRR) and MODIS. The
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split-window algorithms are generally applied to correct the atmospheric influences of satellite
imagery acquired by two contiguous thermal channels positioned in atmospheric window
(between 10 um and 12 pum). The initial issue in determining LST is to translate the satellite
radiance into surface brightness temperature. In order to retrieve brightness temperature, the
channels need to be calibrated. The two adjacent thermal infrared channels 4, 5 and 31and 32 of
NOAA-AVHRR and MODIS are used respectively for retrieving the brightness temperature.
These retrieved brightness temperatures are thereafter converted into LST using split-window
method. Yu et al. (2008) provided the spectral and spatial resolutions of AVHRR and MODIS
presented in Table 5.1.

Table 5.1: Spectral and spatial resolutions of AVHRR and MODIS Thermal Infrared

Bands
AVHRR-3 MODIS
Spectral Bandpass* Spectral Bandpass
Band HSR# Band HSR
(Hm) (Hm)
4 10.300-11.300 1100 31 10.780-11.280 1000
5 11.500-12.500 1100 32 11.770-12.270 1000

* Full width Half Maximum positions # HSR= Horizontal Spatial Resolution at nadir,

commonly referred to as pixel size (per side)

Several equations have been derived by many researchers to be used for retrieving LST
(Price, 1984; Becker and Li, 1990; Sobrino et al., 1994; Vidal, 1991; Ulivieri et al., 1992; Wan
and Dozier, 1996; Caselles et al., 1997; Yu et. al.,, 2009). Due to different atmospheric
absorption characteristics of two channels in infrared band, the split-window algorithm
facilitates to correct or remove the atmospheric effect. However, accuracy of split-window
algorithm depends upon the magnitude of difference between the two surface emissivities in
the channels (Becker, 1987). (Wan and Dozier, 1996) proposed a generalized split-window
algorithm for the retrieval of LST from MODIS products, is expressed as:
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where, Ts =LST, T3z; and T3, = MODIS band 31 and 32 brightness temperature.
€ 31 and € 3 = MODIS band 31 and 32 surface emissivity. Al, A2, A3 Bl, B2, B3 and C are
regression coefficients.

Various investigations have been conducted to retrieve LST information using TIR
radiations emitted from surfaces by applying split-window algorithm (Price, 1984; Becker and
Li, 1990; Prata and Platt, 1991; Coll et al., 1994; Coll and Caselles, 1997; Sobrino and
Raissouni, 2000; Jain et al., 2008b; Tseng et al., 2011; Zhong et al., 2011; Salama et al. 2012).
Barsi et al. (2003) used single channel algorithm to estimate LST utilizing Landsat images.
Sobrino et al., (2003) estimated LST from Moderate Resolution Imaging Spectroradiometer
(MODIS) data using split-window algorithm. Jacob et al. (2004) compared the values of LST
and emissivity obtained from data of ASTER and MODIS sensors. Jain et al. (2008b) computed
lapse rate using LST maps in different seasons for Satluj river basin, western Himalayan
region. Presently, two most popular remote sensing satellites; National Oceanic and
Atmospheric Administration (NOAA) and Moderate Resolution Imaging Spectroradiometer
(MODIS) are widely used to retrieve LST. Only few snowmelt runoff studies have been carried
out in the Himalayan region by various researchers during the course of time (Thapa, 1980;
Bagichi, 1981, Jeyram et al., 1983; Agarwal et al., 1983; Seth, 1983; Jain, 2001; Haritashaya,
2005; Gowswami, 2007).

MODIS has its unique ability to derive LST at both regional and global scales. Its
multiple thermal infrared (TIR) channels, designed with high radiometric resolution, high
calibration accuracy and dynamic ranges for a variety of land cover types; to retrieve SST, LST
and atmospheric properties (Zhengming, 1999) and make it a useful product in various fields.
The MODIS-LST data product is retrieved using the split-window algorithm method developed
by Wan and Dozier (1996). The temperature recorded by the sensors is in Kelvin with view
angle depend algorithm applied to direct observations. The split window algorithm makes use
of MODIS bands 31 and 32 at 11 and 12 microns respectively.

The information of precise TLR value for snowmelt runoff modeling is of paramount

importance for Himalayan region especially in Beas basin with highly varied topography with
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limited meteorological observatories. In the present study, variation of temperature lapse rate

has been determined seasonally as well as topographically using MODIS-LST maps.

54 TLRESTIMATION

TLR estimation mainly requires two types of satellite dataset which comprises the DEM
and LST map. The GTOPO30 DEM with a horizontal grid spacing of 30 arc sec (approx. 1
Km) and MODIS11A2 for LST maps have been downloaded. The satellite data has to be
processed before commencing the analysis. The projection parameters of DEM were in
Geographic Lat/Long with WGS84 as spheroid and Datum. The MODIS-LST maps were
available in HDF file format with the sinusoidal projection and contain 12 SDSs in a single
downloaded HDF file. Out of the 12 SDS of MOD11A2 products, the layer MODIS
_LST Day 1km and MODIS_LST_Night_1km were used in this study.

Before using the two dataset, they were brought to a common projection system. For
this the LST maps were converted from HDF file format into img raster format and were then
re-projected to Geographic Lat/Long with datum-WGS84 using model maker in ERDAS
Imagine. All the MODIS data products were found to be very accurately geo-referenced. After
re-projection of images, the Beas basin boundary was used to extract Area of Interest (AOI)
from DEM and LST maps for years 2001-2009. The average LST maps were prepared from the
two SDS. Further, using average LST map and GTOPO30 DEM, TLR was determined for
different periods during the years 2001 to 2009. The methodology has been shown in Figure
5.1.

To better understand the mathematical relation between the LST (dependent variable)
and elevation (independent variable), regression analysis was performed. The initial step
involved was to plot the two variables in two dimensions as a scatter plot. The scatter plot
provides an opportunity to have visual inspection of the data prior to running a regression
analysis. The LST values obtained from MODIS were plotted against elevation, as shown in
Figure 5.2 to 5.5. It is obvious from the scatter plots that as elevation increases, temperature
decreases linearly.

The least square method has been applied to obtain the equations of regression or best

fit line. The generalized equation of the regression or the best-fit line is represented as follows:

Y=-aX+b (5.1)
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Figure5.1: Flowchart for determining the TLR for the Beasbasin

where, X= values of elevation, Y= values of temperature, —a= slope of a straight line. Negative
slope of line indicates that there exists an inverse relationship between the elevation and LST.
The computed coefficient of determination (R?) values for the scatter plots signify the fraction

v

Extraction of LST and Elevation

A

Calculation of Lapse Rate

v

Monthly, Seasonal, Annual
&
Topographically analysis of TLR

of initial variance accounted for the relationship.

The R? value ranges from 0 to 1. If the value of R?is 1 then a good correlation is
indicated between the variables whereas zero value shows a poor relation among them. For the
Beas basin, R? values ranging from 0.66 and 0.92 were attained in case of LST from MODIS-

LST maps which clearly indicate that a good negative linear correlation between elevation and

LST.
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Figure5.2: Scatter plots showingthereationship between elevation and MODIS- L ST for
pre-monsoon season
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The present study obviously exhibits an inverse linear correlation between LST and
elevation. The slope of the equations is equal to the lapse rate. It equals the change in LST for
each unit change in elevation. Since the slope of the best fit line is negative, LST decreases
with increase in elevation. TLR is however not a constant phenomenon but changes at regional
and seasonal scale. According to Bolstad et al. (1998), TLR estimated from air temperature
data shows slightly seasonal trends and averaged 0.4 to 1.0°C/100 m when the maximum
temperature was considered. Monthly TLR values have been estimated for the years 2001 to
2009. The summary of monthly mean values of TLR for each month in all the years for the
Beas basin is given in Table 5.2. From this table, it is observed that TLR values during this
period varies from 0.37 to 0.93°C/100 m and the monthly average value ranging between 0.4 to
0.82 °C/100 m. The maximum TLR value was obtained for the month of February-March
whereas minimum for the month of August. Further, on the basis of this monthly data base, the
TLR has been computed for different seasons and annually. The prominent and consistent

variations have been observed in the basin during the study period.
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Table5.2: Monthly Temperature Lapse Rate (TLR) valuesin the Beasbasin during the period 2001-2009

S.No | Months | January | February | March | April May June July | August | September | October | November December
1. 2001 -0.0085 -0.0090 -0.0081 | -0.0085 | -0.0086 | -0.0079 | -0.0056 | -0.0042 -0.0057 -0.0063 -0.0078 -0.0083
2. | 2002 -0.0079 -0.0077 | -0.0084 | -0.0080 | -0.0078 | -0.0058 | -0.0045 | -0.0041 -0.0054 -0.0061 -0.0073 -0.0077
3. 2003 -0.0076 -0.0089 -0.0070 -0.0063 -0.0043 -0.0039 -0.0048 -0.0070 -0.0081
4. | 2004 -0.0072 -0.0079 | -0.0083 | -0.0071 -0.0055 | -0.0044 | -0.0037 -0.0038 -0.0073 -0.0077
5. 2005 -0.0079 -0.0071 -0.0078 | -0.0079 | -0.0079 | -0.0075 | -0.0050 | -0.0038 -0.0044 -0.0056 -0.0062 -0.0070
6. | 2006 -0.0084 -0.0080 | -0.0085 | -0.0079 | -0.0072 | -0.0063 | -0.0051 | -0.0047 -0.0044 -0.0054 -0.0072 -0.0082
7. 2007 -0.0086 -0.0078 -0.0080 | -0.0085 | -0.0067 | -0.0064 | -0.0042 | -0.0042 -0.0046 -0.0067 -0.0060 -0.0082
8. | 2008 -0.0082 -0.0082 | -0.0093 | -0.0082 | -0.0078 | -0.0054 | -0.0039 | -0.0046 -0.0053 -0.0067 -0.0065 -0.0079
9. 2009 -0.0085 -0.0090 -0.0081 | -0.0085 | -0.0086 | -0.0079 | -0.0053 | -0.0042 -0.0057 -0.0063 -0.0078 -0.0083
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The TLR was estimated for four seasons namely winter (December-February), pre-monsoon
(March-May), monsoon (June-September) and post-monsoon (October-November) and given
in Table 5.3. Graphically, TLR values for four seasons are shown in Figure 5.6.

Table5.3: Seasonal and annual TLR for the Beasbasin

Y ear Pr(elz\-/lr?Aotl'\s;o)on (I\/\I]o;fog) Post(—g_ol\r;)soon z/[\glgtg) ANNUAL
o001 | -0.00841 -0.00584 -0.00704 -0.00797 -0.00737
2002 | -0.00806 -0.00493 -0.00669 -0.00806 -0.00671
2003 | -0.00695 -0.00483 -0.00588 -0.00773 -0.00642
2004 | -0.00769 -0.00434 -0.00732 -0.00756 -0.00629
2005 | -0.00787 -0.00518 -0.00590 -0.00779 -0.00650
2006 | -0.00789 -0.00510 -0.00629 -0.00821 -0.00678
2007 | -0.00772 -0.00484 -0.00632 -0.00817 -0.00665
2008 | -0.00843 -0.00482 -0.00659 -0.00844 -0.00683
2009 | -0.00841 -0.00576 -0.00704 -0.00818 -0.00734
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Figure5.6: Seasonal TLR for the Beas basin during 2001-2009

On an average for all the years, TLR was found to be 0.80°C/100m for the winter season,
during pre-monsoon it was 0.79°C/100m, during monsoon 0.51 °C/100m and during post
monsoon the TLR was 0.66 °C/100m whereas annual TLR value was found to be 0.68
°C/100m. Figure 5.6 clearly shows that the TLR varies during different seasons with lowest
values during the monsoon season which suggests that it is not appropriate to use constant lapse
rate for snowmelt models in the Himalayan basins.

To see the variation of lapse rate with respect to topography, the lapse rate has been
computed for three elevation ranges i.e. 1000-3000 m, 3000-6000 m and 1000-6000 m. For
each month, the values of TLR for three zones are shown in Table 5.4. From this table, it can
be seen that the lapse rate for lower altitude (1000-3000m) is relatively low as compared to
higher altitude (3000-6000m). In the lower elevation zone, during July to December, the value
of lapse rate varies between 0.40 to 0.52°C/100m while for higher elevation zones, it is low in
July-September i.e. 0.46 to 0.63°C/100 m but it is high during October-December. It means that

the lapse rate value is generally low in lower altitude zones.

55 SUMMARY

LST has been computed for the Beas river basin using MODIS-LST Products and lapse

rate of LST was computed for nine years from 2001 to 2009. MODIS-LST maps are available
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on internet which makes it economically more suitable. There are many advantage of this
technique of estimating lapse rate using LST maps and DEM. The LST being a continuous data
is well representative of the terrain. Moreover, being mapped by the satellite sensors, it is
readily available throughout the year except cloudy period.

Besides, the technique of estimating the lapse rate is less time consuming. The lapse
rate in case of LST varies from 0.37°C/100 m to 0.93°C/100 m. Therefore the range of lapse
rate obtained from the present study can be used with confidence in snowmelt runoff and other
studies. This approach can be used for estimation of seasonal and regional variation in TLR of
LST. The lapse rate was found to be lowest during monsoon season and it was lower in the

lower altitudes than in higher altitudes.
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Table5.4: Valuesof TLR for thethree zonesin the study area

Elevation Range | Months | January | February | March | April | May | June | July | August | September | October | November | December
1000m-3000m 2000 0.00 0.00 0.00 | 0.00 | 0.00 | -0.53 | -0.40 -0.41 -0.50 -0.39 -0.51 -0.39
1000m-3000m 2001 -0.52 -0.58 -0.74 | -0.75 | -0.57 | -0.50 | -0.33 -0.30 -0.37 -0.42 -0.42 -0.49
1000m-3000m 2002 -0.54 -0.67 -0.75 | -0.64 | -0.61 | -0.50 | -0.50 -0.41 -0.45 -0.39 -0.32 -0.29
1000m-3000m 2003 -0.40 -0.76 -0.64 | 0.00 | 0.00 | -0.62 | 0.00 -0.30 -0.55 -0.40 -0.37 -0.54
1000m-3000m 2004 -0.64 -0.63 -0.63 | -0.57 | 0.00 | -0.62 | -0.96 -0.41 -0.46 0.00 -0.40 -0.39
1000m-3000m 2005 -0.60 -0.61 -0.67 | -0.67 | -0.60 | -0.70 | -0.64 | -0.53 -0.45 -0.42 -0.37 -0.31
1000m-3000m 2006 -0.60 -0.62 -0.74 | -0.71 | -0.62 | -0.61 | -0.55 -0.58 -0.44 -0.42 -0.50 -0.51
1000m-3000m 2007 -0.44 -0.67 -0.79 | -0.66 | -0.53 | -0.71 | -0.61 -0.60 -0.49 -0.47 -0.29 -0.50
1000m-3000m 2008 -0.64 -0.76 -0.75 | -0.76 | -0.73 | -0.61 | -0.61 -0.59 -0.46 -0.38 -0.29 -0.42
1000m-3000m 2009 -0.71 -0.81 -0.82 | -0.72 | -0.72 | -0.73 | -0.68 -0.76 -0.48 -0.51 -0.56 -0.58
1000m-6000m 2000 0.00 0.00 0.00 | 0.00 | 0.00 | -0.51|-0.44 | -0.44 -0.44 -0.52 -0.65 -0.73
1000m-6000m 2001 -0.75 -0.79 -0.79 | -0.77 | -0.70 | -0.51 | -0.44 | -0.43 -0.45 -0.56 -0.68 -0.74
1000m-6000m 2002 -0.71 -0.69 -0.74 | -0.72 | -0.74 | -0.58 | -0.46 -0.43 -0.52 -0.62 -0.71 -0.71
1000m-6000m 2003 -0.72 -0.82 -0.64 | 0.00 | 0.00 | -0.63 | 0.00 -0.43 -0.44 -0.52 -0.66 -0.75
1000m-6000m 2004 -0.67 -0.68 -0.75 | -0.64 | 0.00 | -0.58 | -0.46 -0.42 -0.44 0.00 -0.68 -0.67
1000m-6000m 2005 -0.71 -0.63 -0.68 | -0.71 | -0.84 | -0.75 | -0.47 -0.40 -0.45 -0.59 -0.66 -0.68
1000m-6000m 2006 -0.75 -0.72 -0.76 | -0.73 | -0.67 | -0.62 | -0.49 -0.43 -0.45 -0.57 -0.68 -0.71
1000m-6000m 2007 -0.76 -0.73 -0.72 | -0.76 | -0.63 | -0.63 | -0.42 -0.42 -0.46 -0.66 -0.61 -0.74
1000m-6000m 2008 -0.75 -0.74 -0.81 | -0.75 | -0.74 | -0.50 | -0.40 -0.45 -0.54 -0.64 -0.65 -0.73
1000m-6000m 2009 -0.75 -0.80 -0.73 | -0.78 | -0.80 | -0.79 | -0.53 -0.41 -0.57 -0.66 -0.71 -0.75
3500m-6000m 2000 0.00 0.00 0.00 | 0.00 | 0.00 | -0.57 | -0.23 -0.64 -0.61 -0.87 -0.76 -0.84
3500m-6000m 2001 -0.81 -0.74 -0.60 | -0.70 | -0.81 | -0.67 | -0.62 -0.52 -0.77 -0.84 -0.95 -0.73
3500m-6000m 2002 -0.71 -0.60 -0.57 | -0.61 | -0.83 | -0.78 | -0.53 -0.61 -0.70 -0.95 -1.09 -0.99
3500m-6000m 2003 -1.00 -0.72 -0.53 | 0.00 | 0.00 | -0.80 | 0.00 -0.67 -0.60 -0.83 -0.88 -0.79
3500m-6000m 2004 -0.62 -0.62 -0.72 | -0.65 | 0.00 | -0.72 | -0.61 -0.65 -0.63 0.00 -0.83 -0.74
3500m-6000m 2005 -0.69 -0.59 -0.54 | -0.56 | -0.52 | -0.70 | -0.39 -0.44 -0.61 -0.94 -1.06 -1.01
3500m-6000m 2006 -0.75 -0.76 -0.65 | -0.68 | -0.76 | -0.71 | -0.48 -0.34 -0.58 -0.86 -0.81 -0.69
3500m-6000m 2007 -0.83 -0.64 -0.58 | -0.69 | -0.71 | -0.68 | -0.37 -0.32 -0.51 -0.92 -0.99 -0.81
3500m-6000m 2008 -0.78 -0.66 -0.69 | -0.62 | -0.73 | -0.42 | -0.29 -0.40 -0.70 -0.91 -1.01 -0.88
3500m-6000m 2009 -0.75 -0.80 -0.73 | -0.78 | -0.72 | -0.79 | -0.53 -0.41 -0.57 -0.66 -0.71 -0.75
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Chapter 6

STREAMFLOW MODELING USING SNOWMOD

6.1 BACKGROUND

Modeling of streamflow from a basin is based on transformation of incoming
precipitation to outgoing streamflow by considering atmospheric losses, temporary storages,
lag and attenuation. Generally, the seasonal short-term variation in streamflow reflects
variation in the rainfall. But in mountainous regions, at higher latitudes and elevations/altitudes
where snowfall is a predominant component, runoff depends on the heat supplied to snowpack
for melting rather than the timing of precipitation. In these mountainous regions snow and ice
significantly affect the hydrology of the catchment by temporarily storing and releasing water
on varied time scales (Jansson et al., 2003) causing significant distinct variations in annual and
diurnal discharges differing from those of traditional landscapes (Rd&thlisberger and Lang,
1987). Hence, it becomes very important to model snowmelt runoff from these basins, to
understand the hydrological behavior and simulate the streamflow.

