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ABSTRACT

Most of the big rivers in the world originate from the mountainous areas and are

considered important sources of water for the large population of the world. Himalayas

provide one of the world's largest renewable supplies of fresh water. The chain of the

Himalayan mountains act as an effective barrier to the summer monsoon and westerly

winter disturbances. Due to this there is massive summer monsoon precipitation especially

in the eastern and central parts of the Himalayas and snowfall at higher altitudes in the

winters. The major river systems of India, the Indus, Ganges and Brahmputra have their

origin in the Himalayan mountain region and snow accumulated during winter becomes a

major source of runoff for these rivers during summer. The spring and summer runoff of

the Himalayan rivers is mostly from snowmelt is considered a dependable source of water

for irrigation, hydroelectric power and drinking water supply. The availability of high

runoff coupled with wide variations in elevations provides a large potential for

hydroelectric power. India is endowed with enormous economically exploitable and viable

hydropower potential mostly in Himalayan region. This is assessed to be about 84,000

MW at 60% load factor. However, only about 20% of the hydroelectric potential have

been harnessed so far and 10% is under various stages of development.

Himalayan region is witnessing a large economic growth and demands for

irrigation water, hydro-electricity are ever increasing. The provision of suitable flood

control measure in the lowland areas is also an area of concern. These require proper

understanding of the hydrological processes of the snowfed basins of the Himalayan

region. Suitable hydrological models have to be developed to simulate these processes for

generating the streamflow from such basins using observed flow records. Such studies are

much needed for the planning, design, development and management of water resources



of the Himalayan region. At the same time, transportation of the high sediments from the

Himalayan basins is also one ofthe serious problems for any water resources development

project. The capacity of the reservoirs located in this region reduces at an alarming rate

due to deposition of sediment, thus adversely affecting the optimal operation of the water

resources schemes.

The present study is therefore focussed on snowmelt runoff modelling and

sediment studies. An extensive literature survey has been made on snowmelt runoff

processes and their modelling have been also reviewed. The relevant literature on

sediment studies has also been reviewed. The remote sensing and GIS techniques have

good potential for application in both these areas. The present study also includes a

detailed review of such applications. The review of the studies in the Himalayan region

shows that the modelling of streamflow for the snowfed basins and sediment studies are

very limited. Therefore, it is planned to consider these important aspects for a Himalayan

basin in the present study. Important snow covered basins in the western Himalayas are *

Satluj, Beas, Chenab, Ravi and Jhelum. Satluj basin has a significant contribution from

snow/ice and has a reasonably good hydrometerological network. The hydropower

potential of Satluj basin is 8634 MW, which constitutes almost 50% potential of the state

of Himachal Pradesh. The Bhakra Nangal project on the Satluj River is a major project

producing large amounts of hydroelectric power besides irrigation of large areas in T

Northern India. The Bhakra dam on Satluj River is considered a boon for India. Some of

the other prestigious projects such as Nathpa-Jhakri, Baspa, Kol dam and Karchham

Wangtoo are under construction. Therefore, for ensuring representativeness and possible

operational use, the study area chosen for this study is Satluj basin (Indian part) up to

Bhakra dam. »
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The proper estimation of snow and glacier contribution in annual flow of a

snowfed river is very important for planning and development of water resources. At

present there is no systematic method available for this purpose for a snowfed basin in

Himalayas having limited information on solid precipitation. In the present study, a

methodology has been developed using a water balance approach for estimating snow and

glacier contribution in the annual flows of a snowfed river. For this purpose, water budget

analysis for the Satluj basin was made for a period of 10 years (Oct. 1986 - Sept. 1996).

Precipitation data of 10 stations were used to compute total input to the basin over the

water budget period. Total volume of flow for the same period was computed using

discharge records at Bhakra dam. Evapotranspiration losses from the basin were estimated

using a relationship developed between temperature and evapotranspiration. Snowcover

and snow free areas needed in evapotranspiration computation was obtained using remote

sensing data (Landsat-MSS, IRS-1A/1B-LISS-II) and image processing have been carried

out on ERDAS IMAGINE software. It was found that generally a major part of the basin

(65%) is covered with snow in the months ofMarch/April, which reduces to about 20% in

September/October. The average contribution of snow and glacier melt in the annual flow

of Satluj River at Bhakra was found to be about 59% and remaining 41% was from the

rain. It shows that snow and glaciers provide a substantial contribution to the flows of

Satluj River. For all the sites upstream of Bhakra dam, the contribution of snow melt

runoff in total runoff would be higher than 59% due to higher percentage of snow covered

area in upper basins. These findings, of the present study are thus very relevant for all the

projects planned/under execution in the upstream of Bhakra dam.

The Himalayan basins have runoff contribution for rainfall as well as snow and ice.

Inspite of significant contribution of snow and ice in the Himalayan rivers, no attempts

have been made to develop a simple scientifically based snowmelt model for the
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Himalayan basins. Therefore, development of a snowmelt runoff model, which caters for

the sparse network, limited availability of data and rugged topography of the Himalayan

basins and also handles rainfall, is of utmost importance. Therefore, simple conceptual

snowmelt model (SNOWMOD) based on temperature index approach has been developed

for the Satluj basin having range of elevation from 600 m to 6000 m. The basin was

divided into suitable number of elevation bands. Daily precipitation and temperature are

the basic inputs to the model beside some useful information derived from topographical

maps and satellite data. The temperature was extrapolated to different elevation bands

using temperature lapse rate. Snowcovered area in the basin was determined using remote

sensing data from Landsat-MSS, IRS-1A/1B-LISS II and IRS-WiFS. Contour and spot

height data from Survey of India toposheets have been used to generate digital elevation

model (DEM), which was used subsequently to prepare the area elevation curves. For this

purpose, ILWIS GIS software has been used. Keeping in view, the physiographic features

of the basin and elevation of meteorological stations, each elevation band was assigned to n

a representative meteorological station. The model structure is simple and involves use of

relevant physical parameters. Only four parameters related with flow routing for snow

covered and snow free areas need calibration. The model computes daily runoff from the

snowcovered area and snow free area separately. The values of parameters representing

degree day factor and runoff coefficients have been decided on the basis of literature -f

review and have been varied from month to month to account for seasonal

effect/behaviour of temperature and rainfall. The routing of surface and sub-surface flow

is made using concept of linear cascade of reservoirs. The total outflow from the basin was

computed by summing the different components of runoff. The model was calibrated

using the dataset for a period of three years (1985-86 to 1987-88) and model parameters >

for structural routing were optimised. Because hydrological response of snow covered area
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and snow free area is very much different, therefore separate parameters were considered

for these parts of the basin. Using the optimised parameters, streamflow simulations were

made for two data sets, each containing 3 years period (1987-88 to 1990-91) and (1996-97

to 1998-99). The accuracy of the streamflow simulation were also determined using

different criteria such as shape of the outflow hydrograph, efficiency, difference in

volume. In all the three cases (one for calibration and two for simulation), model

successfully simulated the observed flow and efficiency of the model varied between 81-

94%.

Increasing population and rapid development activities in the geologically fragile

Himalayan region are causing major land use changes and hence increasing problems of

soil erosion and sedimentation. In recent years, the ecology and hydrology of the

Himalayan region has been greatly affected from intensive deforestation, large-scale road

construction, mining and cultivation on steep slopes etc. The study of erosion-

sedimentation processes and procedures for estimation of the sediment yield and

sedimentation forms an important part of the present study.

For the assessment of sediment yield, two approaches have been used: (i)

relationship between suspended sediment load and discharge, and (ii) empirical

relationship consisting of rainfall and physiographical data of the basin. The first approach

was used for Satluj basin at different locations such as at Suni (52,983 km ), at Kasol

(53,768 km2) and also for the intermediate basin between Kasol and Suni (785 km ). A

relationship between sediment and discharge was developed using data of a period of three

years (1991-1993). It was applied for the data sets of two independent years, 1994 and

1996, for estimation of sediment yield. The second approach, whichgives annual sediment

yield, was used for a small intermediate basin because of the following two reasons: (a)

this part is highly soil erosion prone area in the whole basin and; (b) the required



physiographical data was available only for this part of the basin. For estimation of the

sediment yield using the empirical relationship, various physiographical parameters

representing land use, slope, and drainage density were generated using ILWIS GIS

system. The annual sediment yield for the intermediate basin was estimated for 3 years

and compared with observed sediment yield. The difference between computed and

observed sediment yield and its trend was found to be related to orography. The available

empirical relationship was therefore, revised by incorporating an orographic factor in the

equation. This orographic factor represented the spatial variation of the rainfall in the

basin. Using the revised empirical relationship, the sediment yield was estimated for two

independent years and a good correlation was found between computed and observed

sediment yield.

The sediment generated from the Satluj basin is deposited in the Bhakra reservoir

located in the foothills of the Himalayas. Reduction in the storage capacity of a reservoir

beyond a permissible limit hampers the purpose of the reservoir for which it was designed. *

Thus, assessment of sediment deposition becomes very essential for the management and

operation of such reservoirs. At present, some conventional methods such as hydrographic

survey and inflow-outflow approaches are used for estimation of sediment deposition in a

reservoir. But, these methods are cumbersome, data intensive, time consuming and

expensive as well. There is a long felt need for developing a simple method, which *

requires less time and is also, cost effective. In the present study, a remote-sensing based

approach has been developed for the assessment of sedimentation in a reservoir and applied

for the Bhakra reservoir. Multi-date remote sensing data (IRS-1B-LISS II) was used to

obtain the information on water spread area of the reservoir, which was used for

computing the sedimentation rate. The revised capacity of the reservoir between maximum ^

and minimum levels for the two periods, i.e., 1988-89 and 1996-97 was computed using the
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trapezoidal formula. The loss in reservoir capacity due to deposition ofsediments for a period

of 24 years (1965-1989) was determined and it was found to be 491.315 Mm3. For aperiod

of 32 years (1965-1997) it is worked out to be 807.35 Mm3. Assuming the uniform rate of

sedimentation in the reservoir, the rate of sedimentation was found to be 20.47 M m per year

and 25.23 M m3 per year over a period of 24 years and 32 years respectively. The

corresponding value of average rate of sedimentation for this reservoir using hydrographic

survey were 21.93 Mm3 and 20.84 Mm3 per year. The results obtained using remote sensing

based approach reasonably agree with the results obtained from hydrographic survey.