This study aims to simulate the snowmelt runoff in the Beas basin up to Pandoh dam
located in the western Himalayan region, India. The Beas river basin obtain substantial runoff
from snow and ice, and from glaciated areas (Li et al., 2014) and the basin is also prone to
floods in monsoon season and droughts during winter and post-monsoon seasons. Considering
the importance of seasonal snow cover/glaciers and associated snowmelt runoff from them in
this basin, a substantial effort has been made to achieve this objective. For snowmelt runoff
estimation, SNOWMOD model has been integrated with the remote sensing and GIS in the
present study. The structure of model, algorithms, input data, model variables/parameters, and
the procedure to simulate snowmelt runoff are described in detail and simulation results for the
Beas basin are presented. The inputs from space borne remote sensing satellite on extent of
snow cover and seasonally/topographically varying lapse rate have been used by the model for
snowmelt runoff modeling for the basin for the first time. Moreover, snow cover area (SCA)
estimated using air temperature for the period when the satellites imagery are either not

available or cloud covered, as discussed earlier in chapter 4 has been used in the model.
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6.2 SNOWMELT RUNOFF MODELING

Precise forecasting of melt runoff can minimize the risk and loss caused by floods due
to rapid melting of snow and glacier (Ferguson, 1999) and the potential impacts of climate
change (IPCC, 2007) on streamflow regimes could be assessed only if, valid snow/glacier melt
runoff models are available. Hydrological models generally used for simulation or forecasting
streamflow are categorized as; simple regression models, black box models, conceptual models,
and physically based models (Singh, 1995). Lumped-conceptual hydrological models for
surface runoff analysis are considered to be useful as they integrate numerous variables and
uncertainties governing surface runoff (McCuen, 2003). Conceptually, snowmelt runoff models
are rainfall-runoff models with additional component or routines added to store and
subsequently melt precipitation that falls as snow. The last few decades have witnessed the
development of numerous snowmelt runoff models ranging from purely statistical methods,
which neglects the physics of snowmelt process to the complicated energy budget equations.

The contribution of snowmelt runoff from a watershed is generally made using two
types of models; energy balance models and temperature index models. There is continuing
debate on the relative merits of physically based models vs. temperature index models (Franz et
al., 2008). Despite of detailed physical basis and well established accuracy, application of
energy balance models is limited to only small well networked watersheds and there is
proclivity towards use of temperature index models. The temperature index (conceptual model)
employs the concept of an index, in which a known variable is used to explain the phenomenon
in a statistical rather than in a physical sense. It relates the melt to a meteorological variable
(generally air temperature) through a melt factor. Temperature index models are widely used
for melt modeling due to low data requirements, generally good model performance and
computational simplicity (Li and Williams, 2008).

For these reasons, temperature index based snowmelt models are most widely used for
snowmelt runoff evaluation. Several operational snowmelt models based on this approach like
the NWSRFS model, PRMS model, HBV model, SRM model, GAWSER model, UBC model,
HYMET model, HEC-1 and HEC-1F model, SSARR model, SNOWMOD as discussed earlier
are available for the snowmelt modeling. The snowmelt runoff model (SRM), also referred in
the literature as “Martinec model or Martinec Rango model” is developed specifically to
simulate and predict snowmelt runoff and has been extensively used in the mountainous basin
where snowmelt is a major runoff factor. The model uses temperature, precipitation and snow

covered area as input variables and run starts with the known or estimated value of discharge
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and can proceed for unlimited number of days, as long as the inputs are provided (Prasad and
Roy, 2005). The major limitation lies with it, is that it does not simulate the baseflow
component of runoff. For this reason, it does not contribute to the groundwater reservoir from
snowmelt, rainfall and baseflow, which can be an important component of runoff in the
mountainous rivers, for making them perennial in nature. (Singh and Jain, 2003) concluded that
almost all the streamflow generated during winter season is from baseflow, when there is no
rainfall or snowmelt. In this line another model, the SNOWMOD model (Jain, 2001) is peerless
from this aspect, which takes into consideration the baseflow and simulates the entire essential
components of runoff namely snowmelt runoff, rainfall induced runoff, and the baseflow with

limited data.

6.3 SNOWMOD-A SNOWMELT MODEL

The SNOWMOD, a temperature index model, has been designed for the simulation of
daily streamflow from the mountainous basins having contribution from both snowmelt and
rainfall. The streamflow generation process from such basins involves primarily the
determination of the amount of basin input derived from snowmelt, glacier melt and rainfall
and then its transformation into runoff. It is a distributed model with temperature index
approach in which the basin is divided into a number of elevation bands or zones for
streamflow simulation, and the varied hydrological processes relevant to snowmelt and rainfall
runoff are estimated for each elevation zone. For snowmelt and rainfall modeling, the model
executes three operations at each time step as given below:

1. Extrapolate the available meteorological data at different altitude/elevation zones of the
basin.

2. Calculate the rates of snowmelt and/or rainfall at different points.

3. Integrate the snowmelt runoff from snow cover area (SCA) and rainfall-runoff from snow-
free area (SFA).

All these components are routed separately with appropriate accounting of baseflow to
the basin outlet. The various parameters used in routing the snowmelt and rainfall-runoff are
optimized by the model. The SNOWMOD has been applied to simulate the snowmelt runoff in
the Beas basin up to Pandoh using SCA and varied lapse rate extracted from MODIS data
products. The various steps involved in the model are shown schematically in Figure 6.1. The
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details of computation of snowmelt runoff and streamflow generation from the basin are

discussed below.

6.4 DATA INPUT FOR SNOWMOD

The SNOWMOD model requires the following data inputs for execution:

1. Physical features of the basin, which comprise snow covered area (SCA), elevation
zones or bands with their areas, altitude of meteorological stations and other essential
basin characteristics affecting runoff.

2. Time variable data comprising of hydro-meteorological data like air temperatures,
precipitation, streamflow and snow covered area along with other parameters
determining the distribution of temperature and precipitation.

3. Information of soil moisture status of the basin.

4. Job control and time control miscellaneous data specifying the items, as total

computation period routing intervals etc.

6.5 MODEL VARIABLESAND PARAMETERS

6.5.1 Division of Basin into Elevation Bands

In the mountainous areas, hydrological and meteorological conditions highly vary with
the elevation. Melt is heavily affected due to topographic effects such as slope, aspect and
shading, yielding high spatial variability in melt rates in mountain regions (Hock, 2003).
Judicious selection of computer model thus becomes very important for such basins for the
proper estimation of runoff. Distributed model is considered to be more appropriate as they
take into account the spatial variability of processes in comparison to lumped model which treat
whole watershed as a single entity. Moreover, distributed model can be run for continuous
simulation. In such a model, the entire watershed is divided into subunits and the variables are
being computed separately for each subunit. The method to sub divide the basin is more
appropriate and logical, since hydro-meteorological conditions are characteristically related to
elevation in mountainous regions.

SNOWMOD is a distributed model which uses the criterion of elevation bands for the
spatial discretisation. Depending upon the topographic relief of the entire basin, the basin is

divided into number of elevation bands. There is as such no specific range of altitude for slicing

99



the basin in the bands. However, an altitude difference of about 500-600 m is considered
appropriate for slicing the basin into elevation bands. The sum of snowmelt and rainfall is
considered as the moisture input for each elevation band. The runoff for each band is computed
from the watershed runoff characteristics developed for that particular band. Streamflow for the
entire basin is acquired by summing the runoff produced from all elevation bands. SNOWMOD
program have a provision to store a value, for each component of flow and each routing
increment for every elevation band. The program also maintains an inventory of snow cover
area (SCA), snow accumulation, soil moisture and all other values needed for computing for
the next period.

In the present study, using the SRTM DEM, the relief of Beas basin has been divided
into nine elevation bands or zones, with an altitude difference of 600 m between each elevation
band for convenience. Moreover, basin characteristics such as elevation zones and area-
elevation curve have been derived. The area-elevation curve is shown in Figure 6.2. The area

covered in each zone of the basin is shown in Table 6.1.
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Figure 6.2: Area-elevation curve of the study area
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Table6.1; Beasbasin area covered in different elevation zones

Zones Elevation range (m) Area (km?) Per centage

1 600-1200 78.67 1.46

2 1200-1800 475.81 8.84

3 1800-2400 838.07 15.57
4 2400-3000 970.52 18.03
5 3000-3600 725.45 13.47
6 3600-4200 670.97 12.46
7 4200-4800 825.48 15.33
8 4800-5400 703.40 13.06
9 >5400 95.63 1.78

From the Table 6..1, it is clearly seen that the maximum area of the basin lies in the
fourth zone (2400-3000 m) and consists of 18.03% (970.52 km?) of the total geographical area
whereas minimum area is 1.46% (78.67 km?) lying in the first zone (600-1200 m).

6.5.2 Precipitation Data and Distribution

Especially in mountainous basin, the measurement of meteorological variables is the
most challenging object for hydrological simulations. Most significant data related problems
are associated with the measurement of the amount of precipitation and its spatial distribution.
Major problems that pose in soaring mountainous areas are continuous accessibility, accuracy
of measured meteorological variables and the areal representativeness of the measurements
(Panagoulia, 1992). (WMO, 1986) made a comparative study of various snowmelt models and
it was concluded that the precipitation distribution assumptions and the determination of the
form of precipitation were the most important factors in producing the accurate estimates of
runoff volume. For a distributed model which takes into account spatial variability, it is very
important to distinguish between rainfall and snowfall in each elevation band because both of
these forms of precipitation behave very differently in terms of contribution to the streamflow.
Among these two, the contribution of rainfall is immediate and faster to the streamflow while
snowfall gets stored in the basin until it melts. The form of precipitation is mainly influenced
by the meteorological and topographical factors. The meteorological factors generally includes
air temperature, lapse rate, wind etc. and the topographical factors incorporate elevation,
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aspect, slope, vegetation etc. Depending upon these factors in any elevation band, precipitation
may fall as snow or rain. Rainfall falling on an elevation band or a part of the band is directly
added to the moisture input whereas snow is added to the previously accumulated snow, if any
and becomes part of the seasonal snowpack. During the early melt season, the rain falling over
a cold snowpack gets frozen in the snowpack and is not immediately available to the runoff. It
gets melted only when the favorable atmospheric and snowpack conditions subsist. However, if
rain falls over the ripe snowpack, it gets transferred through the snow layer and contributes to
the runoff.

For the present study, daily precipitation data were available for six stations namely
Banjar, Bhuntar, Larji, Pandoh, Sainj and Manali within the basin. For different elevation
bands, data of different stations have been used as given in Table 6.2. The rain gauges have
been allocated to different elevation bands based on their proximity to the respective band
according to altitude of the station. In the model critical temperature (T.) has been specified to
determine whether the measured precipitation is rain or snow. In the present study, T. is
considered to be 2°C as recommended by Singh and Jain (2003). The following algorithm is
used by the model to determine the form of precipitation:

If Ty > T, all precipitation is considered as rain
If T, <0°C, all precipitation is considered as snow

where T, is mean air temperature. In the cases T, > 0°C and T, < T, the precipitation is

considered as a mixture of rain and snow and their proportion is determined as follows:

Rain = T x P
T (6.1)
Snow =P - Rain (6.2)

where P is the total observed precipitation.

6.5.3 Temperature Data: Spatial and Temporal Distribution

Air temperature is an important component in the snowmelt runoff studies. It has a
coherent association with many of the energy exchanges involved in melting of snow.
Moreover, this meteorological variable is generally most readily available to researchers and

hydrologist in near real time. Thus, air temperature is the most widely used index in snowmelt
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(Sorman, 2005). Daily mean temperature is the most common parameter used for snowmelt
computation. In the present study, daily mean air temperature has been calculated by using the
following equation:

— (T + Tmin)

max

(6.3)

For the Beas basin, the daily maximum and minimum air temperature data were
available for four meteorological stations namely Pandoh, Bhuntar, Largi and Manali. Daily
mean air temperature was calculated using equation (6.3). As mentioned earlier, the basin is
divided into nine elevation bands. For each band, a base station has been assigned as given in
Table 6.2. For corresponding band, the temperature data was interpolated using the air

temperature data of different stations and lapse rate data.

Table 6.2: Raingauge and temper atur e stations used for different elevation bands

Band Elevation range (m) Raingauge station Temperature station

1 600-1200 Pandoh Pandoh

2 1200-1800 Larji Bhuntar

3 1800-2400 Manali Larji

4 2400-3000 Manali Manali

5 3000-3600 Manali Manali

6 3600-4200 Sainj Manali

7 4200-4800 Sainj Manali

8 4800-5400 Sainj Manali

9 >5400 Sainj Manali

In mountainous regions for precise snowmelt runoff computation, reliable temperature
data is essential for all the elevation bands of the basin. However, in Himalayan basins due to

complex terrain and inaccessibility, temperature data are available only at few locations. So
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these point values needs to be extrapolated or interpolated to the mid elevation of each
elevation band using predefined temperature lapse rate (TLR) in the model. Traditionally, lapse
rates are used for the extrapolation of measured air temperatures at stations to different
elevation bands.

Temperature depicts an inverse relationship with the elevation. The rate at which
temperature changes with increase in elevation is termed as lapse rate. Lapse rate is not
constant value; it changes with season and region. The SRM and probably all snowmelt models
are observed to be very sensitive to lapse rate, when used for temperature extrapolation. In
general, mean temperature lapsed at 0.65 °C/100 m or at a specified rate to mean hypsometric
elevation of each elevation zone (Singh, 1991).

The temperature lapse rate approach has been used to estimate daily temperature in
various elevation bands/zones by extending the data from the base station using the equation

given below:

T. =T

ivj ibase ~ S(hj -h )/ 100 (64)

base

where,T;; = daily mean temperature on i day in jth zone (°C), Tipase = daily mean temperature
(°C) on i™ day at the base station, h; = zonal hypsometric mean elevation (m), hpase = elevation

of base station (m), and 6= Temperature lapse rate in °C per 100 m
6.5.4 Degree-Days

Air temperature, a most widely available measured parameter used in snowmelt
modeling has high correlation to radiation, wind and humidity which are some of the key
components involved in heat transfer to the snowpack. Thus, air temperature is of great
importance for the computation of melting of snow and ice. For snowmelt computations, air
temperature considered as an index of complex energy balance tending to snowmelt, is
expressed as degree-days. A degree-day is a unit which expresses the amount of heat in terms
of persistence of temperature over a 24-hour period of °C departure from a reference
temperature. In a broader sense, it refers to departure of temperature below or above a critical
threshold value. Normally, the threshold temperature value of 0 °C is being used; if daily mean
temperature is above it snowmelt is considered to occur. Thus, the degree-day is computed as

the difference between the daily mean temperature and this critical threshold value (0 °C).
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For the first time the application of a degree-day approach was made in the field of
glaciology in the Alps by Finsterwalder and Schunk (1887) and ever since then this approach
has been widely used for the snowmelt estimation over the world ( Martinec et al, 1994; Quick
and Pipes, 1995; Singh and Singh, 2001; Singh and Jain, 2003). The basic, simplest and
common form of degree-day approach expression relating snowmelt to temperature index is

given as:
M= D(Tair - Tmelt) (65)

where, M = daily snowmelt (mm/day), D = degree-day factor (mm °C™* day™), T = index air
temperature (°C), and Tmer = threshold melt temperature (usually, 0°C). The air temperature
and other hydrological conditions though varies continually throughout the day, the daily mean
air temperature is the most widely used index of temperature for snowmelt in both glaciological
and hydrological applications. Where only daily maximum (T max) and minimum (T in) air

temperature are available, the daily mean air temperature is determined by equation 6.3.
6.5.5 Degree-Day Factor

The degree-day factor ‘D’ is a very important parameter involved in snowmelt
computation and is used to convert the degree-days to snowmelt expressed in terms of depth of
water. Degree-day factor is influenced largely by the physical properties of snowpack and as
these properties changes with time, this factor also varies with time. Due to long melt season or
large elevation difference in the basin, large variations are expected in the D factor. D factors
are lower for snow and higher for ice due to higher albedo of snow as compared to ice.
Anderson (1973) has well illustrated the seasonal variation in melt factor. In the literature, wide
range of values has been reported with a general increase as the snowpack ripens. For instance,
Garstaka (1964) observed extreme values of D¢ ranging from 0.7 mm per °C per day to 9.2 mm
per °C per day. Depending upon the location, time of year and meteorological conditions,
values of D were reported to be between 4.0 to 8.0 mm per °C per day Yoshida (1962).
Bergstrom (1992) reported that empirically fitted melt factors normally lie between 2.0-3.0 mm
per °C per day in Sweden. The higher factors with an average of 6 mm per °C per day were
reported for the exposed slopes of Iceland (Bergstrom, 1992). Krenke and Khodakov (1966),
from various glaciers in former Soviet Union reported degree-day factor of 4.5 mm per °C per

day for snow and 7 mm per °C per day for ice. The mean degree-day factor for normal snow
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was computed to be 5.94 mm per °C per day whereas for dusted snow it was found to be 6.62
mm per °C per day for a normal snowpack over a glacier at an altitude of about 4000 m in the
Garhwal Himalayas (Singh and Kumar, 1996). The average degree-day factor for clean and
dusted snow was computed to be 5.7 and 6.4 mm per °C per day respectively while it was 7.4
and 8.4 mm per °C per day for clean and dusted ice respectively (Singh et. al., 2000).

The value of D is lower at the beginning of melt season and higher towards the end of
season depending upon the snow density. At the start of melt season, the snow has low density
(not much compact) related with higher albedo resulting in lower D value. As the season
proceeds, snow gets older (more compacted) with higher density which is related with low
albedo and hence a higher D value. Also, higher densities are allied with increased liquid water
in snowpack and lower thermal quality. These different phases of snowmelt, at different
elevation can change the value of D factor by zone. As discussed above that D changes with
season, therefore, when using degree-day approach, changes in D with season should be taken
into account. In the present study, in the starting of melt season for every month low value of
degree-day factor has been taken and it goes on increasing till the end of melt season i.e. the
month of September. In the present study the value of D varied from 3.0 to 7.0 mm per °C per

day. The range of the values of various parameter used in this study is given in Table 6.3.

Table6.3; Parameter values used in calibration of model

S. No. Parameter Symbol Value
1. Degree-day factor D 3.0 - 7.0 mm.°C*.day™
2. Runoff coefficient for rain C, 0.40- 0.70
3. Runoff coefficient for snow Cs 0.50-0.80
4. Temperature lapse rate ) Seasonally varying
5. Critical temperature Te 2°C

Number of linear reservoirs
6. N, 2
for snow free area

Number of linear reservoirs
7. Ng 1
for snow covered area

Number of linear reservoirs
for subsurface flow
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6.5.6 Snow Cover Area (SCA)

SCA is an important and dynamic parameter to simulate snowmelt runoff for a basin.
The information on spatial distribution/extent of snow cover and its depletion with time is
crucial for the snowmelt runoff models. Remote sensing technologies have provided and
enhanced the availability of spatial and temporal information of snow from satellite imageries
for different months during the snowmelt period. The snow cover area for the present study has
been extracted from the Aqua/Terra MODIS satellite data from February 2001 to December
2005. The streamflow simulation has been carried out for twelve years i.e. from 1990 to 2002
for the basin. However, MODIS data products are available since February 2000 hence; the
SCA for the missing period that 1990 to 2000 were estimated by using regression technique
discussed already in chapter 4. The ERDAS Imagine software has been used for processing the
snow cover maps and estimating the area.

The model requires information of snow cover area for each elevation band to simulate
runoff. For this purpose, classified DEM and SCA maps were overlaid for all the dates and
snow cover area for each elevation band has been computed for each year. The SCA in each
band were plotted against the elapsed time to obtain the snow depletion curves for different
elevation bands in the basin for all the years. The SDC for the months of March to October for
five years (2001, 2002, 2003, 2004 and 2005) are shown in Figure 4.9 of chapter 4.

6.5.7 Rain on Snow

Rain on snow is a common event on mountain slopes and it plays an important role in
producing high streamflows. Such events are hydrologically significant phenomenon because
they have much greater potential for producing floods (Colbeck, 1975; Kattleman, 1987;
Brunengo, 1990; Berg et al., 1991; Archer et al., 1994). Most of the floods in British Columbia,
Washington, Oregon and California were reported to have occurred due to this event.
Moreover, this event is also considered as a major cause for releasing avalanches because as the
rain falling over the snow weakens the bond among grains and results in alteration of snow
texture leading to reduction of mechanical strength of snowpack and several studies have been
conducted to study the role of rain in triggering avalanches (Conway et. al, 1988; Heywood,
1988; Conway and Raymond, 1993). In the Himalayan regions at high altitudes good rainfall
occurs during the dynamic melt period (Singh et al., 1995; Singh and Kumar, 1996).
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When rainwater falls on snowpack, it gets cooled to the snow temperature. The heat
transferred to the snow by rainwater is the difference between its energy content before falling
on the snow and its energy content on reaching thermal equilibrium within the snowpack. For
snow-packs isothermal at 0°C, the release of heat results in snowmelt, while for the colder
snowpack this heat tends to raise the snowpack temperature to 0°C. In case the snowpack is

isothermal at 0°C, the melt taking place due to rain is calculated by (Jain, 2001).

M, :% (6.6)
where M, = melt caused by the energy supplied by rain (mm/day), T, = temperature of the rain
(°C), and P, = depth of rain (mm day™). This component would be significant only an for high
rainfall event which occurs at higher temperatures that would cause melt due to rain (Singh et
al., 1997a).

6.6 COMPUTATION OF DIFFERENT RUNOFF COMPONENTS

Mainly the streamflow of a snow-fed river system has three components:
1. Runoff from snow covered area ,
2. Runoff from snow-free area and
3. Baseflow
The runoff contribution from these three components for each elevation band is
computed separately and subsequently the output from all the bands/zones is integrated to

provide total runoff from the basin.
6.6.1 Surface Runoff from Snow Covered Area

The runoff from snow covered area mainly consists of;
a) Snowmelt induced due to prevailing air temperature above melting temperature.
b) Snowmelt induced due to heat transfer to the snow from rain on snow-covered
area.

c) Runoff depth from the rain itself, falling over the snow covered area.

108



(@) Snowmelt induced due to prevailing air temperature has been estimated for each elevation
band/zone of the basin using the degree-day approach and SCA extent. In this approach degree-
day factor (D) has been used to convert degree-days into snowmelt expressed in terms of depth

of water.

M, = C,, D, TS (6.7)

i e

where, Ms;; = snowmelt on i day for j" band (mm), Cs,i,j = coefficient of runoff for snow on
" day for j" band, D;; = degree-day factor on i" day for j" band (mm.°C*d™), Ti; =
temperature on i day for j™ band (°C), and S¢i,j = Ratio of snow covered area to the total area

of | band on i" day.

(b) Runoff depth due to snowmelt resulting from heat transferred to the snow from rainfall on

snow covered area in an elevation band is given by the equation given below:

42T, ;P S, ;
M= 325 (6.8)

where, M = snowmelt due to rain on snow on i™ day for j" band (mm), and Pi;j = rainfall on

snow on i" day for j" band (mm).
(c) Runoff from the rain itself, falling over the snow covered area is given by

R..; =C..,P,S (6.9)

si,j i,j¥ci,j

For the computation of runoff from rain, the coefficient Cs is used (instead of rainfall-
runoff coefficient, C;), because runoff from the rain falling over the SCA behaves similar to

runoff from the melting of snow.

The daily total discharge from the SCA is computed by adding the contribution from
each elevation band/zone. Thus, discharge (Qsca) from the SCA for all the bands/zones is

given by:
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Qsca = aZ(Ms,i,j + M, R ) Ascai (6.10)
1

where, n = total number of zones or bands, Asca = snow covered area (km?) in the j zone on
the i" day, and o = factor (1000/86400 or 0.0116) used to convert the runoff depth (mm day™)

into discharge (m®s™).

This discharge is routed to the basin outlet following the procedure described in the

later section.
6.6.2 Surface Runoff from Snow-Free Area

Rainfall is the only source of surface runoff from snow-free area (SFA). Similarly to
snowmelt computations, the runoff from SFA has been computed for each of the elevation band
using the expression given below:

R:=C,, P.S

E5 Y g B

(6.11)

fij

where, C.;; = coefficient of runoff for rain on i day for j" band, P;; = rainfall on snow on i""
day for j™ band (mm), and St,,j = Ratio of snow-free area to the total area of j™ band on i" day.
Since, SCA and SFA are complimentary to each other, St;; can be directly calculated as 1 -

Sc,ij. The total runoff (Qsra) from SFA for all the zones is thus given by:

Qsra = az Rf,i,jASFA,i,j (6.12)

j=1
where, Asraj,j = sSnow-free area in the jth zone on the it day

Similarly, the discharge from the SFA is also routed to the basin outlet before adding it
to the other components of discharge.

6.6.3 Estimation of Subsurface Runoff

The runoff from unsaturated zone of the basin is represented as the subsurface or

baseflow which is the main source of streamflow during the dry or fair weather periods. The
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snowmelt and rainfall after accounting the direct surface runoff, contributes the remaining
water to the groundwater storage through infiltration and appear as the subsurface flow or
baseflow at the basin outlet with much delay. The water from this ground water storage gets
with time depleted through evapo-transpiration and percolation to deep groundwater zone or
aquifer. It is assumed that 50% of this groundwater water storage percolates down to the
shallow groundwater and contributes to baseflow, while the remaining 50% is accounted for
evapo-transpiration and percolation losses from the basin to the deeper groundwater aquifers,
which may appear ahead downstream or meets deep and inactive groundwater storage. The

depth of runoff contributing to baseflow from each band/zone is given by:

Ryij = BI(1- Cr,i,j)Rf,i,j +(1- Cs,i,j)Mt,i,j] (6.13)

where, My;j = Ms;ij + Myij + Rsij and B is 0.50. The baseflow (Qp) is computed by multiplying

the depth of runoff by the conversion factor a. and area, and is given as:
Q, = OLZ RpiiAi (6.14)

where, A is the total area (km?) and represents the sum of Asca and Asea. This component is
also routed separately.

6.6.4 Total Runoff

The daily total runoff from the basin is computed by adding the three different routed

components of runoff for each day, and is expressed as:

Q = Qsca + sta + Qb (615)

As discussed above, the streamflow in the river system is a contribution resulting from direct
runoff from over land or near surface flow and baseflow from the ground water discharge. The
baseflow movement is very slow so also referred as delayed runoff. Infact, the contribution to

the baseflow begins only after the topsoil becomes saturated.
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6.7 CATCHMENT ROUTING

6.7.1 Surface Runoff Routing

The catchment routing enables to transmute the basin inputs, rainfall or/and snowmelt
to the outflow of basin. The outflow which emerges from the SCA and SFA are routed
independently because the hydrological response of these areas is not analogous. The technique
of linear cascade reservoir is used to route the runoff, in which inflow passes via series of linear
reservoirs having equal storage coefficients, to achieve integrated effect of the entire reservoirs
on the outflow from end reservoir. Hence, each reservoir is involved in affecting the attenuation
and lag characteristics of the outflow. The cascade of equal linear reservoirs expressed in
analytical form is called as Nash Model. For cascade of n number of reservoirs, the out flow

from the n™ reservoir is given by the equation below:

Qn+Lj+l = COQn,j+1 + ClQn,j + C2Qn+lj (6.16)

where, n = number of reservoirs and j = time index.

For a linear reservoir, Co = C4, and hence equation is simplified as:

Qn+:Lj+1 = 2c:lQn,j+1 + CZQH-HLJ (617)
6 1= Qn,j+1 + Qn,j
where, 2 (6.18)

0
2+ At
where, " 4 (6.19)
C.=GC
2 _At
2= T At/
2L At
A (6.20)

Here, Co, C; C; are the routing coefficients and their sum equals to unity, i.e.

C,+C,+C, =1
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6.7.2 Subsurface Routing

After the complete discharge of the surface runoff from the basin, baseflow or
subsurface flows sustain the stream. The source of these flows is soil water in excess to field
capacity. This water percolates to shallow groundwater zones or moves along the slope at
shallow and meets at some discharge point above the water table. The movement of subsurface
runoff to channels is relatively slow as compared to direct runoff. The subsurface runoff is
routed in a similar manner as surface runoff with a given value of storage coefficient (Kp),
which is computed by plotting the recession period flow against time on a semi-log paper. The

slope of best fit line provided the value of Ky,

Qu(t) = Qpe ™ (6.21)

where, Qp = discharge at time t, Qo = discharge at time t = 0, and ky, = recession constant or the
depletion factor.

Equation 6.21 can be represented in logarithmic version as:

INQ =1InQ, - & (6.22)

The Beas river flow was observed to be minimum during winter season. The streamflow
records were analyzed and finally an average value of Ky e 111.12 days was used for routing

the baseflow.
6.8 EFFICIENCY CRITERIA OF THE MODEL

For the numerical evaluation of model accuracy numerous statistical criteria are
available at different time steps; in each single year, in a particular season of the year or a
sequence of years or seasons. The World Meteorological Organization (WMO, 1986) in a study
carried out for the snowmelt models suggests numerous efficiency criteria those are particularly
useful for the snowmelt modeling. In the study, WMO identified the visual inspection of linear
scale plots of simulated and observed hydrographs as the most significant criteria for the
evaluation of model. Several numerical criteria useful for model evaluation are also identified.
The performance of the model on a daily basis is most commonly evaluated by using the non-

dimensional Nash-Sutcliffe ‘R?* value (Nash and Sutcliffe, 1970) as given by the equation:
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{i Qo —Qe)Z}
R?2=1-

{Zn: (Qo - Qo)z}

where, R? = Nash-Sutcliffe coefficient of goodness of fit, QO: daily observed discharge from

(6.23)

the basin, Q, = daily estimated discharge from the basin, 602 mean of observed discharge,

and n = number of days of discharge simulation.

Nash-Sutcliffe coefficient value is analogous to coefficient of determination, and is a direct
measure of the proportion of the variance of the recorded flows explicated by the model.
The model performance can also be determined on a seasonal basis by computing the

percentage volume difference between the measured and computed seasonal runoff as:

{i Q, - Z Qe}loo

D, =~——— (6.24)
o)

where, Dy is the percentage volume difference between the measured and computed seasonal

runoff.
6.9 CALIBRATION OF MODEL

It is essential to calibrate the hydrological models prior to run using observed and
simulated streamflow results so that the models performance intimately matches to the real
system. For calibration and validation of models, an adjective function is required for checking
the model performance during the simulation mode with an independent data set (Blackie et al.
1985). It is done logically with a purpose to assess goodness of fit (matching level) between the
two datasets of flows i.e. observed (Qo) and (Qe) flows. The simple and commonly used

objective function in a mathematical form is given as:

F=% (Qe- Qo)° (6.25)

The model is believed to be optimized when any change in the values of parameter
hardly reduce the F value and the model gives the optimum fit model generated values on the
observed dataset. Thus, optimization endeavors to adjust the appropriate values so that
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objective function value is minimized. A cascade of linear reservoirs has been used to optimize
all the storage coefficients during routing of flows. The runoff generated from both snow
covered and snow-free area respond very differently. For this reason, runoff generated from
snow cover area (SCA) and snow-free area (SFA) was routed separately via cascades of linear
reservoirs. In the study, two linear reservoirs are considered for the snow-free area because the
flow generated from such areas moves faster. On the other hand, in snow covered areas the
movement of runoff generated is relatively slow for which only one linear reservoir has been
considered. Hence, the basin is exemplified by uneven linear reservoirs with storage
coefficients Kr, for snow-free area and Ks, for snow covered area considered to be changing
temporally on daily basis.

Finally, the available dataset has been divided into two parts; of which one part is used
for calibration and another part (independent data set) is used for validation, to test how
effectively the model executes in simulation mode. In the present work, the Rosenbrock
optimization technique has been used for achieving optimal parameter values. The model has
been calibrated by using a daily dataset of a period of 3 years (2002-2005). Parameters were
parameterized for calibration by taking into account the overall performance of the model and
reproduction of flow hydrograph. Also, four model parameters a;, by, as and bs have been
optimized while calibrating the model.