The present study has resulted in (i) development and application of a simple and

systematic approach for estimation ofsnow and ice melt contributions in the streamflow of

Satluj basins (ii) development ofsimple conceptual model for daily streamflow simulation

for Himalayan rivers having rain as well as snow/ice melt contributions, and its

application in calibration as well as simulation model for Satluj basin (iii) simple approach

for sediment yield estimation incorporating orographic factor, and (iv) remote sensing

based approach for assessment of sedimentation in reservoirs. The application of these

models and approaches for Satluj basinhas been quite satisfactory.

Based on the present research work, the following recommendations are made for

future studies and applications, particularly in Himalayan region. The water balance

approach developed in this study can be applied for estimation of snow and ice

contributions for the other Himalayan basins too. The snowmelt model (SNOWMOD) was

developed and applied for Satluj basin for streamflow simulation. There is scope for

extending such studies for the other Himalayan basins. SNOWMOD may be applied for

streamflow forecasting in the Himalayan rivers, which would require an additional

information on the meteorological parameters in advance.
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Sediment yield and sedimentation studies in the other parts of the Himalayan

region can also be estimated with the approaches developed and presented in this study.

There is also much scope for application of the remote sensing based approach for

assessment of sedimentation in reservoirs located in Himalayan region and elsewhere.

Considering the time and cost involved the hydrographic surveys may be conducted at longer

interval and the remote sensing based sedimentation surveys may be carried out at shorter

intervals. Such practice will be very economical and quicker without any loss in the accuracy

of results.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Water is essential for our livelihood, from basic drinking water to food production

and health, from energy production to industrial development, from sustainable

management of natural resources to conservation of the environment. Growing

populations, intensifying agriculture, industrial development and increasing urbanization

are leading to higher demands of water. Fresh water plays a major role in satisfying these

growing demands. More than half of the humanity relies on the fresh water that

accumulates in mountains- for drinking, domestic use, irrigation, hydropower, industry

and transportation. Rapid and increasing changes in mountain landscapes, and increasing

demands on mountain resources, have many impacts on fresh water availability. Fresh

water has already become a scarce resource in many parts of the world. Mountains are

expected to satisfy the greater part of this growing demand of fresh water. In general,

mountains are treated as a resource of water because all the important rivers of the world

originate from mountains. Mountain areas constitute a relatively small proportion of river

basins, yet they provide significant part of the river flows downstream. There has been

very limited monitoring of hydrological data in mountainous areas. An inadequate

knowledge of the hydrology of mountainous areas and poor management of water

resources can result in serious degradation of water quantity and quality. There is a great

need of proper assessment ofmountain water resources and their proper utilization.

The mountains cover a large portion of the earth surface. As the mean altitude of

the land area of the earth is 875 m above sea level, and therefore over 28% of the land



areas are above 1,000 m. In these high mountains, it is estimated that 10 to 20% of the

total surface area is covered by glaciers while an additional area ranging from 30 to 40%

has seasonal snow cover. Out of the total mountain glaciers, central Asian Mountains

contain about 50% of the glaciers, a large portion of which drain into the landmass of

Indian sub-continent. There are of course variations in depths of snow and ice from place

to place depending on the location. Snow and glaciers are the reservoirs with vast storage

of fresh water. Snow forms a natural reservoir, storing water for weeks, months or season.

If it is properly harnessed it can be used for water supply, agriculture, industry and energy

production.

With increasing pressure of human and livestock population, mountain areas are

constantly being over-exploited by mankind. The exploitation activities include large-scale

construction of mountain roads, mining activity, overgrazing, deforestation etc. leading to

land degradation. Soil loss/degradation occurs at an accelerated rate throughout the

mountainous and sub -mountainous regions, which are generally more susceptible to

erosion as compared to the plains, due to topography of the land, intensity of rains and the

nature of soils. These degraded land surfaces have also become one of the sources of

pollution of the natural water. Deposition of soil eroded from upland areas causes

aggradation in the downstream reaches of rivers. This has resulted in rising of bed levels

and increase in the flood plain areas of the rivers, reduction of the clearance below bridges

and culverts and sedimentation of the reservoirs. The rivers emerging out from the

mountain region flow at high velocities and transport the sediment at a very high rate. The

natural factors that lead to high levels of sediment transport from the region are the

steepness of the terrain, the tectonic instability of the area, the relatively young age of the

mountains, the large and active glaciers, the high intensity monsoon rainfall and natural

weathering processes. Steep topographic gradient and poor structural characteristics of
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soils available on these slopes and in the valleys become an important factor for high rate

of sediment erosion. In the high mountain regions, glaciers also scour the mountain slopes

and transport rock and boulders to the lower valleys.

1.2 GENERAL CHARACTERISTICS OF HIMALAYAN REGION

The word Himalaya is a compound of Sanskrit words, "hima" for snow and "alaya"

for abode, referring to the lofty range between the Indo-Gangetic plain and the Tibetan

plateau. It extends nearly 2,400 km in a vast southerly arc between the blend of the Indus

marked by Nanga Parbat (8,125 m) on the west to the Brahmaputra blend around Namcha

Barwa (7,755 m) in the east. The Himalayan range is the loftiest mountain complex on

earth with 31 peaks exceeding 7,600 m in height. The extreme elevation and rugged relief

are the result of rapid mounatin-building forces and vigorous erosion processes. In places,

they are traversed by extremely deep river gorges resulting in great vertical contrasts over

very shorthorizontal distances (Mountain Forum Newsletter, 1999).

1.2.1 Physiography and geology

The Himalayas is the highest and youngest mountain system of the world, on the

northern edge of the Indian subcontinent. The width of this mountain system" is variable,

being broadest in Kashmir (about 400 km.) and narrowest in Sikkim (about 160 km.).

Based on its geological and geomorphological history, the system is divisible into three

well-recognized transverse zones separated by distinct escarpments or fault lines. From

west to east, these zones are further divisible into three sectors. These are referred to as

Western Himalayas between the Indus and the Sutlej rivers, comprising the States of

Jammu and Kashmir and Himachal Pradesh; Central Himalayas, between the Satluj river

and Singalila range (dividing range between Nepal and Sikkim) formed of Uttranchal and



Eastern Himalayas formed of Sikkim, Bhutan and Arunachal Pradesh. The Indian

Himalayan region, which is more than 2,800 km in length and 220 to 300 km wide, is

spread over the states of Jammu & Kashmir, Himachal Pradesh, Sikkim, Arunachal

Pradesh, Nagaland, Manipur, Mizoram, Tripura, Meghalaya, and a part of Assam, along

with eight districts of Uttranchal andone district of West Bengal.

The landscape of Himalayas is founded on an immature geology and on

unconsolidated rock-systems. The Siwaliks are the youngest part of the mountain system.

The Siwaliks are composed of tertiary sand stones and shales. The thick Upper Siwaliks

are made of conglomerates and the Lower Siwaliks beds are formed of soft and hard

stones. North of the Siwaliks rise the formidable ranges of the Outer Lesser Himalayas.

These extremely rugged ranges looking down on the Siwaliks are thickly forested. The

rocks in Lesser and Central Himalayan zone are mainly sedimentary low grade

metamorphosed and of igneous origin. The Himalayas have a wide range of parent

material and the soils thus have also developed varying characteristics (Kawosa, 1988).

1.2.2 Climate

The Himalayan region has large variations in the topography, elevation and

location resulting in great contrasting climates from region to region. In general the entire

western Himalayan region tends to be semi-arid and/or subhumid. Only the windward

slopes of the southern edge are wet, especially between 900 and 2000 m. Here the Middle

Himalayas and the Siwaliks have a mean rainfall between 500 and 1000 mm. In the

Siwaliks and Middle Himalayas precipitation occurs largely during summer and monsoon

months whereas the greater amount of precipitation occurs in the form of snow in the

Great Himalayas in the winter months. There is a great variation of temperatures between

summer and winter in this region. In July the maximum temperature ranges from 26°C to



29°C in the Siwaliks, in the Middle Himalayas it is between 21°C and 26.5°C and in the

Great Himalayas the mean temperature is less than 21°C. In January the western

Himalayan region registers a mean temperature of less than 4°C. The higher regions

experiences snow largely in winter.

>

1.2.3 Snow and ice

Snow cover is an important component of the hydrologic cycle. A significant part

of the earth is covered by snow for at least a portion of the year, producing a substantial

change in surface characteristics from those exhibited when snow is absent. About 10% of

the earth's surface, 15 x 10 6km2, is covered by polar ice caps and glaciers (Singh and

Singh, 2001). The Himalayas contains over 50% ofpermanent snow and ice fields outside

the Polar Regions. This region covers an area of 4.6 million km2 above 1500 m, 0.56

million km2 above 5400m and 3.2 million km2 above 3000 m (Upadhyay, 1995). The

upper catchment ofthe Himalayan basins is covered by seasonal snow during winters. For

example average snow and glacier contribution in the annual flows of Chenab river at

Akhnoor was estimated to be 50% and that for Ganga at Devprayag was about30%(Singh

et al., 1997). The accumulated snow in the Himalayan basin becomes an important source

of streamflow during the summer time.

1.2.4 River systems

The Himalayas are the source ofa large number ofrivers, which ensure all the year

round availability of water, i.e., they are perennial in nature. Since, agriculture in India is

main source of livelihood, therefore, water resources generated in the Himalayas are

considered as a boon to the country. Broadly rivers originating from the Himalayan region

can be grouped in three main river systems; the Indus, the Ganga and the Brahmputra. The



rivers that originate and drain through Himalayas are given in Table 1.1. The most

important river system of the Himalayan region, which is also the most important system

of the country, is the Indus system. It flows from the Tibetan plateau, through India and

Pakistan to the Arabian Sea (Indian Ocean). Rivers Shyok, Shigar and Gilgit join it in

Jammu and Kashmir. The important tributaries, including the Jhelum, Chenab, Ravi, Beas

and Satluj join it after entering Pakisatn. The different basins of Indus covered with in the

Indian territory is shown in Figure 1.1. About 90% of the mean annual flow into the Indus

basin originate in the front ranges and high mountains of the Hindu Kush, Karakorum and

western Himalayas. The contributions of the main rivers measured at the foot of the

mountains are 13% from the Kabul, 37 % from the Indus, 14 % from the Jhelum, 15 %

from the Chenab, 4 %from the Ravi, 7 % from the Beas and 10 % from the Satluj. Less'

than 10 % of the average runoff is the result of rainfall over the Indus plains. The runoff

reflects the seasonal rainfall and snowmelt regimes of the mountain watersheds. The

foothills and front ranges are predominantly exposed to seasonal monsoon rains, leading to

runoffpeaks from June to September, which produce some 70 % of the total annual runoff

of the Indus. (Mountains of the World, 1998)

1.2.5 Water resources

There is very limited scientific information available for Himalayan water

resources. This is due to very difficult terrain and hence insufficient network of

observations for both precipitation and streamflow measurements. However, the available

estimates show that the water yield from high Himalayan catchments is roughly two times

as compared to the catchment located in peninsular India. It is believed that this is mainly

due to additional inputs from snow and ice melt contributions for the Himalayan rivers.