The optimal values for the model parameters a,, b, as and bs are 0.568, 0.148, 1.00 and
0.149, respectively. The results of daily streamflow for the calibration period are shown in
Figure 6.3. In the figure contribution from three streamflow components namely snowmelt
runoff, rainfall-runoff and baseflow and comparison of observed and simulated discharge has

been shown separately. For more details the yearly plots are shown in Figure 6.4 to 6.6.
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Figure 6.3: Simulated discharge of the Beasriver at Pandoh for calibration period 2002-2005
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Figure 6.4: Simulated discharge of the Beasriver at Pandoh for the year 1999-2000
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Figure 6.5 Simulated discharge of the Beasriver at Pandoh for the year 2000-2001
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Figure 6.6: Simulated discharge of the Beasriver at Pandoh for the year 2001-2002

It can be clearly seen that the estimated and observed hydrograph matches very well for
the years 2002-2005. The efficiency (R?) of the model for the melt years 2002-2005 is 0.84,
whereas the difference in volume (Dv) is 1.64% and root mean square error (RMSE) is 0.28. It

is revealed from the results that model performance was good for the three-year period.
6.10 SIMULATION OF STREAMFLOW

After the successful calibration of the model, it was used for simulation for a period of
twelve years i.e. 1990-1993, 1993-1996, 1996-1999 and 1999-2002 for the Beas basin up to
Pandoh dam. The estimated and calibrated parameters obtained during the calibration stage
were utilized to simulate the runoff hydrograph for the period as mentioned above. The results
of the simulation are illustrated graphically in Figure 6.7 to 6.10 and summarized in Table 6.4.
These figures elucidate the five components i.e. observed discharge, simulated discharge,
snowmelt contribution, rainfall contribution and contribution from baseflow. From these
figures it is revealed that discharge starts rising from the month of April onwards due to

increase in air temperature and reaches its peak by August and September, mainly due to
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Figure6.7: Simulated discharge of the Beasriver at Pandoh for the year 1990-1993
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Figure 6.8: Simulated discharge of the Beasriver at Pandoh for the year 1993-1996
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Figure 6.9: Simulated discharge of the Beasriver at Pandoh for year 1996-1999
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Figure 6.10: Simulated discharge of the Beasriver at Pandoh for year 1999-2002
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monsoonal rains and then starts reducing from the month of September onwards. It has been
observed that during all the years, high flow occurred in the month of July and August. A close
observation of rainfall and streamflow data signifies that most of the peaks in the streamflow
were due to rainfall.

All the figures clearly depicts that the volumes and peaks of streamflow were very well
reproduced by the snowmelt model for all the years. Thus, the study substantiate that
SNOWMOD, a temperature index based (degree-day approach) snowmelt model worked
efficiently for data scarce Beas river basin in Himalayas. The varying lapse rate has been used
in the model for the first time for the study area which significantly improved the model
efficiency in simulating the streamflow. The model also incorporated the estimated SCA for the
missing dates using regression technique to further enhance the efficiency of the model for

simulation. For more detail, yearly plots are also shown in Figure 6.11 to 6.19.
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Figure6.11: Simulated discharge of the Beasriver basin at Pandoh for the year 1990-1991
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Figure 6.12: Smulated discharge of the Beasriver basin at Pandoh for the year 1991-1992
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Figure 6.13: Simulated discharge of the Beasriver basin at Pandoh for the year 1992-1993
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Figure 6.14: Simulated discharge of the Beasriver basin at Pandoh for the year 1993-1994
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Figure 6.15: Simulated discharge of the Beasriver basin at Pandoh for the year 1994-1995
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Figure 6.16: Simulated discharge of the Beasriver basin at Pandoh for the year 1995-1996
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Figure 6.17: Simulated discharge of the Beasriver basin at Pandoh for the year 1996-1997
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Figure 6.18: Simulation of the Beasriver basin at Pandoh for the year 1997-1998
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Figure 6.19: Simulation of the Beasriver basin at Pandoh for the year 1998-1999
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Table 6.4: Results of model ssmulation for the period 1990-2002 for the Beas basin

Differencein M odel )
Period Volume (Dv) Efficiency Rain Show Base Flow
’ (%) (%) (%)
(%) (R)

1990-1993 -9.63 0.75 39.56 24.07 36.37
1993-1996 3.30 0.80 41.85 27.99 30.16
1996-1999 9.15 0.68 39.04 25.38 35.58
1999-2002 3.46 0.70 30.48 34.62 34.90

From the Table 6.4 it can be seen that efficiency of the model (R?) for snowmelt season
for 1990-2002 varied from 0.68 to 0.80. The difference in volume varies from -9.63% to
9.15%. The snowmelt contribution varies from 24.07% to 34.62% whereas rainfall contribution
varied from 30.48% to 41.85% during this period. The baseflow contribution varied from 30.16
% to 36.37%.

As the model simulates snowmelt runoff and rainfall-runoff separately, the total
streamflow contribution of each component has been computed for both seasonal and annual
time scale. The estimated contribution of snowmelt and rainfall to the ablation and annual
flows for the Beas basin is shown in Table 6.5. The ablation period is taken from the month of
March upto August. The baseflow has been separated into snowmelt and rainfall components
using the contribution of these components to the baseflow. It is revealed from the study that
the average runoff generated during the ablation period from the snowmelt is 38.2% whereas
remaining 61.8% is contributed from rainfall.

Moreover, average contributions from the snowmelt and rainfall to the annual runoff
were estimated to be 39.2% and 60.8% respectively. Thus, it can be concluded that snowmelt
runoff is mainly generated during the ablation period only. Kumar et al. (2007) carried out a
study for this basin using the water balance approach in which the contribution of snowmelt
and rainfall to the annual flows was estimated to be 35.1% and 64.9% respectively. The present
study provides more accurate estimates of the snowmelt and rainfall components for the Beas

basin.
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Table 6.5: Contribution of snowmelt and rainfall to the ablation and annual flows

. Rainfall runoff (%) Snowmelt runoff (%)
Period
Ablation Annual Ablation Annual
1991 60 59 40 41
1992 68 67 32 33
1993 61 59 39 41
1994 55 53 45 47
1995 66 65 34 35
1996 62 61 38 39
1997 56 56 44 44
1998 64 64 36 36
1999 62 61 38 39
2000 64 63 36 37

6.11 SUMMARY

SNOWMOD has been applied to simulate the daily runoff from the Beas basin at
Pandoh. The input essential for the model included daily hydro-meteorological data of
temperature, precipitation and streamflow measured at climatological observatories in the
basin, and satellite derived data information on daily areal extent of snow cover and
seasonally/topographic varying temperature lapse rate. Snowmelt runoff has been modeled
effectively for the basin by integrating remote sensing information and hydro-meteorological
data. The model simulated the contribution from three components of streamflow i.e. snowmelt
runoff, rainfall-runoff and baseflow.

The model reproduced flow hydrographs very well in both calibration (2002-2005) and
validation (1990-2002) period with model efficiency varying from 0.68 to 0.80 respectively.
The difference in observed and simulated volume was less than 10% for total period, including
calibration and validation periods. Most of the peaks in the streamflow at Pandoh dam site
resulted due to rainfall. Moreover, a good database has been generated for this part of
Himalayan region, especially the snow cover area and the lapse rate (seasonally and

topographically) mandatory for such hydrologic models.
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Chapter 7/

TREND ANALYSIS

7.1  BACKGROUND

The changing climatic conditions and warming up of environment has major impact on
the water resources and agricultural sectors, and overall economy of the nation. Due to
intensification of hydrological cycle, drastic and oppressive change in hydrologic parameters
(like precipitation, evaporation and streamflow) have occurred which substantially influences
the flow regimes. Sonali and Kumar (2013) observed that among the different influential
atmospheric variables, temperature has a significant and direct effect upon nearly all hydrologic
variables. A small shift in climatic pattern owing to escalating air temperature and changing
precipitation is likely to affect mountainous river networks (Huber et al., 2005). Moreover,
warmer climate leads to the spatio-temporal variation in snow cover distribution and melt
runoff from snow and glacier significantly (in different scales) which in turn will affect the
water supplies in these regions. However, recent research studies by scientific community
evince the well established global climatic change around the world and the effects of this
alteration on regional and basin scale still needs to be probed.

The present study aims to detect and quantify the trends of hydro-climatic variables by
using parametric and non-parametric statistical tools for the Beas basin. The simple regression
method (parametric), Mann-Kendall test and Sens’s estimator of slope method (non-
parametric) have been applied to determine trend of climatic variables namely temperature,
rainfall and discharge series available for various meteorological stations distributed over the
basin. The trends and their magnitude for these climatic variables have been determined both at

annual and seasonal time scale.

7.2 INTRODUCTION

Air temperature is generally recognised as good indicator of state of climate globally
because of its ability to represent the energy exchange process over the earth’s surface with
reasonable accuracy (Vinnikov et al., 1990; Thapliyal and Kulshrestha, 1991). Temperature

drives the hydrological cycle which directly or indirectly influences the hydrological processes.
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Warmer climate leads to intensification of hydrological cycle which results in higher rates of
evaporation and increase of liquid precipitation. Some studies on temperature variation on
global scale (Jones et al., 1986; Folland and Parker, 1990; IPCC 2001) have established the fact
that the earth’s atmosphere has witnessed a significant warming in last century. The studies in
mountainous areas like the Swiss and Polish Alps, the Rockies (Brown et al., 1992; Beniston et
al., 1997; Wibig and Glowicki, 2002; Beniston, 2003; Diaz et al., 2003; Rebetez, 2004) and the
Andes (Villaba et al., 2003; Vuille et al., 2003) have demonstrated significant rise in air
temperatures with alarming effects on their environment.

Several studies in India have been carried out to determine the changes in temperature
and rainfall and its association with climate change. Long—term trends in the maximum,
minimum and mean temperatures over the north-western Himalaya during the 20" century
(Bhutiyani et al. 2007) suggest a significant rise in air temperature in the north-western
Himalaya, with winter warming occurring at a faster rate. (Dimri and Ganju 2007) simulated
the wintertime temperature and precipitation over the western Himalaya and found that
temperature is underestimated and precipitation is overestimated in Himalaya. The changing
trends of temperature and precipitation over the western Himalaya were examined and it was
found that there was trend of increasing temperature and decreasing precipitation at some
specific locations. (Dash et al., 2007) found an increase of 0.9 °C in annual maximum
temperature over the western Himalaya. (Sharma et al., 2000) found an increasing trend in
rainfall at some stations and a decreasing trend at other stations in Koshi basin in eastern Nepal
and Southern Tibet. Similar trends in rainfall were found by Kumar et al. (2005) for the state of
Himachal Pradesh.

The changes in temperature, precipitation and other climatic variables are likely to
influence the amount and distribution of runoff in all river systems globally. No detailed study
of trends for hydro-climatic data, in particular temperature and precipitation for the Beas basin
has been reported. Keeping in the view, in the present study the Beas basin has been selected
to comprehend the climate change in the Beas basin up to Pandoh dam by analyzing the
instrumental data of air temperature, precipitation and discharge on seasonal and annual time
scale. The main objective of the study was to determine trend of aforesaid hydro-

meteorological variables and to understand the climate of the area.
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7.3 DATA USED

The hydro-meteorological data of temperature, rainfall and discharge used in the study
have been collected from the office of Bhakra Beas Management Board (BBMB) at Pandoh, as
described earlier in chapter 3. The daily maximum and minimum temperature data series
(1986-2009) for four distinct stations namely Bhuntar, Larji, Manali and Pandoh located at
different altitudes was collected. The daily rainfall data series (1979-2009) of six stations:
Banjar, Bhuntar, Larji, Pandoh, Manali and Sainj and the daily discharge data series for five
stations: Bakhli, Sainj, Thalout, Tirthan and Pandoh were collected. The general details of

hydro-meteorological stations is given in Table 7.1

Table 7.1 Details of the meteorological stationslocated in the study area

S. No Station Latitude Longitude Altitude (m)
1. Pandoh 31°40' 8" 77° 3'59" 899
2. Thalout 31° 42' 55" 77°12' 00" 933
3. Bakhli 31° 39' 28" 77° 05' 28" 940
4. Larji 31° 43' 21" 77°12' 58" 995
5. Tirthan 31° 439' 21" 77°13' 38" 1043
6. Bhuntar 31°53'2" 77° 851" 1102
7. Sainj 31° 46' 0" 77°18' 44" 1348
8. Banjar 31° 39' 28" 77° 058' 28" 1353
9. Manali 32° 14' 26" 77°11' 37" 1842

74  DATA PROCESSING

The collected time series for the temperature, rainfall and streamflow was compiled and
processed for the seasonal and annual analyses for the given period. The available daily
maximum and minimum temperature data series has been used to compute the monthly time
series of different variables; maximum (Tmax), minimum (Tmin) average (Tavg), highest
maximum (Hmax), lowest minimum (Lmin) and range (T range) for all the meteorological stations.
The daily rainfall data series (1979-2009) of five stations namely Banjar, Bhuntar, Larji,
Pandoh and Sainj were used to form monthly totals. Likewise, the monthly totals time series
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was computed for the five streamflow stations. For investigation of changes in hydro-climatic
variables at different time scales, a year was divided into four principal seasons:

1. Pre-monsoon season prevailing from March to May

2. Monsoon season prevailing from June to September

3. Post-monsoon season prevailing from October to November

4. Winter season prevailing from December to February
The monthly data of temperature, rainfall and streamflow were further used to compute the
annual and seasonal time series, which were in turn used for the investigation of trend on

seasonal and annual time scale.
75 METHODOLOGY

The term trend refers to *“general tendency or inclination”. In a time series of any
variable, trend depicts the long smooth movement lasting over the span of observations,
ignoring the short term fluctuations. It helps to determine whether the values of a series
increase or decrease over the time. In statistics, trend analysis referred as an important tool and
technique for extracting an underlying pattern of behaviour or trend in a time series which
would otherwise be partly or nearly completely hidden by noise.

Statistic and probability plays an important role in scientific and engineering
community (Ayyub and McCuen, 2002) because statistical tools help to detect spatial and
temporal trends for hydrological and environmental studies. Major schemes or projects are
formulated based on the historical behaviour of environment under uncertain climatic
conditions. Therefore, a study of trend assists to investigate the overall pattern of change over
time in hydro-meteorological variables especially for water resources project on temporal and
spatial scales. Trends in data can be identified by using either parametric or non-parametric
methods, and both the methods are extensively used. The parametric methods are considered to
be more powerful than the non-parametric methods only when the data series is normally
distributed, independent and homogeneous variance (Hamed and Rao, 1998). Conversely, non-
parametric methods are more advantageous as they only require the data to be independent and
are also less sensitive to outliers and missing values.

For detection of trends for climatic studies, the non-parametric methods are widely used
for analyzing the trends in several hydro-climatic time series namely rainfall, temperature, pan-
evaporation, wind speed etc. (Hirsch et al., 1982; Yu et al. 1993; Kothyari and Singh, 1996; Fu
et al., 2004; Tebakari et al., 2005; Mishra et al., 2009; Jhajharia et al., 2009, 2011; Kumar et al.,
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2010; Chattopadhyay et al., 2011; Dinpashoh et al., 2011; Jhajharia and Singh, 2011; Jain and
Kumar, 2012; Jain et al., 2012b; Singh et al., 2014). Regression and other trend analysis
methods have been applied by USGS to daily, monthly and annual time series of streamflow
(Wurbs et al., 2011)

In the present study, to analyze the trends of the hydro-climatic series of each individual
station, the popular statistical methods; simple regression method (parametric), Mann-Kendall
test and Sens’s estimator of slope method (non-parametric) have been applied. The systematic
approach has been adopted to determine the trend in three phases. Firstly, a simple linear
regression method to test the long term linear trend, secondly, non-parametric Mann-Kendall
test for the presence of a monotonic increasing or decreasing trend in the time series and
Thirdly, the non-parametric Sen’s estimator of slope test to determine the magnitude of the
trend in the time series of meteorological parameters namely temperature, rainfall and

discharge at the basin scale. These are described in the following sections.

7.5.1 Regression Model

One of the most useful parametric models to detect the trend is the “Simple Linear
Regression” model. The method of linear regression requires the assumptions of normality of
residuals, constant variance, and true linearity of relationship (Helsel and Hirsch, 1992). The
model for Y (e.g. precipitation) can be described by an equation of the form:

Y =at+b (7.1)

where, t = time (year), a = slope coefficient; and b = least-squares estimate of the intercept.

The slope coefficient indicates the annual average rate of change in the hydrologic
characteristic. If the slope is significantly different from zero statistically, it is entirely
reasonable to interpret that there is a real change occurring over time. The sign of slope defines
the direction of the trend of the variable: positive sign indicates a rising trend while negative

sign indicates a falling trend.

7.5.2 Sen’sEstimator of Slope

The magnitude of trend in a time series was determined using a non-parametric method
known as Sen’s estimator (Sen 1968). This method assumes a linear trend in the time series and

has been widely used for determining the magnitude of trend in hydro-meteorological time
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series (Lettenmaier et al., 1994; Yue and Hashino, 2003; Partal and Kahya, 2006). In this

method, the slopes (T;) of all data pairs are first calculated by

T X = X
-k fori=12,...,N (7.2)

where X; and X, are data values at time j and k (j > k) respectively. The median of these N
values of T; is Sen’s estimator of slope which is calculated as

Tos if N is odd,

ﬂ =
% Ty +Ty., | 1FNiseven,

2 2

(7.3)

A positive value of g indicates an upwards (increasing) trend and a negative value indicates a
downwards (decreasing) trend in the time series.

75.3 Mann—-Kendall Test

To ascertain the presence of a statistically significant trend in hydrologic climatic
variables such as temperature, precipitation and streamflow with reference to climate change,
the non-parametric Mann-Kendall (MK) test has been employed by a number of researchers
(Yu et al. 1993; Douglas et al. 2000; Burn et al. 2004; Singh et al. 20083, b). The MK method
searches for a trend in a time series without specifying whether the trend is linear or non-linear.
The MK test was also applied in the present study. The MK test checks the null hypothesis of
no trend versus the alternative hypothesis of the existence of an increasing or decreasing trend.
The statistic Sis defined as (Salas 1993):

S= f ZN:sgn(xj -X)
i=1 j=i+l (7-4)

where N is the number of data points. Assuming (x; —X;) = 6, the value of sgn(6) is computed as

follows:
1 if 6>0,
sgn(@)=<0 if 6=0,
-1 if 6<0.

(7.5)
136



This statistic represents the number of positive differences minus the number of negative
differences for all the differences considered. For large samples (N > 10), the test is conducted

using a normal distribution (Helsel and Hirsch, 1992) with the mean and the variance as

follows:

E[S] =0 (7.6)
N(N-1)(2N +5)—Zn:tk(tk -1)(2t, +5)

Var(S) = kL

18 (7.7)

where n is the number of tied (zero difference between compared values) groups and ty is the
number of data points in the kth tied group. The standard normal deviate (Z-statistics) is then
computed as (Hirsch et al. 1993):

S-1

——F if S>0
«/Var(S)
Z= 0 if S=0
_S+l if S<O.
WNar(S) (7.8)

If the computed value ofZ|> z 4, the null hypothesis Ho is rejected at the o level of
significance in a two-sided test. In this analysis, the null hypothesis was tested at 95%

confidence level.
7.6 TRENDS OF OBSERVED HYDRO-METEOROLOGICAL DATA

For better comprehension and visual interpretation of the observed trends, first of all
seasonal and annual anomalies of temperature, rainfall and stream discharge for each station
were computed with reference to the mean of the respective variable for the available records.
Further, these anomalies were plotted against time and the trend was examined by fitting the
linear regression line. The linear trend value represented by the slope of the simple least square
regression provided the rate of rise/fall in the variable. Thereafter, Mann—-Kendall (MK) test
has been used for identification and to test the statistical significance of trend at confidence
interval of 95%, prior to which data series of all the variables were checked for presence of
auto-correlation. The Sen’s estimator of slope (SE) was then applied to estimate the magnitude
of the trend over the study period. The SE was applied to verify the outcomes of simple
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regression analysis. The outcome of the analysis is shown in the form of Table and/or graph.

The bold values in table refer to a statistically significant trend at 95% of confidence interval.

7.7 RESULTSAND DISCUSSION

7.7.1 Trendsin Temperature

For trend analysis, initially the anomalies of maximum temperature (Tmax), Minimum
temperature (Tmin), average temperature (Tayg), highest maximum temperature (Hmax), lowest
minimum temperature (Lmyin) and range (Trange) Were computed and linear regression analysis
(Parametric approach) was carried out and relationship were developed for linear trends for
each station at both seasonal and annual scale. Graphical representation of Tmayx, Tmin and Tayg
are shown in Figure 7.1 to 7.6. The results of the parametric and non-parametric test for the
increasing or decreasing trend and their magnitude estimated using Sen’s slope estimator (SE)
are presented in Table 7.2 to 7.7.

From Table 7.2 (SE) trend analysis of annual Tay indicates rising trend at Bhuntar,
Larji and Pandoh and deceasing trend at Manali station. None of these trends is found
statistically significant. During pre-monsoon season, all the stations indicated rising trend with
rising trend at Bhuntar and Pandoh statistically significant at 95% confidence level. During
monsoon, post-monsoon and winter seasons two stations (Bhuntar and Larji) experienced rising
trend and remaining two stations (Manali and Pandoh) experienced decreasing trend. The rising
trend at Larji (0.056 °C/yr) during monsoon season was only statistically significant at 95%
confidence level.

From Table 7.3 (SE) analysis of Tmax shows increasing non-significant at Bhuntar, Larji
and Pandoh and decreasing (non-significant) at Manali. The maximum increase is found for
Larji (0.076 °C/yr) and minimum increase for Pandoh (0.053 °C/yr). Seasonal analysis
indicated increasing trend for Bhuntar and Larji during all seasons and decreasing trend for
Manali. For all seasons, an increasing trend was observed for pre-monsoon, monsoon and
winter season for Pandoh while decreasing trend during post monsoon for Pandoh. The
increasing trend during pre-monsoon and winter at Bhuntar, during winter at Larji (0.112°C/yr)

and during pre-monsoon at Pandoh (0.11°C/yr) were found statistically significant.
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Figure 7.1: Maximum and minimum temperaturetrends of Bhuntar station
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Figure 7.2: Maximum and minimum temperaturetrendsof Larji station
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Figure 7.4: Maximum and minimum temperature trends of Pandoh station
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Figure 7.5: Average temperaturetrends of Bhuntar and Manali station
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Figure 7.6: Averagetemperaturetrendsof Larji and Pandoh station
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Table 7.2: Seasonal and annual trends of aver age temperature (T ayg)

Mann- Sen Linear
Season Station Kendall tes S | Estimator | regression Trend
Z statistic Cgres
Bhuntar 1.95 75 0.045 0.0438 Rising
Larji 0.9 35 | 0097 | 00855 | RIsing
Annual _
Manali -1.82 70 | 0088 | -00901 | Flling
Pandoh 0.01 19 0.01 0.0172 | Rising
Bhuntar 3.32 134 | 01 00986 | Rising
Larji 148 57 | 0.09 00828 | Rising
Pre-monsoon
Mar - Ma
( ) Manali 0 -1 0 0.0025 No trend
Pandoh 2.19 89 0.043 00133 | Rising
Bhuntar 1.12 46 0.018 0.0169 | Rising
Larji 2,01 77 | oose | o039 | Rising
Monsoon
Jun - Sept .
un=SeP | Manali -1.58 61 | -0081 | -0.0678 | Falling
Pandoh 0.2 9 | -0006 | oowge | Falling
Bhuntar 1.27 52 0.018 0.014 Rising
Larji 1.08 42 | 0154 | 013098 | Rising
Post-monsoon
Oct - Nov -
( | Manai -1.58 61 | -0169 | -0.1658 | ralling
Pandoh -1.54 63 | -0058 | 00002 | Falling
Bhuntar 1.84 75 0.044 0.0409 | Rising
i Larji 18 69 | 0168 | 01304 | HiSIng
Winter
Dec - Feb _
(Dec-Feb) 1 Manali -1.37 53 | -0137 | -0.1379 | Falling
Pandoh 0.22 10 | -0009 | 00302 | Falling
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Table 7.3: Seasonal and annual trends of maximum temper ature (T max)

Mann- Sen Linear
Season Station Kendall test S Edtimator | rearession Trend
Z statistic eores
Bhuntar 1.8 69 0.065 0.0612 Rising
Larji 0.05 3 0.076 0.0765 Rising
Annual
Manali -1.8 -69 -0.233 -0.2264 Falling
Pandoh 0.95 37 0.053 0.0511 Rising
Bhuntar 2.96 120 0.15 0.1387 Rising
Larji 0.94 39 0.096 0.0741 Rising
Pre-monsoon
(Mar - May) ) .
Manali -1.17 -48 -0.11 -0.1444 Falling
Pandoh 2.75 112 0.11 0.101 Rising
Bhuntar 0.62 26 0.012 0.0154 Rising
Larji 0.52 22 0.017 -0.0026 Rising
Monsoon
(Jun - Sept) ) .
Manali -1.64 -63 -0.2 -0.2029 Falling
Pandoh 0.4 17 0.025 0.0239 Rising
Bhuntar 0.27 12 0.003 0.0068 Rising
Larji 1.34 55 0.093 0.1017 Rising
Post-monsoon
(Oct - Nov) . .
Manali -1.53 -59 -0.372 -0.3833 Falling
Pandoh -0.35 -15 -0.015 0.0139 Falling
Bhuntar 2.58 105 0.1 0.0959 Rising
. Larji 2.01 82 0.112 0.1623 Rising
Winter
(Dec - Feb) i )
Manali -0.79 -31 -0.22 -0.2291 Falling
Pandoh 1.81 74 0.067 0.0739 Rising
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Table 7.4: Seasonal and annual trends of minimum temperature (T min)

M ann- Sen Linear Trend
Season Station Kendall test S Ectimator | rearession
7 statistic CIres
Bhuntar 2.76 111 0.03 0.0285 Rising
Larji 1.9 73 0.138 0.1312 Rising
Annual
Manali 1.66 68 0.05 0.0504 Rising
Pandoh -0.58 -23 -0.043 -0.0565 Falling
Bhuntar 3.44 139 0.062 0.0613 Rising
Larji 1.74 67 0.1 0.1278 Rising
Pre-monsoon
Mar - M
(Mar - May) Manali 1.37 53 0.134 0.1491 Rising
Pandoh -0.17 -8 -0.002 -0.0031 Falling
Bhuntar 1.52 62 0.021 0.0197 Rising
Larji 1.85 71 0.1 0.107 Rising
Monsoon
(Jun - Sept) . .
Manali 1 39 0.067 0.0687 Rising
Pandoh -0.97 -40 -0.025 -0.0429 Falling
Bhuntar 1.27 52 0.02 0.023 Rising
Larji 1.58 61 0.196 0.2177 Rising
Post-monsoon
Oct - Nov
( ) Manali 1.99 81 0.05 0.0517 Rising
Pandoh -1 -39 -0.1 -0.1175 Falling
Bhuntar -0.15 -7 0 0.0061 No trend
. Larji 2.75 105 0.175 0.149 Risin
Winter J g
Dec - Feb
( ) Manali -1.39 -57 -0.058 -0.045 Falling
Pandoh -1.32 -51 -0.07 -0.091 Falling
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Table 7.5: Seasonal and annual trends of highest maximum temperature (H max)

M ann-

Season Station | Kendall test S Estisrﬁr;tor ; Llron Trend
Z statistic eores
Bhuntar 0.15 7 0.01 0.0049 Rising
Larji -1.21 -49 -0.091 -0.1243 Falling
Annual
Manali -1.06 -41 -0.17 -0.1696 Falling
Pandoh 0.91 37 0 0.0354 No trend
Bhuntar 0.4 17 0.023 0.0013 Rising
Larji -1.22 -47 -0.2 -0.2274 Falling
Pre-monsoon
Mar - M
(Mar-May) |\ janali 114 44 | 0267 | -02604 | Falling
Pandoh -0.1 -5 0 -0.0013 | No trend
Bhuntar 0.62 26 0.032 0.0166 Rising
Larji -1.46 -59 -0.125 -0.1365 Falling
Monsoon
(Qun-Sept |\ panali 2.47 99 | -0143 | -0.1457 | Falling
Pandoh 0.15 7 0 0.0033 No trend
Bhuntar 1.59 65 0.05 0.0623 Rising
Larji 1.71 68 0.071 0.0139 Rising
Post-monsoon
(Oct-Nov) | \tanali 175 67 | -0235 | -02539 | Falling
Pandoh 1.03 42 0.054 0.0477 Rising
Bhuntar 0.17 8 0.005 0.0561 Rising
i Larji -0.11 -5 0 -0.0061 | No trend
Winter
Dec - Feb
(Dec-Feb) | pranaii 151 58 | -0383 | -03752 | Falling
Pandoh 0.95 39 0.071 0.0786 Rising
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Table 7.6: Seasonal and annual trends of lowest minimum temperature (L min)

M ann-

Season Station Kendall test S Estﬁﬁr;tor ] Llron Trend
Z dtatistic eores
Bhuntar -0.07 -4 0 0.0182 No trend
Larji 2.01 77 0.205 0.152 Rising
Annual
Manali 0.71 29 0 0.0535 No trend
Pandoh -0.74 -29 -0.128 -0.1434 Falling
Bhuntar 1.19 49 0.045 0.0453 Rising
Larji 0.97 39 0 0.0796 No trend
Pre-monsoon
Mar - Ma
( 'l Manali 0.18 8 0 0.0039 | No trend
Pandoh -0.38 -16 0 -0.0148 No trend
Bhuntar 0.65 27 0.023 0.03 Rising
Larji 2.43 93 0.083 0.1917 Rising
Monsoon
(Qun-Sept | \panali 231 01 0.083 0.0978 | Rising
Pandoh -1.75 -70 -0.063 -0.0842 Falling
Bhuntar -0.2 -9 -0.003 -0.0051 Falling
Larji 1.72 66 0.2 0.2135 Rising
Post-monsoon
(Oct-Nov) | \panaii 13 52 0.057 0.0778 | Rising
Pandoh -1.11 -43 -0.154 -0.1647 Falling
Bhuntar 0.25 11 0.011 0.0211 Rising
. Larji 251 96 0.286 0.2211 Risin
Winter J g
Dec - Feb
( ) Manali 0.56 23 0 0.0622 No trend
Pandoh -1.06 -41 -0.114 -0.1244 Falling
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Table 7.7: Seasonal and annual trends of temperature range (T range)

Mann- Sen Linear
Season Station Kendall test S Estimator | rearession Trend
Z statistic egres
Bhuntar 1.84 75 0.038 0.0327 Rising
Larji -1 -39 -0.025 -0.0547 Falling
Annual
Manali -1.9 -73 -0.22 -0.2768 Falling
Pandoh 1.06 41 0.086 0.1082 Rising
Bhuntar 2.19 89 0.083 0.0774 Rising
Larji -0.9 -35 -0.026 -0.0537 Falling
Pre- monsoon
(Mar - May) . :
Manali -1.53 -59 -0.25 -0.2935 Falling
Pandoh 1.43 55 0.1 0.1063 Rising
Bhuntar -0.32 -14 -0.002 -0.0043 Falling
Larji -1.43 -55 -0.1 -0.1097 Falling
Monsoon
(Jun -Sept) . .
Manali -1.8 -69 -0.252 -0.2716 Falling
Pandoh 1.24 51 0.05 0.0667 Rising
Bhuntar -0.37 -16 -0.012 -0.0162 Falling
Larji -1.89 =77 -0.124 -0.116 Falling
Post-monsoon
(Oct - Nov) . .
Manali -1.95 -75 -04 -0.4351 Falling
Pandoh 0.37 15 0.12 0.1314 Rising
Bhuntar 2.24 91 0.089 0.0898 Rising
: Larji 0.2 9 0.015 0.0132 Rising
Winter
(Dec - Feb) ) i
Manali -1.8 -69 -0.15 -0.1841 Falling
Pandoh 1.45 56 0.15 0.1649 Rising
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From Table 7.4 (SE), analysis of annual T, indicates that Bhuntar, Larji and Manali
indicated positive trend and Pandoh indicated negative trend, with increasing trend at Bhuntar
(0.03°Clyr) found to be statistically significant. Increasing trend is observed during pre-
monsoon, monsoon, post-monsoon at three stations namely Bhuntar, Larji, Manali, and as well
as during winter at Larji. Pandoh station shows a decreasing trend during all seasons, with
maximum decrease (-0.1 °C/yr) in post-monsoon. During winter season, decreasing trend was
observed at Manali whereas Bhuntar station showed no trend.

From Table 7.5 (SE) analysis of Hmax temperature at annual scale indicates increasing
trend at Bhuntar, decreasing trend at Larji and Manali and no trend at Pandoh. No trend is
found statistically significant. Season-wise analysis indicates increasing trend for all seasons
for Bhuntar and decreasing trend for all seasons for Manali. Decreasing trend is found in pre-
monsoon and monsoon and increasing trend in post monsoon season at Larji, and increasing
trend during post-monsoon and winter season at Pandoh. Decreasing trend in monsoon season
at Manali (-0.143°C/yr) is found statistically significant.

Table 7.6 (SE) results indicates increasing trend (significant) for Larji and decreasing
trend (non-significant) at Pandoh station is found for L, temperature whereas stable at
Bhuntar and Manali. During the pre-monsoon season, L, temperature was found to be stable
at all stations except at Bhuntar where it was found increasing. During monsoon season, all
stations except Pandoh experienced increasing trend. In winter season Lmi, was found
increasing for Bhuntar, Larji and decreasing at Pandoh station.

Table 7.7 (SE) results of annual Tange temperature indicate increasing trend at Bhuntar
and Pandoh and decreasing trend at Larji and Manali. None of these trends is found statistically
significant. Seasonal analysis indicates increasing trend at Pandoh and decreasing trend at
Manali in all seasons. For Bhuntar, it is found increasing during pre-monsoon and winter
(significant) and for Larji station, it is found increasing during winter season. Out of the four
stations the magnitude of change varies from greatest at Larji (0.076 °C/year) to lowest at
Manali (-0.233 °C/year) at annual scale. Also, Larji station shows the highest slope values for
Tavg (0.097 °Clyear), Tmax (0.0765 °Clyear), Tmin (0.138 °Clyear) temperature at annual scale.
The non-parametric method results depicts the similar trend patterns in temperature variables as
represented by parametric method at both seasonal and annual scale for almost all stations
except in few cases. However, the results of non-parametric are considered to be more reliable,

as these methods are more robust than conventional linear regression methods.
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7.7.2 Trendsin Rainfall

The general characteristics of seasonal and annual rainfall in the Beas river basin are
given in Table 7.8. The mean annual rainfall in the basin varies from 915.8 mm at Bhuntar to
1335.9 mm at Pandoh (for the period 1979-2009). The coefficient of variation (CV) of the
annual rainfall varies from 20.3% at Banjar to 33.3% at Sainj. It is evident from the Table 7.8
that all the station receives maximum rainfall during the monsoon season and least rainfall is
received during the post-monsoon season. The contribution of monsoon rainfall varies from 39
% (Bhuntar) to 74% (Pandoh), while contribution of pre-monsoon season varies from 14%
(Pandoh) to 30% (Bhuntar).