Various investigators have estimated the water resources of the Himalayan region.



Table 1.1: Major river systems ofthe Himalayan region and their catchment areas falling

in the Himalayas (Bahadur, 1992 ; Singh and Singh, 2001)

S.No. River Catchment area in Himalayas

(km2)

A. Indus System

1. Indus 268,842

2. Jhelum 33,670

3. Chenab 27,195

4. Ravi 8.,029

5. Beas 14,504

6. Satluj 56,500

B. Ganga System

7. Ganga 23,501

8. Yamuna 11,655

9. Ramganga 6,734

10. Kali 16,317

11. Karnali 53,354

12. Gandak 37,814

13. Kosi 61,901

C. Brahmaputra System

14. Brahmputra 256,928

15. Teesta 12,432

16. Raidak 26,418

17. Manas 31,080

18. Subansiri 18,130

19. Luhit 20720

Murthy (1978) estimated that the Himalayan water resources are 245 km3/yr.

Bahadur and Dutta (1996) reported that a very conservative estimates gives at least 500

km3/yr from snow and ice melt water contributions to Himalayan streams. Alford (1992)

reported that the specific runoff in the Himalayas is at a maximum in an altitude belt of



considerable human activity - 1500 to 3500m and this is about 515 km3/yr from the upper

mountains. Bahadur (1999a) re-evaluated that 400-800 km3/yr. flows down as meltwater

contributions from the snow and glacier fields in the high mountain region as against

earlier conservative estimates of 200 - 500 km3/yr. The potential and utilisable water

resources of the Himalayan river systems as assessed recently is also shown in the Table

1.2.

Table 1.2: Potential and utilisable water resources ofmajor river systems in the

Himalayan region (Bahadur, 1999b)

S.No. Item Indus Ganga
Brahma

putra
Meghna

1. Water resource potential (km3) 73.3 525 537.2 48.4

2. Utilisable surface water (km3) 46.0 250 24.0

3. Groundwater potential (km3) 25.5 171.7 27.9 1.8

4. Percapita annual availability of water (m3) 1757 1473 18417 7646

5.
Per hectare of culturable area annual

availability (m3)
7600 8727 44232 43447

1.2.6 Hydropower potential

Because of water availability in abundance due to melting of snow/ice and

topographical setting, the Himalayan region is bestowed with a tremendous hydropower

potential in its river basins. In Himalayan region, the potential ofhydropower generation

has not been exploited to the maximum. As per the assessment made by Central Electricity

Authority during the period 1978-87, India in endowed with economically exploitable

hydropower potential to the tune of 84044 MW at 60 % load factor (Prasad, 1999).

Hydropower potential of the Himalayan river systems is about 78 % of the total Indian

hydropower potential. The hydropower potential of Indus, Ganga and Brahmaputra river

basins is assessed to be about 20000, 11000 and 35000 MW at 60% load factor

respectively (Naidu, 1995). The hydropower potential of three states of J&K, Himachal
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Pradesh and Uttaranchal located in western/central Himalayan region, is 7487, 11647 and

9744 MW respectively at 60 %load factor. The corresponding potential exploited so far in

these states is only 480, 2007 and 1127 MW (Prasad, 1999). Several major hydroelectric

projects like Nathpa Jhakri, Tehri, Chamera-II, Uri, Dulhasti, Baspa and several others are

under construction in these states. A number of new additional projects are contemplated

on the Himalayan rivers.

1.3 HYDROLOGICAL PROBLMES OF THE HIMALAYAN REGION

The Himalayan regions are very young, highly fragile and unstable. The

hydrological problems of the western Himalayan region are different than the plain areas

due to variation in topography, climate, landuse and soil characteristics. Rapid population

growth and industrialization are leading to major changes in landuse and water utilisation

ofthe region. The need for food, fiber, shelter and energy has caused many watersheds to

undergo rapid landuse changes, deforestation and urbanisation. This is affecting

hydrological characteristics of the Himalayan basins. Various hydrological problems of

the Himalayan region are discussed in detail inthe following sections.

1.3.1 Estimation of snowmelt runoff

The majority ofrivers originating from the Himalayas have their upper catchment

in the snow covered areas. The solid precipitation results in temporary storage and the

melt water reaches the river in the melt season. The snow accumulation in Himalayas is

generally from November to March, while snowmelt is from April to June. During April

to June, snowmelt is the predominant source of runoff and during July to September it

forms a significant constituent of melt. The snowmelt runoff modelling is of vital

importance in forecasting water yield. Snow and glacier melt runoff is very important



particularly in the lean season and it plays a vital role in making perennial nearly all the

rivers originating in Himalayas perennial. The contribution of the snow and glacier melt in

annual flows of Himalayan rivers at potential project site is not available. Further, the

extent of snow cover and its distribution with time is not available for the Himalayan

region. Such information is necessary to solve the hydrologic problems of this region.

There is great need to develop simple and systematic hydrological models considering rain

and snowmelt inputs based on the limited data availability for this region.

1.3.2. Floods

Mountainous regions are also highly susceptible to water-related disasters. They

are particularly flood-prone owing to the enhanced orographic precipitation, steep slopes

covered with a thin soil over the impervious bedrock, a high runoff coefficient, and limited

valley storage. Flood may be caused due to cloudbursts, rock-faults and landslides,

snowmelt and glacial melt, soil erosion, and earthquake.

The floods disrupt the ecological balance and bring in its wake economic

instability. The roads are damaged, rivers take diversions, buildings collapse and normal

life is disrupted. The events of extremely high precipitation and other adverse hydro-

meteorological conditions or cloudburst are one of the major natural hazards in the

Himalayas. The water, which gushes down with cloudbursts, uproots even high trees and

carries small and big boulders with it. In recent years, various severe flash floods observed

in the Himalayas have been caused by cloudburst occurring during the monsoon period.

There was a case of cloudbursts in the Satluj basin in the August 2000 while there was a

similar incident in the upper Ganga basin in June 2000. Due to this flood, a number of

bridges on Satluj River were completely destroyed. The Nathpa-Jhakri hydroelectric

project, which is coming up on the Satluj River in Rampur district, was worse effected.

10
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The floods in the mountainous areas have somewhat unique characteristics and therefore,

the understanding of hydrology of mountainous areas has an important bearing on our

capability and preparedness for flood management.

1.3.3 Soil erosion and sedimentation

The Himalayan regions have greatly deteriorated from intensive deforestation,

large-scale road construction, mining, and cultivation on steep slopes. A large number of

reservoirs have been constructed in Himalayas for hydroelectric power generation,

domestic water supply, irrigation, flood mitigation etc. Excessive siltation in the reservoirs

due to accelerated erosion in the Himalayan basins is reducing the capacity of reservoirs

which in turn is threatening the useful life of these projects. This has considerable

economic significance since the reduced soil depth leads to loss of nutrients, decline in

crop productivity and downstream transport of eroded sediment leads to raising of

riverbeds and decrease in reservoir capacities. The significant difference in the river

dynamics, topography, geology, and size of material of the mountainous areas to those in

the plains has a major effect on the characteristics of the sediments. In India a total of

1,750,000 km out of the total land area of 3,280,000 km is prone to soil erosion. Thus

about 53 % of the total land area of India is prone to erosion. The mean annual erosion rate

varies from 350 t km"2 to 2500 t km"2. The soil erosion in most part of the Himalayan

region is high and is a serious problem. Suitable methodologies need to be evolved for an

integrated approach in watershed resources development and management.

1.3.4 Availability of hydrometeorological data

WMO (1981) has suggested certain minimum density of the precipitation network

for different regions as given in the Table 1.3. According to this, the minimum density for
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mountainous region of mediterranean and tropical zones, should be 100-250 km2 per

station.

Table 1.3: Minimum density of precipitation network

Type of the region Range of norms for

minimum network,

Area (km2) per station

Range of provisional

norms tolerated in

difficult conditions

1. Flat regions of temperate,

mediterranean and tropical zones

600-900 900-3000

2(a) Mountainous region of

mediterranean and tropical zones

100-250 250-100+

(b) Small mountainous islands with

very irregular preicipation, very

dense hydrographic network

25

3. Arid and polar zones++ 1500-10000"

Last figure of the range should be tolerated only under exceptionally difficult conditions

+Under very difficult conditions this may be extended to 2000 km.
++ Great deserts are not included "* Depending on the feasibility

The hydrometerological/hydrological network in the Himalayan regions is not as

per the norms suggested by WMO. There are various reasons for such poor network in the

region. In case of the Himalayas, difficult terrain/rugged topography, and harsh weather

conditions restrict the installation and operation of the instruments in the high altitude

regions. It has resulted in the sparse network in the headwaters of the basin, while it is

reasonably good in the lower part of some of the basins, where rainfall is experienced.

Thus for most of the river basins in Himalayan region, the database for hydrological and

climatological studies is not sufficient. However, there are few basins like Satluj, Beas and

Chenab in the western Himalayas, which have generally good network both in the lower

altitude and high altitude regions. Keeping in view the requirement of data for various

hydrological studies, there is an urgent need to strengthen the network of the Himalayan

region. There is much scope for using the automatic weather stations for such type of

terrain.
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1.4 ROLE OF REMOTE SENSING AND GIS

The problems due to harsh climate, difficult accessibility and poor communication

facilities could be overcome to some extent by using remote sensing data. Remote sensing

and GIS are being used increasingly as tools to assist in resource inventory and the

integration ofdata and as a mechanism for analysis, modelling, prediction and forecasting

to support decision making processes.