Table 7.8: Distribution of rainfall at different stationsin Beas basin (1979-2009)

Annual Pre-monsoon Monsoon Post-monsoon Winter
Station % of % of % of % of
Mean | CV Mean Mean Mean Mean

annual annual annual annual
Bhuntar | 915.8 21.2 278 30 359 39 52 6 226 25
Larji 1009.4 | 24.8 242 24 525 52 50 5) 193 19
Banjar 9979 | 20.3 253 25 526 53 40 4 175 18
Sainj 1059.4 | 33.3 268 25 555 52 45 4 191 18
Pandoh 13359 | 21.6 183 14 990 74 34 3 124 9

Similar to temperature variable, the anomalies of rainfall and their trends were
determined for all the stations considered in the study. The rainfall anomalies (deviation from
mean) were then plotted against the time (in Year) and the linear trends observed in these have
been represented graphically. Anomalies in seasonal and annual rainfall and their trends for the
stations within the study area are shown graphically in figures 7.7 to 7.9. The magnitude of the
seasonal and annual trend in the time series as determined using the Sen’s estimator is given in
Table 7.9. The annual rainfall indicates increasing trend at one station namely Banjar and
decreasing trend at all other four stations with maximum decrease (-8.067mm/year) at Sainj.
The increasing trend at Banjar is of the order of 8.3 mm/year. Seasonal analysis of rainfall
trends shows that all stations during pre-monsoon, post-monsoon and winter season
experienced decreasing trend whereas all stations experienced increasing trend in monsoon

season.
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Figure7.7: Rainfall trends of Banjar and Bhuntar stations
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RAINFALL (PANDOH)
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Figure 7.8: Rainfall trendsof Larji and Pandoh stations
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Figure 7.9: Rainfall trends of Sainj station
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Table 7.9: Seasonal and annual trendsin rainfall of different stationsin Beasbasin

Season Station ! an;-g:tr; gt?tl:l = s Estﬁigtor reléiron Trend
Bhuntar -0.54 -33 -2.667 -2.0339 | Falling
Larji -0.07 -5 -0.166 0.3791 | Falling
Annual Banjar 1.63 97 8.3 8.5655 Rising
Pandoh -1.22 -73 -7.46 -9.0945 | Falling
Sainj -0.99 -59 -8.067 -5.3716 | Falling
Bhuntar -2.14 -121 | -7.383 -5.9845 | Falling
Larji -2.19 -130 -5.56 -4.1214 | Falling
Pre-monsoon
(Mar - May) Banjar -0.88 -53 -2.72 -1.7135 | Falling
Pandoh -1.28 -73 -4.55 -5.2586 | Falling
Sainj -1.96 -111 | -9.211 -7.135 Falling
Bhuntar 2.65 157 5.936 5.5586 Rising
Larji 1.36 81 5.141 5.2977 Rising
(J'\L’l'r?r_‘sggg‘t) Banjar 3.09 183 | 11007 | 11.605 | Rising
Pandoh 0.59 36 2.865 0.7993 Rising
Sainj 1.12 67 6.147 4.957 Rising
Bhuntar -0.58 -35 -0.531 -0.427 Falling
Larji -0.6 -36 -0.333 0.055 Falling
P?gtétnlol[}f;\’f)’” Banjar 0.95 57 | -0522 | -0.1906 | Falling
Pandoh -0.99 -59 -0.727 -0.8821 | Falling
Sainj -1.29 =77 -0.736 -1.021 Falling
Bhuntar -0.44 -27 -0.74 -1.3051 | Falling
Larji -0.48 -29 -0.686 -0.8147 | Falling
(D\é\gf‘tsgb) Banjar -0.59 36 | -1.038 | -1.4156 | Falling
Pandoh -2.55 -151 -3.38 -3.5823 | Falling
Sainj -1.39 -83 -3.083 -2.4339 | Falling
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In monsoon season, the maximum increase is of the order of 11.91 mm/year for Banjar
and minimum increase is for Pandoh (2.86 mm/year). In pre-monsoon season, the maximum
decrease is for Sainj (-9.21 mm/year) and minimum decrease is for Banjar (-2.72 mm/year). In
seasons other than monsoon and pre-monsoon, the magnitude of change was quite small. The
results of Mann-Kendall test applied to annual and seasonal rainfall at different stations (Table
7.9) indicates that none of the station show either increasing or decreasing significant trend in
annual rainfall.

Monsoon rainfall indicated positive significant trend at Banjar and Bhuntar. Pandoh
station in the winter season and three stations (Bhuntar, Larji and Sainj) in pre-monsoon season
showed negative significant trend in rainfall. In post-monsoon season, all decreasing trends are
found non-significant. The Mann-Kendall and Sen’s slope estimator results corroborate the
similar trend patterns as represented by the linear regression method at both seasonal and

annual scale for rainfall.

7.7.3 Trendsin Streamflow

The anomalies of stream discharge were computed and linear regression analysis was
carried out and relationship was developed for linear trends for each station at both seasonal
and annual scale graphically shown in figures 7.10 to 7.12. The results of Sen’s slope of
estimator and Mann-Kendall test applied to seasonal and annual discharge series at different
stations are given in (Table 7.10). Analysis of discharge at different sites in the Beas river basin
indicated decreasing trend of annual discharge at Bakhli, Pandoh and Thalout station and
increasing annual discharge at Sainj and Tirthan site. All these trends are found non-significant
at 95% confidence level.

Analysis of seasonal data indicated decreasing trend (non-significant) in pre-monsoon
discharge for all stations; decreasing trend (non-significant) in monsoon discharge at Bakhli,
Pandoh and Thalout sites and increasing trend (non-significant) of monsoon discharge at other
two sites namely Sainj and Tirthan. Discharge in post-monsoon season showed increasing trend
at Bakhli and Sainj and decreasing trend at Pandoh and Thalout stations. Winter season

discharge indicated decreasing trend at all stations except Bakhli.
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Figure 7.10: Stream dischargetrends of Bakhli and Pandoh stations
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Figure7.11: Stream dischargetrendsof Thalout and Sainj stations
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Figure 7.12: Stream discharge trends of Tirthan station
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Table 7.10: Seasonal and annual trends of stream discharge

Season Station Man;g:{;g?g st g e stisrre1r;tor ré_girnon Trend
Bhakli 0.1 7 | -0.003 -0.003 Falling
Pandoh -1.13 58 | -0.996 -1.076 Falling
Annual Sainj 0.92 58 | 0.119 0.0536 Rising
Thalout -1.24 64 | 0924 | -10734 | Falling
Tirthan 0.48 3 | 0.08 0.2235 Rising
Bhakli -0.63 40 | -0.051 -0.051 Falling
Pandoh 14 72 | -1.702 -1.569 Falling
FE&;T? RZZ;;‘ Sainj -1.12 70 | -0.131 | -0.1009 Falling
Thalout -1.44 74 | -1.65 -1.5052 Falling
Tirthan -0.96 60 | -0.196 0.0053 Falling
Bhakli 0.6 38 | -0052 | -00206 | Falling
Pandoh -0.49 26 | -0.846 | -1.4486 Falling
(JZ"n‘;”_S‘;ZBt) Sainj 1.49 93 | 0.362 0.3104 Rising
Thalout 057 30 | -0.72 -1.3879 | Falling
Tirthan 0.75 47 | 0.263 0.3951 Rising
Bhakli 1.64 102 | 0.074 0.0615 Rising
Pandoh -0.34 18 | -0.145 | -0.2416 Falling
P(()Sté[n_oﬂsoc\),c)m Sainj 0.51 31 | 0017 -0.021 Rising
Thalout 057 30 | -0256 | -0.3381 | Falling
Tirthan 0.37 23 0 0.2539 Rising
Bhakli 0.05 4 | 0016 0.0167 Rising
Pandoh 3.1 158 | -0539 | -0.5693 | Falling
(D\é\éit]t,fgb) Sainj -0.65 -39 | -0.079 -0.0885 Falling
Thalout -3.65 186 | -0558 | -0.6292 Falling
Tirthan -0.07 -5 | -0.037 0.1709 Falling
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7.8 SUMMARY

The mountainous basin is highly sensitive to climate change. Any change in rainfall and
temperature highly influences streamflow downstream. The detection of trends and magnitude
of variations due to climatic changes in hydro-climatic data, particularly temperature,
precipitation and streamflow, are essential for the assessment of impacts of climate variability
and change on the water resources of a region. The present study determined and analyzed the
trends of temperature, rainfall and discharge data using parametric (linear regression) and non-
parametric (Mann-Kendall test and Sen’s estimator of slope) methods on seasonal and annual
time scales for the Beas basin.

Majority of stations showed increasing trend in the mean annual temperature while one
station (Manali) showed a decreasing trend over the last three decades. During pre-monsoon
season, most of the stations indicated rising trends with Larji and Pandoh, statistically
significant at 95% confidence level. The annual rainfall indicated increasing trend at one station
namely Banjar and decreasing trend at all other four stations with maximum decrease (-
8.07mm/year) at Sainj. All stations during pre-monsoon, post-monsoon and winter season
experienced decreasing trends whereas all stations experienced increasing trends in monsoon
season. Annual streamflow showed decreasing trend at Bakhli, Pandoh and Thalout stations @
of -0.03 cumec/year, -0.996 cumec/year and -0.924 cumec/year, respectively, whereas an
increasing trend was seen at Sainj and Tirthan @ 0.119cumec/year and 0.08 cumec/year
respectively.

Thus, assessment of impact of climate change is a need to understand the hydrological
behaviour of Beas basin under uncertain changing scenarios of climate for optimal planning

and management of water resources.
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Chapter -8

CLIMATE CHANGE AND ITSIMPACT ON STREAMFLOW

81 BACKGROUND

Climate change refers to a statistically significant variation in either the mean state of
the climate or in other statistics (such as standard deviations, the occurrence of extremes, etc.),
persisting for an extended period particularly decades or longer. It is likely to affect the
hydrology of river basin, especially those in Himalayan regions by intensifying the global
hydrological cycle and have major impact on the streamflow of snow-fed rivers by influencing
the snow/ice and glacier melt in the upstream part of the basins. It is therefore, essential to
study the effects of climate change on streamflow and related variables of such river basins
(both in space and time) to plan and manage the water resources effectively.

In the present study, an endeavor has been made to investigate the impact of climate
change on the streamflow of Beas river under the changing climatic conditions. The
SNOWMOD model has been used to estimate streamflow and thereafter to study the impact of
climate change on the melt characteristics and daily runoff by defining scenarios. In the study,
scenarios have been developed in two ways and applied to see the impact of climate change.
First one based on the assumed plausible hypothetical scenarios derived from combination of
temperature and rainfall and the second, IPCC-SRES A1B projected temperature scenario on
the basis of climate modeling using actual data. A new set of Snow Depletion Curve (SDC) i.e.
modified snow cover area resulting from the modified or changed climatic conditions were
used by the model to simulate the runoff in both the cases. These modified SDC were prepared
for the analysis using exponential relationship developed in chapter 4. The streamflow has been
quantified under the applied scenarios with projected changes and presented in the following

sections.

8.2 CLIMATE CHANGE MODELING
8.2.1 Climate Changeand Issues

The climate of earth has never been stable for any extended period but varying naturally

on all time scales. The earth’s energy balance is determined by accounting the balance between
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the incoming and outgoing energy which also regulates its long-term state and average
temperature. Climate change has greatly affected the characteristics of climatic variables
globally. These changes are not uniform but vary from place to place or region to region.
Probable climate change and its perilous impacts on the hydrologic system poses a threat to
global fresh water resources and aquatic ecosystems worldwide. The Himalayas are anticipated
to be most vulnerable among the most environmentally fragile regions. The impact of climate
change in the Himalayan regions affects the snow cover, glaciers and streamflow in the rivers
by perturbing snow accumulation and snowmelt processes. The snow-fed river of mountainous
regions receives significant contributions from snow and glacier melt, which affects the
catchment hydrology by storing and releasing water temporarily on various time scales
(Jansson et al., 2003).

The main factors which cause the climate change to occur are categorized as the natural
and human influences; called ‘forcings’ which are held responsible for altering the flow of
radiant energy in the atmosphere. Climate variability occur naturally as a result of variation in
the amount of sun’s energy, variation in the distance between the earth and sun, presence of
volcanic pollution in the upper atmosphere (natural forcing), or occur due to addition of green
house gases as a result of persistent anthropogenic forcing. Scientist have learned that the
several green house gases like CO2, methane, nitrous oxide, tropospheric 0zone,
chlorofluorocarbons (CFCs) and water vapor are responsible for the global warming. Except
water vapor, the concentration of intact greenhouse gases more or less depends on human
activities. The water vapors levels in the atmosphere are dependent on the temperature of Earth
and availability of liquid water thus its concentration in the air is indirectly affected by the
human activities. Moreover, the human activities such as industrial development, deforestation
for extension of cities, pollution of waterways and cities, construction of dams etc. could
possibly alter the climatic conditions.

In rugged alpine terrain, the snow distribution patterns are the most visible outcome of
topography and its interaction with climatic variables namely radiation, precipitation and wind
(K"orner, 1992; Gottfried et al., 1999; K" orner, 1999). Klien-Tank et al., (2006) has revealed
variation in indices of temperature and precipitation, the associated climatic extremes over the
central and south Asia. From the analysis of observed global changes in daily climate extremes
(temperature and precipitation), temperature extremes associated with global warming shows
significant changes (Alexander et al., 2006). Various studies over the mountainous regions such
as (the Swiss and Polish Alps, the Rockies (Brown et al. 1992; Diaz and Bradley 1997;
Beniston at al. 1997; Wibig and Glowicki 2002; Beniston 2003; David et al. 2003; Rebetez
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2004) and Andes (Villaba et al.2003; Vuille et al. 2003) have publicized the significant increase
in the surface air temperature.

The important climatic variables which influence the ecosystem are precipitation,
radiation, temperature and streamflow. The recently growing scientific evidences have been
widely recognized that over the past century climate has changed globally due to anthropogenic
factors altering the natural environment. The increase in global temperatures and modified
precipitation distribution are the most explicit changes on the climate (Houghton et al., 1995)
consequently leading to significant alteration in the regional hydrological cycles and
subsequent changes in the regional water availability. The global warming has resulted in
increase in the average temperature. Moreover, these long-term changes in the temperature
have significant impact on the hydrological cycle. Disturbance in the hydrological cycle may
result in significant temporal and spatial change in occurrence of hydrological events like
rainfall pattern, extreme precipitation events and drought conditions ensuing in unequal
distribution of accessible fresh water and in turn affecting the socio-economic planning of the
region. The prominent indications of the climatic change and their prejudicial effects are;
formation, growth and outburst of glacial lakes, glacial retreat, increase in frequency of
flood/flash flood, reduction in seasonal snow cover, and rise in sea level etc.

In mountainous regions due to topographic forcings the climate varies at shorter
distances. In addition, amplitude of such changes is higher at high elevations owing to
relatively larger sensitivity to climate change (Diaz and Bradley, 1997; Shrestha et al., 1999).
Thus, mountains are more susceptible to the impacts of rapid climate change and endow
appealing location for early detection, study climate change signals and its impacts on the
hydrological, ecological and societal systems (Beniston M., 2003).

In Indian context, the rivers of Himalayan regions would have immense impact of
climate change. The rivers draining from the Himalayan basins, in which precipitation
enhances with orography, the major proportion of streamflow is derived from both
contemporaneous precipitation and melt from snow and glacier. Thus, snow and glacial melt
are imperative hydrological processes in the mountainous river basins (Kure et al., 2013b) and
climatic variability in temperature and precipitation may gravely affect the water availability of
the region.

Snow cover is a decisive hydrological parameter in the water cycle as it influences the
dynamics of global water cycle directly. For a region, regardless of snow depth, duration of
snow cover is a gesture of climatic condition (Leathers and Luf, 1997; Butt and Kelly, 2008).

Snow cover is a major factor for climate change studies globally (Butt, 2006). The snow cover
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extent is governed by the climatic features such as solar radiation, temperature and
precipitation. Thus, snowfall and temperature are the main determinant factors of the
streamflow. Earlier studies on climate change revealed that the areal extent of snow cover and
glaciated areas have reduced owing to change in climate. (Schetinnikov, 1998; Paul et al.,
2004; Barnett et al., 2005; Aizen et al., 2006; Paul et al., 2007; Makhmadaliev et al., 2008;
Hirabayashi et al., 2010; Ohara et al., 2014b). Impacts of climate change in the northwestern
Himalayan river basin have been reported in the form of rising temperature, depleting snowfall
precipitation which coincide with the rapid reduction of glaciers (Ageta 2001; Hewitt 2005;
Bhutiyani et al., 2007; Shekhar et al., 2010). Each and every aspect of the society, from
agriculture production and energy consumption to flood control, water supply and ecosystem
management will be affected due to such hydrological changes. The tremendous importance of
water for both society and the environment necessitate and emphasize the hydrologists and
researchers to study and understand the affect of climate change on the regional water
availabilities. The impacts of climate change on the hydrological regime are normally

investigated by defining scenarios.

8.2.2 Climate Scenarios

A scenario refers to probable portrayal of the future climate based on the internally
consistent set of climatological relationship among the climatic parameters. These scenarios
facilitates in providing the alternative images of the future state of sphere under the changing
environment. Scenarios are generated for the investigation of possible repercussion of climatic
change and are considered as potential tools for analyzing the driving forces such as
demographic evolution, socio-economic progression, and technological transformation which
may affect the emission of green house gases (GHGS) in near future. These generated scenarios
render support for climate change studies comprising climate modeling and impact assessments
along with adaption and mitigation.