Potential application areas of remote sensing and GIS in mountain environment

include snow cover analysis, terrain analysis, mountain hazard mapping, watershed

management and accessibility analysis. With the advent of modern earth

resources/monitoring satellites, considerable data on the Himalayan region's natural

resources are now available. Advances in satellite image processing and computer analysis

have made itpossible to evolve a realistic, accurate and uniform database for hydrological

studies. Integration of biophysical and socio-economic data can be made in the GIS

environment and can be used to develop a good database for the difficult terrain. Contrary

to the conventional approach, these tools enable the combination ofmulti-spectral spatial

data and their presentation ina reasonable understandable map format.

Measurements of snow cover in the mountainous basins are very difficult.

Conventional methods have limitations in the monitoring of snow covered area in the

Himalayan basins because of inaccessibility. Because of the difficulty of making field

measurements in snow covered mountainous regions, remote sensing is perhaps the only

means of measuring snow cover extent and properties. Fresh snow has a very high

reflectivity in the visible wavelengths, however, it decreases as the snow ages. The

reflectivity ofsnow is dependent on many snow characteristics like shape and size ofsnow

crystals, liquid water content (especially of the near surface layers), impurities in the
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snow, depth of snow, surface roughness etc. In addition, the solar elevation and azimuth

also influences the spectral reflectance to a large extent (Hall and Martinec, 1985).

Since, very little information on snow is collected regularly in the Himalayas,

remote sensing remains the only practical way of obtaining some relevant information of

the snow cover in the large number of basins in the Himalayas. At present the visible, near

IR and thermal IR data from various satellite (Landsat, IRS, NOAA) are being used

operationally for mapping the areal extent of snow cover in the Himalayan basins. Visible

and near infrared wavelengths, because they do not penetrate far into the snowpack,

mainly provide information about the surface of the snowpack. Chang et al. (1976)

showed that microwave wavelengths can penetrate the snowpack. Microwave remote

sensing is promising because of its ability to penetrate the dry snow-pack, and its

capability to acquire data in cloudy or nighttime conditions (Carsey, 1992).

1.5 OBJECTIVES AND SCOPE OF THE PRESENT STUDY ,

As mentioned above, the snowmelt is a vital component of the streamflow for the

Himalayan river system. The spring and summer runoff, comprising mostly snowmelt, is

the main source of water for irrigation, hydroelectric power and drinking water supply.

Therefore, estimation of snowmelt runoff is very essential for regulating the flow from the

reservoirs, estimating design flood for the hydraulic structure and other water resources

development activities in the Himalayan region. The development of suitable modelling

approach of this valuable source of water supply is, therefore, of utmost important for

management and utilization of water resources in the Himalayan region. Inspite of the

importance of snowmelt runoff in the Himalayan water resources, very limited efforts

have been made for modelling of snowmelt runoff. Therefore, one of the main objectives

of the present research work is to develop a suitable conceptual snowmelt runoff model for

14
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a Himalayan basin keeping in view the availability of data in this region. Also the

contribution from snow and glacier in annual flows of a snowfed river is very significant

and requires a simple approach for its estimation. The development of a water balance

approach for this purpose is also included. High sediment yield from Himalayan basins

partially offset the enormous hydroelectric potential of its rivers by sedimentation of the

reservoirs located at downstream. Consequently, studies of sediment yield and reservoir

sedimentation are equally important. There is a need for simple scientific approach to

estimate sediment yield from the Himalayan basins using a simple scientific approach.

Therefore, in the present work, in addition to snowmelt modelling, sediment yield

estimation and reservoir sedimentation have also been included as important observations.

The study area chosen for present study is Satluj basin (Indian part) up to Bhakra

dam in western Himalayas. The Satluj basin has a significant contribution from snow/ice

and feed the Bhakra reservoir located in the foothills of the Himalayas. The

hydrometerological network in this basin is reasonably good and therefore reasonable

adequate data is available for such hydrological studies. At present Bhakra project is

operational on this river and some more large projects are under construction. The

outcome of the present study is of immediate use for the concerned agencies andprojects.

For carrying out this research work, all the hydrometeorological data (rainfall,

discharge, temperature, snow and evaporation etc.) has been collected from BBMB,

Nangal. The remote sensing data for the study basin for the estimation of snow-cover area

and water spread etc. was obtained from National Remote Sensing Agency, Hyderabad.

For creation of digital elevation model which is used for extraction of topographical

information and creation of elevation bands etc., the Survey of India toposheets have been

used. Beside the collection of the data required and processing of the data for extraction of
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useful information required in the study, the total work has been divided into following

four main objectives; defining the scope of the study:

1. Development of suitable method for estimation of snow and glacier contribution in the

annual flows of Satluj river

2. Development of snowmelt runoff model structure for the estimation of runoff and

testing of snowmelt model for simulation of streamflow for the Satluj basin

3. Development of relationship between sediment yield and discharge and estimation of

sediment yield for the study basin

4. Estimationof sediment deposition in Bhakra reservoir using remote sensing approach

1.6 ARRANGEMENT OF THE CHAPTERS

This thesis comprises of seven chapters in total, including Chapter 1 on

introduction. In this chapter, brief description about the Himalayan region including

drainage systems, water resources and hydropower potential have been covered. The

hydrological problems such as estimation of snowmelt runoff, floods, sedimentation of the

Himalayan region in general have been provided. The scope and objectives of the present

study have been described.

Chapter 2 covers the review of the relevant literature available. On all the concerned topics

associated with present work like, hydrological modeling of snow melt runoff, soil

erosion/sediment yield and reservoir sedimentation using remote sensing. The use of

remote sensing in snow cover estimation has also been reviewed. The snowmelt and

sediment yield studies made in Himalayan region and in Satluj basin in particular have

also been reviewed and discussed.

16
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Chapter 3 gives the description of the study area and the data used for the present work.

The importance of the study basin has also been presented. The climatic conditions and

seasonal variations in the study basin have been dealt with. The distribution of temperature

and precipitation with elevation has also been covered. The availability of the

hydrolometerological and sediment data has been discussed. The remote sensing data used

in the study have been presented in the form of tables.

Chapter 4 deals with the development of water balance approach for the estimation of

contribution of snow and ice in the annual flow of Satluj River at Bhakra site. The

streamflow characteristics of the study basin have been described. Snow cover area

obtained from remote sensing data has been covered. The methodologies for estimation of

evapotranspiratioin using two different approaches, which were used in the present study,

have been described.

Chapter 5 describes relevant physical processes for the snowmelt runoff modeling and the

structure of the model developed. The requirement of the input data for the model has

been discussed. The data preparation from field data, Survey of India toposheets and from

satellite data for the study basin has been described. The computation of streamflow and

its routing from snow cover area and snow free area has been dealt separately. The

different parameters taken for the optimization purpose including their sensitivity analysis

have been discussed. The results of calibration and simulation have been discussed The

efficiency criteria for testing of the results obtained for this study has been discussed.

Chapter 6 covers the estimation of sediment yield as well as the assessment of reservoir

sedimentation using remote sensing approach. Statistical analysis of the sediment and
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discharge data is also presented. The different approaches adopted for sediment yield

estimation have been discussed. The generation of some of the parameters required for the

study using GIS approach has been explained. The results obtained from remote sensing

approach have been compared with the results of hydrographic survey.

Chapter 7 presents the conclusions of the present research work along with some

recommendations. Some suggestions have been made to extend the present study for other

Himalayan basins.
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Source: River basin Atlas of India (1985)

Figure 1.1 Indus river system flowing through western Himalayas (Indian part)
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CHAPTER 2

• REVIEW OF LITERATURE

The main objective of the present work is to develop a snowmelt runoffmodel for

a Himalayan basin. The problems of soil erosion and reservoir sedimentation studies are

also closely associated with streamflow and therefore these studies have also been

included in this work. This chapter presents a review of relevant literature for

snowmelt/rainfall modelling and sediment yield/ reservoir sedimentation studies. A

section is also devoted to the application of remote sensing in snow studies. Snowmelt and

sediment studies carried out for the Himalayanbasins have been reviewed and presented.

8 2.1 MODELLING OF SNOWMELT RUNOFF

Hydrologic simulation models that include snow are generally divided into three

basic components namely the snow cover, a precipitation-runoff relationship and a runoff

distribution and routing procedure. Snowmelt runoff simulation models generally consist

of a snowmelt model and a transformation model (WMO, 1996). The snowmelt model

generates liquid water from the snowpack that is available for runoff. The transformation

model is an algorithm that converts the liquid output at the ground surface to runoff at the

basin outlet. The snowmelt and transformation models can be lumped or distributed in

nature. Lumped models consider whole catchment as a singe unit and use one set of

parameter values to define the physical and hydrological characteristics. Distributed

» models attempt to account for the spatial variability by dividing the basin or catchment

into sub-areas and computing snowmelt runoff for each sub area independently with a set

of parameters corresponding to each of the sub-areas. Generally distributed models use
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one of the following general approaches to sub-divide a basin: (i) Elevation zone or band

(ii) basin characteristics such as slope, aspect, soil, vegetation etc. and (iii) a fixed or

variable length, two or three-dimensional grid. Lumped and distributed models are

classified further by their use of energy balance approach or temperature index approach

to simulate the snowmelt process.

2.2 SNOWMELT COMPUTATION

The snowmelt component of snowmelt runoff simulation models generally takes

the form of an energy balance or a temperature index to simulate the process of melting.

The first approach is known as energy budget or the energy balance approach and the

second is the temperature index or degree-day approach. These approaches are discussed

below:

2.2.1 Energy balance approach

The energy balance or heat budget of a snowpack governs the production of

meltwater. This method involves accounting of the incoming energy, outgoing energy, and

the change in energy storage for a snowpack for a given period of time. The net energy is

then expressed as equivalent of snowmelt. The energy balance equation can be written in

the form (Anderson, 1973).

AQ = Qn + Qe+Qh+Qg+Qm (2.1)

where:

Qn = net radiation (long and short wave)

Qe = latent heat transfer

Qh = sensible heat transfer

Qg = ground snow interface heat transfer
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Qm = heat transfer by mass changes (advected heat)

AQ = change in heat storage

In the above energy balance equation, different components of energy are

considered in the form of energy flux, which is defined as the amount of energy received

on a horizontal snow surface of unit area over unit time. The positive value of Qm will

result in the melting of snow.

The relative importance of the various heat transfer processes involved in melting

of a snowpack depends on time and local conditions. For example radiation melting

dominates the weather conditions when wind is calm. Melting due to sensible heat flux

dominates under warm weather conditions. When all the components of energy balance

equation are known, the melt rate due to energy flux can be expressed as,

M= Qm/[pw.L.p] (2.2)

where,

M • depth of meltwater (m/day)

L = latent heat of fusion (333.5 kJ/kg)

pw - density ofwater (1000 kg/m3)

P = thermal qualityof snow

The thermal quality of snow depends on the amount of free water content

(generally 3-5 %) and temperature of the snowpack. For asnow that is thermally ripened

for melting and contains about 3% of free water content, the value ofp is 0.97. For such

cases equation (2.2) reduces to,

M= Qm/ [1000*333.5*0.97] (2.3)

which leads to a simple relationship,
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M = 0.0031 * Qm (mm/day) (2.4)

Data required to evaluate Equation (2.1) are measurements of air temperature,

albedo, wind speed, vapour pressure and incoming solar radiation (Anderson, 1973).

These data are difficult to obtain on a basin scale and extrapolation to areal values from

point data is another problem, especially the spatial detail is required for distributed

models. This becomes further difficult when such data is required for a highly rugged

terrain, such as Himalayan terrain. As such application of the energy balance equation is

usually limited to small, well-instrumented or experimental watersheds.

2.2.2 Degree-day approach or Temperature index approach

The specific type of data required for the energy budget method is rarely available

for carrying out the snowmelt studies. This is particularly true for the Himalayan basins

where the network for data collection is poor. The commonly available data in the

Himalayan basins are daily maximum and minimum temperatures, humidity

measurements and surface wind speed. This is why the temperature indices are widely

used in the snowmelt estimation. It is generally considered to be the best index of the heat

transfer processes associated with the snowmelt. Air temperature expressed in degree-days

is used in snowmelt computations as an index of the complex energy balance tending to

snowmelt. A 'degree-day' in a broad sense is a unit expressing the amount of heat in terms

of persistence of a temperature for 24-hour period of one-degree centigrade departure from

a reference temperature. The simplest and the most common expression relating daily

snowmelt to the temperature index is,

M = D(Ti-Tb) (2.5)

where,

23

T



M = melt produced in mm of water in a unit time

D = degree-day factor (mm°C"1day"1)

Ti = index air temperature (°C)

Tb = base temperature (usually 0 °C)

Daily mean temperature is the most commonly used index temperature for snowmelt. The

mean temperature is computed by,

Ti = Tmean = (Tmax + Tmi„) / 2 (2.6)

There are several methods of dealing with the index temperatures used in

calculating the degree-day value. When using the maximum-minimum approach, the most

common way is to use the temperature as they are recorded and calculate the average daily

temperature. Garstka et al., (1958), reported that sometimes the degree-days from the daily

mean temperature are found to be misleading. In many parts of the Western U.S.

mountainous areas, the drop in minimum temperature is so much that the daily mean

temperature comes to below 0 °C, thereby indicating no possible degree-days, whereas

snowmelt conditions have prevailed during a part of the day when air temperatures were

much above the freezing point. The inclusion of minimum temperature at an equal weight

with the maximum temperature gives undue emphasis to this effect. On the other hand the

use of maximum temperature only excludes this effect entirely. In order to counteract such

problems, alternatives have been suggested in which unequal weight to the maximum and

minimum temperature are given. U.S. Army Corps of Engineers (1956), used the

following index temperatures,

Ti = (2Tmax + Tmin)/3 (2.7)

Another approach is given by,

T= Tmax + ( Tmin - Tmax )/b (2.8)

where, b is a coefficient less than 2.
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When the basin is subdivided based on elevation zones, the degree-days are

extrapolated to an elevation zone by using a suitable lapse rate i.e.,

Tg = 5 ( hst - h) (2.9)

where,

Tjj= degree-dayof the elevationzone

5 = temperature lapse rate in °C per 100m

h = zonal hypsometric mean elevation in m.

hst= altitude of the temperature station in m.

In a basin with little seasonal variation, a lapse rate of 0.65 °C /100 m has been

found to be suitable. A study carried out by Singh (1991) indicates that a lapse rate of

0.65 °C /100 m. is suitable for Satluj basin in Himalayas.

2.3 CLASSIFICATION OF SNOWMELT MODELS

The snowmelt models are categorized based on two basic approaches namely (i)

Statistical (ii) Simulation models. These are briefly discussed below:

2.3.1 Statistical models

The statistical correlation models are generally used for seasonal yield forecasting.

The basic method uses the correlation analysis to relate the current snow cover or the past

precipitation, or combinations thereof, to the observed seasonal runoff (U.S. Army Corps

of Engineers, 1956). Other variables have been added to the analysis in an attempt to

improve results. These include base flow, soil moisture, wind, high elevation and low

elevation water equivalent or precipitation ratios and aerial extent of snow cover

(Anderson, 1972). Long-term forecasts are made using statistically developed equations

relating the volume of runoff to snow pack and antecedent conditions. The long-term
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forecasts are generally concerned with seasonal volumes or, some times, seasonal

maximums using current snow cover conditions plus probable future climatic patterns. In

such forecasts the detailed time distribution of runoff is not concerned although monthly

distribution may be attempted. Statistical methods are widely used and yet they are limited

in accuracy by the theoretical constraints on the data as well as by their inability to

represent the complex physical interaction of the snowmelt runoff processes.

2.3.2 Simulation models

Both conceptual and physical approaches of simulation have been employed in

snowmelt-runoff modelling. Conceptual models use a mathematical relationship between

snowmelt and measured quantities; thus melt can be calculated without treating in detail

all the physical processes and parameters that affect snowmelt. Conceptual models have

the benefit of requiring less informational input, but suffer from the uncertainty about the

degree of applicability of parameters estimated under one setof model conditions to other

conditions.

One of the main obstacles to physically based modeling is the

observation/collection and compilation of the necessary meteorological and snow-cover

data to run, calibrate, and validate such models. For example, basin discharge has

frequently been used as the sole physical criterion of model calibration and performance

assessment for conceptual snowmelt models. But as it is an integrated response to melt and

runoff, basin discharge is not sufficient to discriminate between the effects of the

multiplicity of data inputs driving physical models and that distributed snow cover data are

required to assess model performance (Bloschl et al., 1991 a; Bloschl, 1991 b). A

comparison of a detailed research-oriented point-snowmelt model and a simpler

operational model revealed that in the absence of detailed measurements of snowpack
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variables, a detailed physical model of the snowpack is needed to reduce the need for

parameter calibration (Bloschl and Kirnbauer, 1991). Several simplifying assumptions are

necessarily made in order to solve physically based point models, thus limiting their

validity in many field situations (lUangasekare et al., 1990). Nevertheless, wherever

sufficient data is available physically based models are being tested and applied such as in

alpine catchments (Ranzi and Rosso, 1991).

Several simulation models to account snow accumulation and melting processes

have been developed. These models attempt to mathematically represent each component

of the total process. The basic difference between the various models is the mathematical

relationships, which they use for each component. The simulation models are relatively

recent innovations and offer a great potential both as a forecasting tool and as a means to

improve the understanding of snowmelt processes.

Andersi (1978), dealt in detail the various aspects of the model structure,

including snow accumulation, surface energy exchange, water retention and movements,

snow cover properties, snow cover distribution, snow-soil interaction etc. Seasonal

variation in melt factor has been considered essential primarily because of the variation in

net available solar energy. The air temperature, in general, has been found as adequate

index ofsnow cover energy exchange where the meteorological factors such as dew point,

wind etc. do not deviate significantly from normal. The effects of transmission melt water

through snow, resulting in lag and attenuation has also been mentioned. Thus, it is

obvious that improvement in seasonal yield forecasting may come through the use of

simulation models, and incorporation of more advanced statistical methods, such as

stochastic processes, which allow more accurate statements as to the probability of future

runoff volume and its distribution.
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Other typical scheme for watershed discretization is the grouped response unit

(GRU) presented by Kouwen et al. (1993). A GRU is a region in a watershed that can be

grouped in a manner that is convenient for modelling of the basin. This can be on the

basis of zones of uniform meteorology (ZUM's) (Schroeter, 1988) which is convenient for

interpolating gauged meteorological data, or on the basis of grid cells that are convenient

for integrating with map coordinates and remotely sensed data (Kouwen et al., 1993). In

the GRU approach, regions with hydrologically similar response within each unit are

grouped together, regardless of location, and treated separately for runoff calculations.

The sum of the runoff from each type of region within a GRU becomes the total runoff

from the GRU that is available for streamflow routing. For watershed modelling, the

importance of considering the unique contribution of each land cover type to the

hydrological response ofthe watershed is well recognized (Duchon et al., 1992; Tao and

Kouwen, 1989). Groups within each GRU are usually assembled by vegetation type. This

is an extension of the urban runoff modelling practice of summing runoff contributions

from distinctly different areas (pervious and impervious) within a watershed prior to

routing (Viessman et al., 1977). In practice, the method has significantly reduced the

calibration and validation errors in the modelling of rainfall-runoff events in southern

Ontario (Tao and Kouwen, 1989) and the concept has subsequently been used in other

studies (Kite andKouwen, 1992; Duchon et al., 1992).

Williams et al. (1999) developed a model based on the physically justifiable

method that uses elevation and radiation indices together with some measurements to

distribute melt over a watershed. This model separates the energy that causes snowmelt

into three components: a spatially uniform component, a component that uses elevation,

and one that is proportional to solar illumination. Measurements of snowmelt at several

topographically unique points in a watershed are related to elevation and solar illumination
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through regression in order to factor the melt energy into three separate components at

each time step. The model is driven using inputs from snowmelt measurements at the

index locations used to calibrate the regression at each time step. Then the spatial pattern

of solar illumination is used to predict the spatial distribution of melt over the whole

watershed.

The energy balance is mostly used for studies at a point or on small plots

(Leavesley 1989). For the basin scale the Institute of Hydrology Model, IHDM (Morris,

1980) and the Systeme Hydrologique Europeen, SHE (Jonch-Clausen,, 1979) were

developed and tested. Simplified versions of the energy balance equation are used in the

Precipitation Runoff Modelling System, PRMS (Leavesley et al., 1983) and the Snowmelt

Model, MELTMOD (Leaf and Brink, 1973). The HBV model (Bergstrom, 1976), the

Snowmelt Runoff Model, SRM (Martinec et al., 1983), the UBC-model (Quick and Pipes,

1977), the Cequeau-model (Charbonneau et al., 1977), the National Weather Service River

Forecast System, MWSRFS (Anderson, 1973) and the Streamflow Synthesis and

Reservoir Regulation Model, SSARR (US Army, 1975) use the degree-day-model. An

intercomparison of some models is given by the WMO (1986).