For better understanding and estimating the plausible trends and uncertainties involved
in future emissions of GHG affecting the environmental conditions, the IPCC-International
Panel on Climate Change evolved a series of GHG emission scenarios (Nakicenovic and Swart,
2000) based on the assorted set of driving forces covering periods of a century. The four
diverse storylines A1, B1, A2 and B2 were used to develop self-consistent numerous different
scenarios to envisage how the future might unfold under future from present world in terms of

political, social, economical and technical evolution. In the present study attempt has been
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made to study the hydrological response of streamflow of Beas river basin under the changing
climate using A1B scenario. A1B scenario comes from the family of Al scenario. This scenario
technically emphasizes not to rely profoundly on a particular energy source in future world of
very swift economic progress, global population peaking by mid-century and declining
subsequently, and with better and more proficient technologies.

For better understanding the dynamic, complicated and catastrophic impacts of climate
change on the hydrological systems, climate model are customary in use. The climate model is
a mathematical description of large scale physical processes governing the climate system.
Presently, General Circulation Models or Global Climate Models (GCMs), the numerical
models are considered as reliable tools designed to simulate present climate and future climatic
conditions (Kure et al., 2013a). In climate change studies, wide variation in spatial and
temporal scales ranging from few minutes to a year and from few kilometers to thousands of
kilometer, adds more complexity for hydrological studies. GCM models are well accredited for
reasonably representing the basic climatic parameters at large scale but they are not able to
reproduce the details of climatic conditions well at the regional scale. Therefore, GCMs output
cannot be directly utilized in any regional hydrological model (Wigley et al., 1990; Carter et
al., 1994) to make reliable predictions about the regional hydrological changes owing to its
coarser resolution and simplification of hydrologic cycle in climate models (Arora, 2001). The
new generation super high resolution atmospheric model GCM model AGCM20 developed by
Japan reproduces the data at the spatial and temporal resolution of 20 km and 1 hour
respectively (Mizuta et al., 2006; Kiem et al., 2008; Kitoh and Kusunoki, 2008; Kim et al.,
2010, Kure et al., 2013b). However, the data is not publicly available at present. Optimal water
resources planning require fine scale information which could be achieved by downscaling the
output of GCM projections.

A framework is being provided by the hydrological models to conceptualize and
investigate the relationship between climate and water resources. In climatic change studies, the
hydrological models are utilized for the evaluation of annual and seasonal streamflow variation
using simple water balance models (e.g., Arnell, 1992). Global and regional climate models and
the hydrologic models are the imperative tools in such climatic studies (Glieck, 1987; Xu,
2000; Guo et al., 2002; Xu et al., 2005; Chen et al., 2007; Boe et al., 2007), though there exist
many major challenges in the application of GCM and hydrological models (Xu, 1999; Fowler
et al., 2007).
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83 HYDROLOGICAL MODELING FOR CLIMATE CHANGE
Normally there are three categories for simulating the hydrological responses due to
climate change using hydrologic models.
1. Coupling GCMs and macroscale hydrological models
2. Downscaled GCM climate output for use in hydrological models
3. Based on hypothetical scenarios as input to hydrological models

These are described in the following sections.

8.3.1 Coupling GCM S and Macroscale Hydrological Models

Basically, two approaches based on simulation models are available to study the impact
of climate change on runoff in rivers. The first approach obtains the runoff directly as a part of
a GCM simulation which is then distributed to the specific river basins (Russell and Miller,
1990; Kuhl and Miller, 1992). This approach does not confer good assessment of the
hydrological responses of climatic changes. Thus there is strong urge to couple hydrologic
models to GCMs. The second approach employs the meteorological parameters temperature
and precipitation from climate simulations of GCMs as input to the hydrologic models for
runoff simulation (Nash and Glieck, 1993; Hostetler and Giorgi, 1993; Kite et al., 1994;
Kamga, 2001; Evans and Schreder, 2002; Chiew and McMahon, 2002; Muttiah et al., 2002;
Arnell, 2003; Mirza et al., 2003). This approach employing coupled hydrological model with

GCM provided better results for river runoff.

8.3.2 Downscaled GCM Climate Output for Usein Hydrological Models

Usually, GCMs run at coarse grid resolution as a result of which they are inherently
unable to represent sub-grid scale features (like orography and land use) and dynamics of
mesoscale processes. Thus, output of GCMs cannot be used directly to simulate climate
variables at local scale for the climate impact assessment. Consequently, to overcome this
limitation downscaling methods gained recognition. In past decade, several downscaling
methods have been developed which transfers the GCM simulated information to a local (finer,
at sight) scale.

Presently, in climatic studies two approaches namely dynamic (physical dynamics are
solved explicitly) and statistical (empirical) downscaling are used to downscale the output of a

GCM to the specified locations. These two approaches of downscaling are most commonly in
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use in the one way coupling of GCMs and hydrological models (Wilby et al, 1999; Bergstrom
et al., 2001; Fowler et al., 2007; Schoof et al., 2009; Pinto et al., 2010).

The main target of dynamic downscaling is accomplished by developing and utilizing
limited area models or regional models (RCM). The dynamic downscaling approach involves
nesting of Regional Climate Model (RCM) into GCM. The RCM is basically a numerical
model which possess horizontal grid spacing (about 20-50 km) which is driven by initial
conditions, time dependent lateral meteorological conditions and surface boundary conditions
(Srinivas et. al, 2013). The GCM is being used to specify the time varying atmospheric
boundary conditions. Even though RCMs have obvious physical meanings, yet its intricate
design and high computational cost restricts its use in climatic studies.

The statistical downscaling approach involves in developing quantitative statistical
relationships, that transforms large—scale climatic/atmospheric variables (or predictors)
simulated by GCM to local scale variable (or predictands). Hence, requires less time for
computations. Broadly, statistical downscaling techniques are classified into three classes;
transfer function, weather generators, weather classification schemes (Wilby et al., 2004; Wilby
and Dawson, 2007). The most commonly statistical downscaling approaches are based on the
transfer functions in which direct relationships between the predictors and predictands are
modeled (Schoof et al., 2007) and regression models based on transfer functions (eg. Wigley et
al. 1990; Wilby, 1998; Wilby et al., 2003, 2004; Buishand et al., 2004; Ghosh and Mujumdar,
2008) are simple conceptual way of depicting linear and non-linear association between

predictor and predictands.

8.3.3 Based on Hypothetical Scenarios as | nput to Hydrological M odels

Different GCMs give different values of climate variable changes hence a single
consistent estimate cannot be arrived that could be advanced as deterministic forecast for
hydrological planning. Thus, another most commonly used approach in climate change impact
studies is based on hypothetical scenarios (Chang, 1999). This approach follows four steps for
the estimation of the hypothetical climate change impacts on hydrological behavior:

1. To determine the parameters of a hydrological model for the study basin by utilizing the
present climatic inputs and observed river flows for model validation.

2. To perturb the historical time series of climatic data (usually, temperature or
precipitation) based on a climate change scenarios.
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3. To simulate the hydrological characteristics of the study basin under the perturbed
climate by usage of calibrated hydrological model.

4, To compare the current and feasible future hydrological characteristics simulated by the
model.

The simplicity in representing the wide range of alternative scenarios makes the
hypothetical scenario approach more advantageous. Moreover, these scenarios can be utilized
for determining the sensitivity of a particular basin due to the changing climatic conditions.
Numerous studies have been carried out using the altered time series for the assessment of
potential impacts of climate change. (Nemec and Schaake, 1982; Gleick, 1986,1987; McCabe
and Ayers, 1989; Schaake and Liu, 1989; Lettenmaier and Gan, 1990; Vehvilainen and
Lohvansuu, 1991; Panagoulia, 1991; Arnell, 1992; Ng and Marsalek, 1992; Cayan et al., 1993,
Singh and kumar, 1997 b, Mehrotra, 1999; Baron et al., 2000; Sharma et al., 2000; Xu, 2000;
Garg et al., 2013).

In the present study, as discussed earlier, the model developed for the Beas basin was
calibrated using the dataset of 3 years (2002-2005) has been used to assess the impact of
climate change on the streamflow of the Beas river up to Pandoh dam under assumed ten
plausible hypothetical scenarios for period 1990-2002 and future projected temperature based
on IPCC-SRES A1B scenario for years 2040-43, 2043-46, 2046-2049, 2049-2052, 2093-96 and
2096-99. Since it was observed from the trend analysis that average temperature at all
meteorological stations showed a rising trend, except Manali whereas decreasing trend except
monsoon has been observed in case of rainfall. Hence, the adopted changes in temperature
considered are T+1°C and T+2°C and for rainfall increase/decrease are 5%, 10%, —5%, -10% in
the study area with an aim to study the influence of rise in temperature and rainfall variation on

the various runoff components under wide range of possible hypothetical scenarios.

84 STREAMFLOW MODELING UNDER CHANGED CLIMATE

8.4.1 Using Hypothetical Scenario

Areal snow cover extent globally has also been recognized as one of the essential
climate variables for the climate change monitoring. Snow cover equally affects and gets
affected by the patterns of climate and climate change. It is directly related to temperature of an
area and rise in temperature speed up the melting rate of snow. Thus, when modeling a climate

change, it becomes indispensable to incorporate the effect of different melt rates on the daily
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snow cover values. In order to signify the extent of impacts of climate change on water
resources, it is essential to properly assess the streamflow under the changing climatic
conditions and have reliable estimate of its variability. Streamflow exemplify an integrated
response to hydrological inputs. The snowmelt model applied in the study simulates both
components of runoff, i.e. melt runoff as well as the rainfall-runoff. However, snowmelt runoff
component is mainly affected due to change in temperature.

In the present study, in order to cover a wide range of climate variability, ten
hypothetical climate change scenarios were derived from combination of two temperature
(T+1, T+2) and four precipitation (5%, 10%5%, -10%) changes based on plausible
projections. For the assessment of climate change using distributed model, SCA are required as
input to prepare modified SCA depletion curves under the changed climatic scenarios. Since,
the Beas basin has been divided into nine elevation zones and four of them are partially snow
covered, modified SCA depletion curves have been prepared for these four zones as discussed
earlier in previous chapter. With the modified meteorological and snow cover depletion data,
streamflow has been simulated for all the hypothetical scenarios mentioned above. Figure 8.1
to 8.4 and Figure 8.5 to 8.8 illustrates the results of simulations for a period i.e. 1990-2002 for
T+1°C and T+2 °C temperature increase scenario respectively for the Beas basin. It is revealed
from the study that with the increase in temperature, streamflow increases in the beginning of
the melt season and produces small peaks. In the later part of the summer season, these peaks
increase and found to be reduced without much change in their timings. These peaks are mainly
due to the heavy rainfall with a small contribution from snowmelt. The streamflow as well as
snowmelt runoff have been computed for each month under a number of hypothetical
scenarios.

As described earlier that streamflow as well as snowmelt runoff components have been
computed for a number of hypothetical scenarios. These have been computed for each month.
The mean annual flows have been computed using the data of a period of 1990 to 2002. The
details of computed mean annual flow values are given in Table 8.1 and the streamflow and
snowmelt are depicted graphically in Figure 8.9 and 8.10 for the Beas basin. Figure 8.11 and
8.12 shows the mean monthly streamflow and snowmelt runoff. In the table/figure, change in
streamflow and snowmelt runoff is given with respect to reference scenarios. In figure 8.13 to
8.16 the change in snowmelt only has been shown for the basin. Figure 8.17 and 8.18 more
clearly depicts the effects of temperature change (T+1°C, T+2°C) scenarios on the mean
streamflow and snowmelt runoff on monthly scale respectively. It is observed that both runoff
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Figure 8.16: Snowmelt runoff for temperaturerise of 1°C and 2°C for year 1999-2002
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Table 8.1: Mean annual runoff for different hypothetical scenariosfor the Beasbasin
(Year: 1990-2002)

Mean Annual Change Mean Annual Change
Scenarios Streamflow 9 Snowmelt runoff 9
(%) (%)
(cumec-day) (cumec-day)
T+0°C, P+0% 209.44 - 58.42 -
T+1°C, P+0% 228.49 9 68.84 17.72
T+2°C, P+0% 227.85 8.69 67.22 14.95
T+1°C, P+5% 231.23 10.3 70.74 20.97
T+1°C, P+10% 232.8 11.05 68.49 17.12
T+2°C, P+5% 233.19 11.23 70.18 20
T+2°C, P+10% 235.06 12.12 68.27 16.74
T+1°C, P-5% 217.54 3.77 66.83 14.28
T+1°C, P-10% 210.42 0.37 65.94 12.75
T+2°C, P-5% 220.06 49 66.38 13.51
T+2°C, P-10% 212.49 1.36 65.38 11.8

(streamflow and snowmelt) components increase with the increase in temperature. Because
under warmer climate higher melting rate takes place which accelerates the melting of snow
resulting in increased snowmelt runoff from the basin. However in case of T+2°C, the increase
in streamflow/snowmelt runoff is slightly less than the case of increase of T+1°C. The reason
for this may be availability of lesser snow cover in case of T+2°C due to more melting.

During the ablation period in the Beas basin, snowmelt runoff increases in the months
of March and April with the increase in temperature. It is also found that the streamflow is
more with increase in temperature by 1°C in comparison to the increase in temperature by 2°C
for the months of May, June and July. It is also observed that for 1°C and 2°C increase in
temperature, the mean annual streamflow increases by 9% and 8.69% respectively. The
maximum percentage increase in mean annual streamflow is 12.12% for the T+2°C, P+10%
scenario whereas with the T+1°C, P-10% scenario the minimum % increase in mean annual

streamflow is 0.37%.
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8.4.2 Streamflow under Future Projected Scenario

The hydro-climatic heterogeneity of the Himalayan regions complicates understanding
the hydrology and hydrologic response of snow-fed rivers to projected changes in climatic
conditions. Under these warmer climatic conditions, melt from snow/ice and glacier adds a
dominant component of flow to runoff from glacierized basins in addition to contemporary
precipitation. An appropriate assessment of probable future temperature and precipitation and
its variability is required for various climatic scenarios. The changes in the streamflow timing
are probable to occur in the future under the warmer climate. Thus, assessment of projected
climate change on the vulnerable resources of planet earth can be extremely useful to develop
strategies for sustainable planning, management and conservation of these resources (Srinivas
et al., 2013). Much of the literature on hydrologic simulation aims to find the sensitivity of
streamflow and glacier to climate warming by using step increases in temperature.

Many studies based on the projected changes in the climatic variables have been carried
out to connote the influence of climate change on the water resources. At basin scale study, the
streamflow in the upper reaches (greater than 2000 amsl) was projected to reduce by 8.4%,
17.6% and 19.6% in the Indus, the Ganges and the Brahmaputra river basins in 2046-2065
comparative to the base year (2001-2007), exhibiting the relative significance of glacier melt
contribution (Immerzeel et al., 2009). However, reduction in the streamflow due to declining
contributions from the glacier is likely to be compensated from the projected future increase in
precipitation. Immerzeel et al., (2011) quite recently, used output from five GCMs to high-
resolution combined cyrospheric hydrologic model under A1B emission scenarios to study the
repercussions of climate change on the hydrology of Langtang river catchment and witnessed
that both downscaled temperature and precipitation increased by 0.06°C/year and 1.9 mm/year
respectively. Immerzeel et al. (2011) projected that glaciers would shrink and retreat by 32% in
2035 resulting in reduction in glacier melt contribution to streamflow. However, this loss in
glacier runoff is compensated by increased rainfall-runoff and baseflow leading to an overall
increase in streamflow by 4 mm/year.

In order to provide an indication of the extent of impacts of climatic change on water
resources, streamflow represents an integrated response to hydrologic inputs on the drainage
basin. The model applied in the present study simulates melt runoff as well as rainfall runoff.
However there is effect mainly on snowmelt runoff due to change in climate. In this study
impact of temperature change on streamflow have been presented. The precipitation change

was not considered as the precipitation has less effect on streamflow in comparison to
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temperature rise (Arora et al., 2008; Jain et al., 2010b), also it is massive and difficult in
projecting precipitation at river basin level in complex, rugged topography and varying
climatology of Himalayan region (Sharma et al., 2013). Hence, efforts have been made to study
the impact of change of temperature on streamflow for the Beas basin using future climatic
scenarios based on realistic temperature records available for the area.

The impact of climate change on the streamflow has been quantified in response to future
climate change by using the projected temperature IPCC-SRES A1B scenario on the basis of a
study by Srinivas et al. (2013). The daily maximum and minimum temperature have been
projected up to the year 2100 using simulations of Canadian coupled global climate model
(CGCM3.1/T63). From these projected values, computations for the period of 2001-2020,
2021-2040, 2041-2060, 2061-2080, 2081-2100 have been carried out and given in Table 8.2,
8.3, 8.4 and 8.5 for the stations Manali, Larji, Bhuntar and Pandoh. These values are also
shown graphically in Figure 8.19 to 8.23 for the stations Manali, Larji, Bhuntar and Pandoh.

It is observed from these tables/figures that at Manali station, future maximum mean
monthly temperature is projected to decrease during April-August and increase during January-
February and October-December. At Bhuntar, the maximum monthly temperature is projected
to increase in future during January-April. Further, there is decrease in the value for June-
August over the period 2081-2100. At Larji station, maximum mean temperature is projected to
increase in future during January-March and October-December. At Pandoh, future maximum
temperature for almost all the months is projected to increase.

Since the Beas basin has been divided into nine zones and four of them are partially
snow covered, modified SCA depletion curves were prepared for four zones as described in
chapter 4. Also, the daily temperature projections have been prepared for the study area. With
these modified meteorological and snow cover depletion data, streamflow has been simulated
for the scenarios A1B for the Beas river basin for the years 2040-43, 43-46, 46-49, 49-52 and
also for the years 2093-96, 2096-99. The results of these simulations are given in Table 8.6.
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Table 8.2: Projected maximum temperaturefor different time period for Manali station

A1B |Observed 2001-2020 [2021-2040 [2041-2060 |2061-2080 [2081-2100 [2001-2020 [2021-2040 |2041-2060 {2061-2080 [2081-2100
Change
Jan 11.79 10.74 13.83 15.60 16.04 15.23 -1.06 2.04 3.81 4.25 3.44
Feb 12.94 12.96 13.29 14.83 16.17 17.69 0.02 0.35 1.89 3.23 4.75
Mar 16.66 15.50 16.48 17.76 18.36 17.26 -1.16 -0.17 1.10 1.71 0.61
Apr 22.53 18.94 19.80 21.54 21.44 23.15 -3.59 -2.73 -0.99 -1.09 0.62
May 26.16 24.12 24.94 22.47 24.67 24.66 -2.04 -1.21 -3.69 -1.48 -1.49
Jun 27.52 23.02 24.97 24.81 23.80 24.84 -4.49 -2.55 -2.70 -3.71 -2.68
Jul 27.07 25.19 25.34 25.08 25.76 25.65 -1.88 -1.73 -1.99 -1.31 -1.42
Aug 26.59 24.39 24.54 23.73 23.65 23.83 -2.20 -2.05 -2.86 -2.94 -2.76
Sep 25.62 24.58 24.90 24.96 24.65 25.01 -1.05 -0.72 -0.66 -0.97 -0.61
Oct 22.55 24.54 24.43 25.26 24.72 25.46 1.99 1.89 2.72 2.18 291
Nov 18.08 19.44 21.37 21.11 22.49 23.18 1.36 3.28 3.02 441 5.10
Dec 13.66 13.83 14.05 16.76 16.70 16.64 0.17 0.39 3.10 3.04 2.98
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Table 8.3: Projected maximum temperaturefor different time period for Larji station

Al1B |Observed 2001-2020 [2021-2040 [2041-2060 [2061-2080 [2081-2100 [2001-2020 [2021-2040 [2041-2060 [2061-2080 [2081-2100
Change
Jan 13.92 16.45 18.98 20.73 21.04 19.92 2.53 5.06 6.81 7.12 6.00
Feb 16.60 17.95 18.23 19.75 21.16 22.93 1.35 1.63 3.15 4.56 6.33
Mar 20.25 20.94 22.00 23.34 23.96 22.82 0.69 1.75 3.09 3.71 2.58
Apr 26.92 24.50 25.35 27.31 27.40 29.02 -2.42 -1.57 0.39 0.48 2.10
May 31.09 30.86 32.50 31.32 31.96 32.79 -0.23 141 0.23 0.87 1.70
Jun 33.64 32.03 32.05 32.96 32.97 32.10 -1.61 -1.59 -0.68 -0.67 -1.53
Jul 31.20 31.29 32.42 30.84 31.75 31.51 0.09 1.21 -0.36 0.55 0.31
Aug 30.49 30.07 30.35 29.50 29.15 29.33 -0.42 -0.14 -0.99 -1.34 -1.16
Sep 29.27 30.34 30.81 30.69 30.48 30.83 1.07 1.54 142 121 1.56
Oct 25.97 30.10 30.11 31.08 30.81 31.66 4.13 4.14 511 4.84 5.69
Nov 21.01 24.90 26.73 26.62 27.84 28.70 3.89 5.72 5.61 6.83 7.69
Dec 15.07 18.93 19.42 22.36 21.90 21.95 3.86 4.35 7.29 6.83 6.88
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Table 8.4: Projected maximum temperature for different time period for Bhuntar station

Al1B |Observed 2001-2020 [2021-2040 [2041-2060 [2061-2080 [2081-2100 [2001-2020 [2021-2040 [2041-2060 [2061-2080 [2081-2100
Change
Jan 15.56 13.89 18.72 20.95 21.37 23.95 -1.67 3.16 5.39 581 8.39
Feb 17.23 17.85 18.35 20.39 21.90 23.72 0.62 1.12 3.16 4.67 6.49
Mar 20.94 21.73 22.68 23.98 24.52 24.71 0.79 1.74 3.04 3.59 3.77
Apr 26.58 25.07 25.94 27.78 28.13 29.04 -1.51 -0.63 1.20 1.56 2.47
May 30.45 31.74 33.37 34.84 33.09 32.07 1.29 291 4.38 2.63 161
Jun 32.78 35.22 32.91 34.47 35.52 27.67 2.44 0.13 1.69 2.74 -5.11
Jul 31.03 31.39 32.93 30.83 31.63 26.66 0.36 1.90 -0.20 0.60 -4.37
Aug 30.41 30.22 30.53 29.91 29.41 27.57 -0.19 0.12 -0.50 -1.00 -2.84
Sep 29.88 30.43 30.89 30.70 30.60 30.84 0.56 1.01 0.82 0.72 0.96
Oct 27.51 30.14 30.14 31.01 30.97 29.61 2.63 2.63 3.50 3.46 211
Nov 22.74 25.53 27.05 27.14 28.10 24.99 2.79 4.31 4.40 5.36 2.25
Dec 17.45 18.76 19.28 22.15 22.09 23.79 1.31 1.84 4,71 4.65 6.34

190




Table 8.5: Projected maximum temperaturefor different time period for Pandoh station

A1B |Observed 2001-2020 [2021-2040 [2041-2060 |2061-2080 [2081-2100 [2001-2020 [2021-2040 |2041-2060 {2061-2080 [2081-2100
Change
Jan 19.04 20.11 23.04 24.80 24.86 24.04 1.07 4.00 5.76 5.82 5.00
Feb 20.65 22.04 22.27 23.95 25.21 26.70 1.38 1.62 3.30 4.56 6.05
Mar 24.25 24.86 25.78 27.08 2751 26.64 0.61 1.53 2.83 3.25 2.39
Apr 30.07 28.12 29.10 30.73 30.76 31.95 -1.95 -0.97 0.66 0.69 1.88
May 33.86 33.51 35.49 35.30 34.68 35.99 -0.34 1.63 144 0.82 2.13
Jun 34.29 35.96 34.55 36.04 36.90 34.79 1.67 0.26 1.75 2.61 0.50
Jul 32.07 33.34 34.93 32.72 33.39 33.11 1.27 2.86 0.65 1.32 1.04
Aug 31.73 32.32 32.57 32.18 31.78 31.83 0.59 0.84 0.44 0.04 0.10
Sep 31.80 32.51 32.84 32.63 32.68 32.81 0.71 1.04 0.83 0.88 1.01
Oct 30.04 32.11 32.13 32.88 33.08 33.44 2.07 2.09 2.84 3.04 3.40
Nov 25.70 28.65 29.75 29.98 30.53 31.05 2.95 4.05 4.28 4.83 5.35
Dec 20.45 22.80 23.48 26.13 25.86 25.51 2.35 3.03 5.68 541 5.06
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Figure 8.19: Projected daily max. temperature for different time period for Manali
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Figure 8.20: Projected daily max. temperature for different time period for Larji station
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Figure 8.21: Projected daily max. temperaturefor different time period for Bhuntar
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Table 8.6: Simulation of streamflow for the Beas Basin up to Pandoh

Simulated Rainfall ST?J"r‘]’g;fe” Base flow
Period Streamflow contribution . contribution
(cumec-day) (cumec-day) contribution (cumec-day)
(cumec-day)

1990-2002 209.44 79.52 58.42 71.49
2040-43 179.90 77.17 30.49 72.25
2043-46 182.70 85.27 26.54 70.88
2046-49 180.89 75.87 30.67 74.36
2049-52 183.08 79.04 30.16 73.88
2093-96 217.44 96.44 51.56 69.44
2096-99 212.75 84.69 49.78 78.28

The average simulated flow for the years 1990-2002 was compared with the simulated
projected flows for the different years, as given in the Table 8.6. The results are depicted in
graphical form in Figure 8.23. The change in annual flow as well as snowmelt runoff is given
in Table 8.7. From this table it can be seen that the total streamflow will reduce for the years
2040-43, 2043-46, 2046-49 and 2049-52 while for the years 2093-96 and 2096-99 it will
increase marginally. The snowmelt runoff will decrease in all the future scenarios. For the
project period up to 2052, the reduction in total streamflow is of the order of 12-14% while
reduction in snowmelt runoff is 47-54%. For the period of 2093 to 2096, the there is reduction
in snowmelt runoff of the order of 11-15% while there is slight increase in the total streamflow
i.e. of the order of 1.5 to 4%. From the analysis of projected temperature, it was found that
temperature is higher during 2080-2100 in comparison to 2040-60. Due to which the snow
cover will reduce more in 2080-2100 and hence snowmelt runoff will be more which increases
the total streamflow marginally. However, during the last decade of the century, temperature
change is not significant therefore projected streamflow is not showing much change.
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Figure 8.23: Simulation of streamflow for the Beas basin up to Pandoh
Table 8.7: Mean (annual) runoff for A1B scenario for Beas basin
Average annual Per centage Average annual Per centage
Scenarios streamflow 9 snowmelt runoff 9
change change
(cumec-day) (cumec-day)

1990-2002 209.44 - 58.42 -
2040-43 179.90 -14.10 30.49 -47.81
2043-46 182.70 -12.77 26.54 -54.57
2046-49 180.89 -13.63 30.67 -47.50
2049-52 183.08 -12.59 30.16 -48.37
2093-96 217.44 +3.82 51.56 -11.74
2096-99 212.75 +1.58 49.78 -14.79
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85 SUMMARY

SNOWMOD model has been used to estimate the streamflow and evaluate the impact
of climate change in Beas river basin for 10 plausible hypothetical scenarios and IPCC-SRES
A1B projected scenarios as well. Snow cover depletion curves were modified with respect to
change in temperature. Since the Beas basin is divided into nine zones and four of them are
partially snow covered, modified SDCs were prepared for these four zones. The change in
computed streamflow under different generated scenarios indicated the effect of climate
change. For 1°C and 2°C increase in temperature, the mean annual streamflow increased by
about 9% and 8.69%, respectively. The maximum percentage increase in mean annual
streamflow was 12.12% for T+2°C, P+10%. Minimum percentage increase in mean annual
streamflow was 0.37% for T+1°C, P-10%.

With projected temperature and snow cover depletion data, streamflow has been
simulated for scenarios A1B and the effect of different climate scenarios on the melt runoff as
well as streamflow has been studied for Beas basin. The streamflow and snowmelt runoff both
are decreasing for projected daily temperature. For the project period up to 2052, the reduction
in total streamflow was of the order of 12-14% while it was 47-54% in snowmelt runoff. For
the period of 2093 to 2096, the reduction in snowmelt runoff was of the order of 11-15% while
there was slight increase in the total streamflow i.e. of the order of 1.5 to 4%. In case of
hypothetical scenarios the change in temperature has been considered by adding same value
e.g. 1 or 2°C throughout the year. Therefore in this case the projected runoff is always
increasing while in other case, temperature projection based on climate modeling decreases
during monsoon months. Hence the projected streamflow is showing different opposite

behavior i.e. decreasing during the mid-century.
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Chapter 9

SUMMARY AND CONCLUSIONS

91 SUMMARY

The snow-fed Beas river system in Himalayas has high water resources prospective to
meet the demands of growing population in the region. Besides many hydropower schemes are
in progress or in operation to harness the potential of river water. A simple, logistic and
systematic assessment of Beas river streamflow is imperative for the success of such existing
and upcoming schemes, and to properly manage the water resources for the socio-economic
development of the society in the region. Moreover, in recent decades global warming and
climate change issues have added another dimension of intricacy. It is a major issue of concern
and there is need to study the impacts of climate change on streamflow.

With this perspective, efforts have been made to model the streamflow and evaluate the
impacts of climate change on streamflow for Beas river basin by conducting sequential studies
involved for simulation of streamflow and assessment of impact of climate change on
streamflow involving snow cover mapping, spatio-temporal variation in temperature lapse rate,
trend analysis and plausible impacts of climate change under different hypothetical and
projected scenarios using SNOWMOD model. The whole study can be summarized in brief as
follows:

e Snow forms an integral part of hydrological model in Himalayan basin. Snow cover
mapping in such complex, rugged terrains with highly varied topography becomes
arduous to acquire spatial and temporal areal extent of snow cover. In this direction,
snow cover area estimated from remote sensing satellite data proved to be a better
option.

e Snow depletion curves (SDCs) prepared from snow cover area information are
imperative for simulation of runoff in snow-fed river basins. MODIS data is used to
prepare SDC, for the years 2001 to 2005. For the period 1990 to 2000, an exponential
relationship was generated between the Snow Cover Area (SCA) and Cumulative Mean
Air Temperature (CMAT) for the Beas basin. This technique was used to prepare snow
cover area maps for years 1990 to 2000 and thereafter SDCs were prepared and used in

the model.
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9.2

MODIS-LST dataset was used to determine spatial and temporal temperature lapse rate
for Beas basin. Monthly, seasonally and topographically (elevation based) varying lapse
rate values were developed for a period of nine years i.e. from 2001 to 2009.

The snowmelt runoff model was applied with varied lapse rate computed in the study
and the daily streamflow components namely snowmelt runoff, rainfall-runoff and
baseflow were estimated

The simple regression method (parametric), Mann-Kendall test and Sens’s estimator of
slope method (non-parametric) were applied to determine trends in hydro-
meteorological parameters namely temperature, rainfall and discharge over the last
three decades.

To investigate the impact of climate change on streamflow, plausible hypothetical

scenarios and IPCC-SRES A1B projected temperature scenarios were applied.

CONCLUSIONS

The conclusions drawn from the present work are enumerated as below:

Estimation of snow cover area from remote sensing data, such as MODIS is found to be
more reliable as it provides continuous data at greater temporal resolution.
The proposed exponential relationship generated between the Snow Cover Area (SCA)
and Cumulative Mean Air Temperature (CMAT) performs well for determination of
snow depletion curves (SDCs) when regular SCA is not available at regular interval.
The use of monthly, seasonal and topographically varied TLR in the present study has
shown to be more promising than the fixed (or constant) TLR values used in the past.
The application of SNOWMOD model with varied TLR for estimation of snowmelt
runoff in Beas basin yielded satisfactory results exhibiting its applicability to
Himalayan basin. The daily streamflow components namely snowmelt runoff, rainfall-
runoff and baseflow were estimated to be 24.07 % to 34.62 %, 30.48 % to 41.85 % and
30.16 % to 36.37% respectively with model efficiency varying from 0.68 to 0.80.
Majority of stations showed increasing trend in the mean annual temperature whereas
one station (Manali) depicted decreasing trend during the study period. The annual and
seasonal rainfall in general indicated decreasing trend at majority of stations. The trend
analysis of discharge at Pandoh and Thalout indicated decreasing trend at annual and
seasonal scale.
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9.3

9.4

. The study shows changes in the mean streamflow by about 9% and 8.69% with rise in

1°C and 2°C temperature respectively. The maximum percentage increase in mean
annual streamflow was found to be 12.12% for T+2°C, P+10% scenario whereas
minimum percentage increase was 0.37% for T+1°C, P-10% scenario

. The study reveals a reduction in streamflow by 12-14% and that in snowmelt runoff by

47-54% by the year 2052. However by the end of century there is slight increase in
streamflow while reduction in snowmelt of the order 11-15%.

SCOPE OF FUTURE RESEARCH WORK

Streamflow modeling and impact of probable climate change under the different
hypothetical and projected scenario explored in Beas basin with limited data has
extended the application of modeling approach in this part of Himalayas. Some of the
issues for future research work are briefed as follows:

Retrieval of temperature lapse rate from LST maps of MODIS provides better
representation of TLR in the area. For streamflow modeling, seasonally as well as
topographically varying lapse rates have been considered instead of fixed value. As
lapse rate varies with season and region, there is a scope to establish actual lapse rate

for hydrological modeling in other parts of Himalayas.

. Variation in streamflow at seasonal and annual scale is governed by the climate of the

region. Hence seasonal and annual trends have been examined for climatic variables
(temperature and rainfall) during the last three decades for Beas basin. There is a need
to expand the work along with other parameters such as snowfall, relative humidity etc.
at greater spatial and temporal resolutions for other parts of Himalayas.

The present study was done to evaluate the impact of climate change on the streamflow
under hypothetical scenarios and real projected temperature scenarios based on IPCC-
SRES A1B. Other plausible IPCC SRES based scenarios for temperature and rainfall
change may be considered to understand the changes in model parameters and

investigate the catchment process behavior.

MAJOR CONTRIBUTIONS

The main objectives of the present study were stream/snowmelt runoff modeling and to

evaluate the impact of climate change on snowmelt runoff for a Himalayan basin. For
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estimation of SCA when sufficient satellite data were not available, a temperature based
approach has been proposed and applied for generating SCA and, in turn modified SDCs to
study the impact of climate change. The use of temporally and topographically varying

temperature lapse rate has shown to be more rational than the currently used fixed value.
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ANNEXURE-II

Pandoh Dam Confluence of river Beas and Parvati
(Pandoh, Mandi district) (Bhuntar)

Melting of snow, Marhi Snow field, Dhundi (January 2010)

Field photographstaken during thefield visit
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