2.4 SATELLITE REMOTE SENSING OF SNOW COVER

Distributed hydrological models, which can account for the spatial variability of

basin physiography and meteorological inputs, have the potential to exploit detailed snow

cover data, including distributed SCA. Conventional snow cover data, such as snow

surveys, provide detailed information on such snow pack properties but their site specific

nature and infrequent occurrence limit their potential for use in distributed models. In

order to provide distributed information characterizing the snow cover of a watershed,

snow survey measurements must be extended to regions where no snow survey data are
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available. Remote sensing offers a significant potential for collecting this data in cost

effective manner. Because of difficult access and expensive operation of hydrological

stations, radar or satellite data are particularly appropriate. However, ground truth data are

indispensable in the calibration and verification of remotely sensed data. Aerial and

satellite surveys are useful in mapping snow lines. The wealth of observational material

obtained by remote sensing can be integrated into models, such as snowmelt runoff

models, considerably improving the forecast accuracy. Snow was first observed by

satellite in eastern Canada from the TIROS-1 satellite in April 1960 (Barnes and

Smallwood, 1975). Since then, the potential for operational satellite based snow cover

mapping has been improved by the development ofhigher temporal frequency satellites

such as GOES (Geostationary Operational Environmental Satellite), Landsat, SPOT and

IRS series, and NOAA-AVHRR, NIMBUS-SMMR and DMSP SSM/I satellites.

Snow has a high albedo in the visible region of the electromagnetic spectrum

compared to most natural surface cover. For this reason snow covered area maps were

one of the first satellite remote sensing applications (Tarble, 1963; Martinec, 1972). The

technology has developed to the point where image processing systems are widely

available (Baumgartner and Rango, 1991) and percent SCA estimates on awatershed basis

can be obtained in near real-time for most of North America (Carroll, 1990; NOAA,

1992).

The net radiation balance is usually the most important factor in the snow pack

energy budget (Wiscombe and Warren, 1980; Dozier, 1987) and snow covered area (SCA)

estimates can provide a means to estimate the net radiation flux over a discontinuous snow

pack. However, few hydrological models make use of SCA, partly because data are

difficult to obtain. Exceptions are the U.S. National Weather Service River Forecast

Simulation (NWSRFS) model (Anderson, 1973) and the Snowmelt Runoff Model (SRM)
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(Rango and Martinec, 1979). In the NWSRFS model SDC's are used to relate basin water

equivalent to basin SCA in order to apportion the energy balance and melt. The SDC's are

basin dependent and are generally developed as part of calibrating the model to a

particular watershed. In the SRM, the SCA is used directly in the regression-based

degree-day melt equation, incorporating a procedure to update the SCA using Landsat

imagery. Elevation bands are used in addition to snow cover depletion curves to account

for the SCA. Both the NWSRFS and SRM models have worked particularly well in alpine

watersheds, which typically have long ablation periods and snow cover depletion patterns

that are similar from year to year.

The network of geostationary meteorological satellites allows mapping of both

snow and ice from several high mountainous regions of the world, and allows a

comparison to be made of large-scale seasonal changes. However, the spatial and spectral

resolution of the sensors on board these satellites is too coarse for snow cover mapping.

The high-resolution satellites, such as Landsat, SPOT, IRS and JERS and the medium

resolution satellites such as NOAA are widely used for mapping snow cover (Rango and

Martinec, 1981; Baumgartner et al., 1986, Swamy and Brivio, 1996, 1997). However, the

repeat cover period for high resolution satellites such as Landsat is 16 days, which is not

adequate for mapping shallow snow cover that can completely melt between consecutive

overpass. Also, clouds often obscure visible imagery of the earth's surface and thus

estimates of watershed state parameters using visible imagery are not a reliable source of

data. However, mapping of shallow snow cover would be useful if provided at the daily

repeat coverage intervals of meteorological sensors such as GOES or NOAA. GOES and

NOAA imagery have an approximate spatial resolution of 1 km. (Hord, 1986).

Another possible source for snow cover information is microwave satellite

imagery. The regular and frequent mapping of snow cover is possible using a sensor
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independent of time and weather. Depending on wavelength, microwave radiation will

penetrate clouds and most precipitation, thus providing an all-weather observational

capability, which is very significant in snow regions where clouds frequently obscure the

surface (Schanda et al. 1983). There are two types of microwave sensors: active and

passive. Passive radiometers include NIMBUS-7 Scanning Multi-channel Microwave

Radiometer (SMMR) and the DMSP SS/I (Hord, 1986) satellites and measure surface

brightness temperatures. Active satellite sensors contain synthetic aperture radar (SAR)

and emit microwave radiation at a specific frequency and polarization and measure the

return backscatter in the form of the backscatter coefficient.

Microwaves have unique capabilities for snow cover modelling:

1. They can penetrate cloud cover (Chang, 1986), providing reliable data;

2. They can penetrate through various snow depths depending on wavelength therefore

potentially capable of determining internal snowpack properties such as snow depth

and water equivalent (Rott, 1986);

Microwave sensors have been studied as potential sources for snowcover

information (Rott, 1986; Goodison et al., 1990; Bernier, 1987; Rango, 1986, Leconte &

Pultz, 1990, Saraf et al., 1999). Of interest in the studies is measurement of the snow

cover areal extent, depth and water equivalent.

Active microwave sensor was there on the First European Remote Sensing Satellite

(ERS-1) and Canadian RADARSAT offer the possibility to observe seasonal snow cover

characteristics in detail over the entire snow-cover season (Way et al, 1993). In one

simulation of RADARSAT data, snow-cover classification accuracy was 80%, comparable

to aircraft Synthetic Aperture Radar (SAR) (Donald et al, 1993). Comparing a

classification of snow-covered area based on SAR with that done using TM suggests that a

SAR-based classification is sufficiently accurate to substitute for visible-and-near-IR

32



based estimates when such data are not available, for example due to cloudiness (Shi and

Dozier, 1993).

Passive microwave signals are also sensitive to the liquid-water content of snow,

thus offering the potential to develop snow wetness estimates. The sensitivity of passive

microwave signals to snow wetness aids in determining the onset of spring melt and the

occurrence of multiple melt events during the winter (Goodison and Walker, 1993). In

passive mode, microwave emission is strongly dependent on the condition of the snow in

terms of humidity, metamorphism and water equivalence. Microwave penetration depth of

dry snow is much larger and dry snow cover less than 2.5 cm depth is transparent to the

microwaves and ignored even though it is thick enough to reflect incoming short-wave

radiation (Carsey 1992). The interaction of microwaves with snow strongly depends on the

snow wetness, size and structure of snow grains. The dielectric constants of water and

snow are so drastically different that even a little melting will cause a strong microwave

response (Rango 1986). Wang et al. (1992) found good agreement between aircraft and

microwave depth estimates for an Alaskan snowpack; but they also noted that the

radiometric correction for the effect of atmospheric absorption is important at all

wavelengths used for a reliable estimation of snow depth. Experimental snow mapping

with satellite derived passive microwave radiometer data show the high potential of

mapping for dry snow (Kunzi et al. 1982). However, the poor spatial resolution of the

satellite microwave sensors, typically of the order of 25km, has restricted the use of snow

cover values estimated from passive remote sensing for snowmelt run-off determination in

high mountainous catchments (Chang et al., 1991).

Several researchers have reported on efforts to incorporate remote-sensing data

into snowmelt-runoff modeling. Rango (1993) reviewed the progress that has been made

for incorporating remote-sensing data into regional hydrologic models of snowmelt runoff.
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The National Oceanic and Atmospheric Administration's (NOAA) Advanced Very High-

Resolution Radiometer (AVHRR) sensor provides daily views over large areas (1000-km

swath) and snow-cover maps are produced operationally. In large basins (>10 km )

AVHRR or other medium resolution sensors provide daily coverage in cloud free weather

and are used for operational snow snow maps by the US NWS (Rango, 1996) and in some

applications of SRM (e.g., Baumgartner et al., 1987). Estimates of snow-covered area

based on remote sensing data can significantly improve the performance of even simple

snowmelt models in alpine terrain (Kite, 1991; Armstrong and Hardman, 1991). For

operational purposes, empirical approaches using combination of remote sensing data to

estimate snow-covered area, and snow-depth networks to estimate SWE are continuing to

improve (Martinec and Rango, 1991; Martinec et al., 1991). If SCA observations can be

provided at intervals of a week or two, SRM can be used for forecasting without any

historical data on snow cover depletion (Seidel et al., 1994).

2.5 SNOWMELT STUDIES FOR HIMALAYAN BASINS AND SATLUJ BASIN

The snowmelt studies carried out in the Himalayan region may be broadly

categorized as studies related with regression analysis, empirical relationships and

application of snow melt simulation models.

2.5.1 Development of regression relationships

In the regression analysis category, regression was carried outto co-relate the snow

cover area with the runoff. Efforts were also made to co-relate the winter snowfall and

snowmelt runoff. Rango et al., (1979), used the satellite imageries for finding the snow

covered areas during early April over the Indus river and the Kabul river in Pakistan which

was regressed with the flows of April to July for the years 1969-73. The early spring snow
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covered area was significantly related to April through July 31 streamflow, in regression

analysis for each watershed. Predictions of the seasonal flows for 1974 using the regressed

equations obtained were found to be within 7% of the actual flow. The relationship

between snow cover area and runoff of the Beas basin has been studied by Gupta et al.,

(1982). Snow cover area was mapped from Landsat imageries and the snow cover area and

the subsequent runoff in different sub-basins was found to be well co-related. It has been

interpreted that there have been years of uniformly heavier and lighter snowfall all over

the basin and snowmelt discharges have systematically varied.

Jeyram and Bagchi, (1982), estimated the snowline altitude and the snow cover

using Landsat imageries for Tons river basin in Himalayas. A relationship was observed

between the snowline of Beas, Ravi and Tons. Lean season discharge of Sainj river has

been studied by Krishnan, (1983), in reference to winter snowfall and discharge, to

establish the relationship between two variables. The studies have revealed that both these

parameters have a high co-relation coefficient of 0.91. Based on this study, a simple linear

regression model was evolved to forecast (three to four months in advance), the lean

season discharge of Sainj river solely on the basis of winter snowfall.

Dey and Goswami, (1983), have presented results of studies involving utilization

of satellite snow cover observations for seasonal stream flow estimates in Western

Himalayas. A regression model relating seasonal flow from April through July 1974 to

early April snow cover, explained 73% and 82%of the variance, respectively, of measured

flows in Indus and Kabul rivers. The importance of permanent snow covered area in the

study of the snowmelt was brought out by Ferguson, (1985). A study was carried out for

the glacierized mountains (Upper Indus in Pakistan) and a model was developed for

annual variation of runoff and its forecasting. The approach is based on identification of a

number of glaciological and climatological factors other than snow covered area. Roohani,
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(1986) related the information about extent of snow cover obtained from the Landsat MSS

imageries for the months of March to June with the snowmelt runoff assumed as total flow

minus baseflow for different sub-basins of Chenab river. A general linear relationship was

obtained. Mohile et al., (1988), carried out a study to develop a regression relationship

between temperature of Kaza and snowmelt runoff collected at a proposed dam across

Spiti river, about 4 km upstream of Kaza at an elevation of about 3639 m, in the Satluj

basin.

A regression model using percentage of snow covered area of Satluj basin up to

Bhakra dam and seasonal snowmelt runoff (April - June) for the years 1975-78 was

attempted by Ramamoorthi, (1983). The model was used to forecast the seasonal

snowmelt runoff in Satluj for 1980. At the end of June 1980 it was found that the

difference between the forecast quantity and observed flows was about 9%.

2.5.2 Application of empirical relationships

Several snowmelt studies using empirical relationships between temperature and

snowmelt runoff have been made. Such empirical relations are generally a function of

degree-day factor and snow cover area. Thapa, (1993), estimated snowmelt by considering

the melt due to influence of temperature and rainfall in the snow covered area for Beas

basin up to Larji. The relationship between snow covers acquired with the help ofsatellite

imageries and the cumulative discharges of the months of March, April and May for the

year 1973,1975,1976 and 1977 was studied. Due to availability of limited meteorological

and hydrological data, the estimation ofsnowmelt runoff has been limited to the sub-basin

upstream of Manali.

Bagchi, (1981), carried out a study of snowmelt runoff in Beas basin using satellite

images. Temperature index method was employed using a lapse rate of0.65°C/100m. The
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value of degree-day factor was considered as 2.1 mm C'day"1. The study was carried for

the Beas basin up to Manali. An empirical model for prediction of snowmelt runoff in

Satluj basin has been used by Upadhyay et al., (1983). The model for computation of

snowmelt runoff has been presented as a function of degree-day factor. Upadhyay et al.,

(1983), also analyzed the various components of energy input to a snow cover and

monthly budget for net energy available for snowmelt have been worked out for a number

of stations in Himalayas.

The snowmelt runoff generation for a sub-catchment of Beas basin was made by

Agarwal et al., (1983), using point energy and mass balance approach. The contribution of

various energy sources in different conditions was also worked out. Snowmelt runoff was

estimated using the degree-day method. Snowmelt thus arrived was compared with the

observed discharge. The study was based on the data for the year 1981-92 collected from

the snow courses located in the sub-catchment. Results indicate that although net radiation

balance remains the dominant source of melt energy, yet sensible and latent heat

contribute in the range of 40% to 60% of the total energy for the altitudes below 3000 m in

the open area during clear and partly cloudy days in the active snowmelt period. The

influence of radiation on cloudy days ranges from 20% to 34%. Upadhyay et al, (1985),

have shown that for Beas and Satluj basin, the snowmelt caused by the incoming solar

radiation is predominant over other physical processes such as long wave energy transfer

at the snow-air interface, convective heat exchange and latent heat released by

condensation. It was shown that the results obtained by the degree-day approach varied

significantly from the results obtained by energy balance approach.
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2.5.3 Application of simulation models

Only limited studies have been carried out either to develop or to test the existing

models for simulation of snowmelt runoff in the Himalayas. A snow melt runoff model

was developed and verified using 1977,1978 and 1979 data of Beas river basin up to

Manali by Seth, (1983). The model uses the information regarding the aerial extent of

permanent and temporary snow cover obtained through satellite imageries, observed data

of precipitation for November to May and daily temperature for the pre-monsoon season.

The model considers the altitudnal effect on temperatures, the orographic effect on

precipitation, melt water effect of rain falling on the snow-covered area. Simple routing

relation was used for obtaining the daily stream flow at the catchment outlet. It was found

that the results generally improved by increasing the number of elevation zones. Singh,

(1989), tested the snowmelt runoff model for Beas basin up to Manali for a limited period.

The results of the model were found satisfactory with a goodness of fit as 0.83 and 0.61

for the years 1978 and 1979 respectively. Dey et al., (1989) employed the SRM to

simulate runoff during the snowmelt season from the Kabul river basin in the Himalayas.

Several potential modifications were carried out to account for certain factors that give

poor simulation due to location ofclimate stations being vertically and horizontally at a

great distance from the snowmelt contributing area, unrepresentative lapse rates etc. These

modifications improved the simulation accuracy, quite significantly.

Shashi Kumar et al. 1992 applied SRM model for two study areas viz. The Beas

basin up to Thalot and Parbati River up to Pulga dam site. Landsat MSS data for the runoff

seasons of 1986 and 1987 were digitally analysed using sophisticated interpretation

techniques. The areal extent of the snow cover was evaluated for each elevation zone.

This information along with data regarding temperature, precipitation, degree-day factor,

temperature lapse rate and runoff coefficients were input into the model, which runs on a
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personal computer. Simulation studies were carried out to obtain a good fit between the

simulated discharges at Thalot and Phulga dam site, and the actual discharges as measured

by user departments.

2.6 SOIL EROSION /SEDIMENT YIELD AND RESERVOIR SEDIMENTATION

STUDIES

2.6.1 Soil erosion and sediment yield

In India, an area of about 1,750, 000 km2 out of the total land area of 3,280,000

km2, i.e., 53% oftotal land area is prone to soil erosion (Narayana and Ram Babu, 1983).

The accelerated soil erosion has irreversibly converted vast tracts of land into infertile

surfaces over the country. Deposition of soil eroded from upland areas in the downstream

reaches of rivers has caused aggradation. This has resulted in an increase in the flood plain

area of the rivers, reduction of the clearance below bridges and culverts and sedimentation

of the reservoirs.

The rivers emerging out from the Himalayan region transport the sediment at a

very high rate. The other regions of India with most spectacular erosion is the severely

eroded gullied lands along the banks of Yamuna, Chambal, Mahi and other west flowing

rivers in Gujarat and the southern rivers, namely, the Cauvery and the Godavari river

systems. As a result, agricultural production is greatly affected on the red soils, which

cover an area of 720000 km in the basins of the Chambal and Godavari (Verma et al.,

1968). The depth of these soils is limited to 200 mm, in most of these areas. The lateritic

soils which are associated with rolling and undulating topography have been found to lose

about 4000 tonne km"2 of valuable top soil annually due to erosion in Peninsular India

(Ram Babu et al., 1978). The black soils, occupying nearly 640,000 km2, are usually

utilized for crop production under rainfed conditions. Surprisingly, these lands are
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normally cultivated and kept fallow during the intense rainy season, making them

susceptible to serious erosion.

The entire Himalayan region is afflicted with a serious problem of soil erosion and

rivers flowing through Himalayan region transport a heavy load of sediment. Himalayan

and Tibetan region cover only about 5 percent of the Earth's land surface, but supply about

25 percent of the dissolved load to the world oceans (Raymo and Ruddiman, 1992). A

total of 1.8x 109 tonne yr"1 of suspended sediment (about 9% of the total annual load

carried from the continents to the oceans world-wide) is transported in three major river

systems; the Brahamaputra, Ganga and Indus; in a combined runoff of 1.19 x 10 km

(Meybeck, 1976). About 75% of the runoff in these three major rivers occur between June

and September, in response to the monsoonal precipitation, snow and glacier melt (Collins

and Hasnain, 1995). Current estimates of sediment yield of the Ganga and the

Brahmaputra rivers together is about 1.0 x 109 tonnes year"1 (Subramanian, 1993),

compared with the global annual sediment flux of about 15 x 109 tonnes year"1 (Milliman

and Meade, 1983). Contemporary rates of denudation in the Himalayas are undoubtedly

high in comparison with continental averages, as might be expected in an area of recent

and continuing tectonic activity. The Himalayan rivers draining the tectonically active

belts show a very high sediment yield. The ongoing interaction of Indian and Eurasian

plates maintain uplift, and high elevations ensure large glaciers and steep unstable slopes

which maintain sediment supply to the rivers of the subcontinent (Collins and Hasnain,

1994).

In the Himalayan mountains, as a consequence of loss of forest cover coupled with

the influence of the monsoon pattern of rainfall, the fragile catchments have becomeprone

to low water retention and high soil loss associated with runoff(Valdiya 1985, Rawat and

Rawat 1994, Joshi and Negi 1995). Large-scale deforestation, which occurred in the lower
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range, known as Siwalik range of Himalayas during the 1960s, caused the soil on the land

surfaces to be directly exposed to the rains. This unprotected soil was readily removed

from the land surface in the fragile Siwalik by the combined action of rain and resulting

flow (Kothyari, 1996). Most parts of the Himalayas, particularly the Siwalik, which

represent the foothills of the Himalayas in the northern and eastern Indian states, are

comprised of sandstone, grits and conglomerates with the characteristics of fluvial

deposits and with deep soils. These formations are geologically weak, unstable and hence

highly prone to erosion. Accelerated erosion has occurred in this region due to intensive

deforestation, large-scale road construction, mining and cultivation on steep slopes.

Approximately 30,000 km2 have been severely eroded in the north-eastern Himalayas due

to shifting cultivation (Narayana and Ram Babu, 1983). Increased runoff during the

summer monsoon rains has been transferring sediments into the streams and causing

floods (Ives and Messerli, 1989). Availability of typical rocks in the particular regions also

adds substantially to sediment load. For example, presence of clay-rich rocks, such as the

Spiti shales and schist and the widespread existence of limestone deposits, lacustrine

muds, and tills contribute to sediment supply to the Spiti River in greater Himalayan

range. The combined effects of natural and anthropogenic instability can be visualised in

widespread surface erosion processes and local mass movements. Similar erosional

features have also been reported by Fort (1987) for dry continental Mustang Himalaya of

Nepal.

Deforestation and associated soil erosion has caused desertification of land in the

Siwalik Hills in the Hoshiyarpur district of the Punjab state. In 1852, the extent of

degraded land in this area was 194 km2, which increased to 2000 km2 in 1939, and then to

20,000 km2 in 1981 (Patnaik, 1981). Similarly, large tracts of cultivable land have been

abandoned because of the erosion of topsoil in the Kotabagh area of the Nainital district in
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the state of Uttar Pradesh (Valdiya, 1985). In addition about 45% of the perennial hill

springs in these areas go dry during the non monsoon season because of the reduction in

groundwater storage resulting from the erosion of the pervious soil horizons (Valdiya,

1985).

Inspite of the history of sediment measurements in the River Ganga dating back to

the early 19th century when Rev. R. Everest published his report in Royal Asiatic Society,

Bengal, on (soluble and insoluble) sediment transport (Everest, 1832), measurements of

discharges and sediment concentrations near the portals of the glaciers have not been

continued and the country lost an early initiative on availability ofrecords for long term

time series. The review of the literature shows that most of the studies in our country are

carried out for the plain rivers or for some rivers in the lower part of the Himalayas.

Sedimentation study for high altitude glacierized basins in the Himalayas are very limited.

The same is true for the Himalayan glaciers where systematic studies are lacking. Only

few studies based on the limited time period are available only for few specific glaciers.

These studies can not be generalized even for the near by glacier because of changes in

geology and topography.

2.6.2. Effect of sedimentation on reservoirs

Alarge number of dams have been constructed in India since independence for

irrigation, hydroelectric power generation, domestic water supply, flood mitigation etc.

Most of these reservoirs have been designed for a life period of 100 years and more. But

excessive siltation from accelerated erosion due to human interference is threatening to

reduce the live capacity of these reservoirs. The useful life and capacity of reservoirs are

being depleted faster than planned because of increasing soil erosion in their catchments.

Annual sediment inflow into many of the reservoirs in India varies from 0.6-122.7 ha
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m/100 km2 (0.8-172 tonne/ha) of the catchment (Dos et al., 1969), and except for a few

well protected catchments, others are producing much higher yields than the 5.7-6.9 ha m

indicated by Khosla (1951). Deposition in the reservoirs can be decreased only with

implementation of soil conservation measures in their catchments. Narayana and Ram

Babu (1983) estimated the magnitude of total soil erosion taking place in India. This was

computed on the basis of various soil loss studies from different land units and land uses,

reservoir sedimentation data, and river sediment discharges. It was reported that on the

country scale approximately 5, 334 x 106 tonnes ofsoil (1,640 tons/km2) is being annually

eroded. The country's rivers carry an approximate quantity of 2,052 x 106 tons (626 t

/km ). Of this, nearly 480 x 10 tonnes is deposited in various reservoirs and 1,572 x 10

tons are washed into the sea every year. In other words, about 29% of the total eroded soil

is permanently lost to the sea, 10% is deposited in reservoirs resulting in loss of storage

capacity of l%-2% per year, and 61% of eroded soil is being transported from one place to

other. Although these rates are approximations, soil erosion is a serious matter and

integrated measures of soil erosion control are needed.

Analysis of the sedimentation data (Murthi, 1977; Shangle, 1991) indicates a wide

range of sedimentation rates in these reservoirs. For example, for some large reservoirs,

such as the 2.4 x 109 m3 Ram Ganga reservoir in UP, the data indicate a very small rate of

sedimentation, while the 3.1 x 109 m3 Srirama Sagar reservoir in Andhra Pradesh was

found to have lost 25% of its capacity during the first 14 years of impounding. The

reservoir sedimentation rates estimated by various investigators are given in Table 2.1.

Based on a screening analysis of the available data, Morris (1995) concluded that some of

the reservoirs in India have lost as much as 50% of their capacity to date. By 2020, it is

expected that 27 of the 116 reservoirs will have lost half their original capacity and by the
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year 2500, only about 20% of India's existing reservoirs will have lost 50% of their

capacity.

From remote sensing application point of view the literature review indicates that

multi-temporal remotely sensed data were analysed in the demarcation of water spread

area and quantity ofwater in the reservoir in the studies carried out so far. Extraction of

water spread area has been assessed on the basis of reflectance in different wave length

regions and density slicing approach have been used for estimation of sedimentation rate

in a reservoir. Various studies are carried out using such approaches. The use of remote

sensing techniques to estimate suspended sediment has been reported by several investigators

(Solomonson, 1973; Bartolucci et al., 1977; Holyer, 1978; Khorram, 1981). Smith et al.

(1980) determined siltation in the Aswan high dam reservoir by comparing reflectance values

in the green and red portions of the spectrum. The surface area of the entire reservoir was

determined by totalling all pixels classified as water. Research findings indicate that siltation

during the flood period were largely confined to the main river channel of the reservoir and

large embayments. Areas of extensive siltation were identified and the amounts of deposition

were determined through ground surveys. This information was used to predict the

distribution of silt deposits in the reservoir. Rao et al. (1985) used a visual interpretation

technique on large-scale imagery of Landsat - MSS to estimate the water spread area at

different levels ofSriramsagar reservoir. They used these water-spread estimates to evaluate

the capacity of the reservoir and concluded that these results are comparable with

hydrographic survey observations. Water spread of Hirakud reservoir from multidate

Landsat- MSS imagery was computed by Mohanty et al. (1986) and reported that the area

capacity curves derived using remote sensing data were almost similar to the curves obtained

from the conventional methods.
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Table 2.1: Reservoir sedimentation rates in India (Morris, 1995).

Reservoir River Year of Catchm Reservoir Sedimen 50% Life of

Basin construct ent area volume tation capacity reservoi

-ion (km2) (mm) rate

(mraYf1)

lost

(Yr.)

r

(Yrs.)

Srirama Godavari 1970 91,750 35 0.62 1998 56

Sagar

Nizam Sagar Godavari 1930 21,694 39 0.64 1960 61

Matatila Betwa 1956 20,720 55 0.44 2018 124

Hirakud Mahanadi 1956 83,395 97 0.66 2030 147

Tungabhadra Krishna 1953 28,179 133 1.01 2019 132

Bhakra Satluj 1958 56,980 172 0.60 2101 287

Maithon Damodar 1955 6,294 218 1.43 2031 152

Lower Bhavani 1953 4,200 222 0.44 2205 504

Bhavani

Mayurakshi Ganga 1954 1,860 327 1.63 2054 201

Gandhisagar Chambal 1960 23,025 336 0.96 2135 350

Koyna Dam Krishna 1961 776 3851 1.52 3228 2533
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Suvit et al. (1988) employed digital techniques in which density slicing of Landsat -

MSS near-IR data was performed for extractingthe water spread area of Ubolratana reservoir

in Thailand. They correlated computed surface areas with the water levels and calculated the

reservoir capacity based on the surface area obtained using cone formula. For monitoring the

use of water from a reservoir on a fortnightly/monthly basis, Jagadeesha et al. (1991) also

used satellite data for determining water spread area at various reservoir stages and an

average crop water requirements at different stages of growth was determined. The crop area

information was also obtained from satellite data. They adopted Borland and Miller (B&M)

method, one of the operational methods, for finding the pattern of distribution of deposited

sediments between the various zones of the reservoir. Goel and Jain (1996) carried out a

reservoir sedimentation study using density-slicing approach for waterspread areaextraction.

They used IRS-1 A (LISS II) data to evaluate reservoir sedimentation in Dharoi reservoir.

2.6.3 Estimation of soil erosion

Soil erosion/sediment yield is estimated using sediment curve, erosionmodelling and

related procedures. The regression equations, which relate the sediment yield to basin and

hydrometerological conditions in that basin, are mostly used for prediction of sediment yield

from ungauged catchment. The simulation models provide a physically based representation

of the process occurring in small segments of the catchment and route the response of these

segments to the catchment outlet.

Surveys for determination of soil erosion rates from catchments and deposition

rates in reservoirs are frequently conducted by the various governmental agencies in India

(ICAR 1984; and CBIP 1981). Measurements of sediment load are made in many rivers

across the country by other governmental agencies (CS&WC, 1991; Shangle, 1991).

Nevertheless, sediment loads remain ungauged for the majority of the streams, because of
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the limitation of funds. However, the other hydrological data, such as rainfall and runoff,

are available for the majority of river basins. Estimation procedures can therefore be used

to estimate erosion rates for such catchments. In India Joglekar (1965) and Varsheney

(1975) have suggested a number ofenveloping curves for the prediction ofsediment yield

for different catchment areas. Correlation studies conducted by Jose and Das (1982)

revealed that area alone do not have any significant association with sediment production

rate (SPR) and hence there is scope for multivariate analysis using climatic and

physiographic parameters. Statistical models on a spatially distributed basis have been

developed by Mishra and Satyanarayan (1991) and Bundela et al. (1995) for small

watersheds in river Damodar in east India.

Several equations are also available to estimate soil erosion. The Universal Soil

Loss Equation (USLE), developed by Wischmeier and Smith (1978), is one of the most

useful and reflects considerable research data. The USLE, an empirical equation, estimates

average annual mass ofsoil loss per unit area as a function ofmost major factors affecting

sheet and rill erosion. This equation is written as

A-RKSLCP (2.10)

where A is soil loss per unit area, expressed in units selected for K and for the period

selected for R; in practice, the units are usually selected so that A is computed in tons per

acre per year, but other units can also be selected. R is the rainfall-runoff factor- the

number ofrainfall-erosion index units, plus a factor for runoff from snow melt or applied

water where such runoff is significant. K is erodibility factor-the soil loss rate per erosion

index unit for a specified soil as measured on a unit plot, L is slope length factor- the ratio

of soil loss from the field slope length, S is the slope steepness factor, C is crop

management factor and P is the support practice factor. The USLE gives estimate of total

soil detached and displaced over short distances, but does not indicate the sediment
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delivered to the reservoir. Much deposition and reduction in sediment yield occurs

between the sediment source and reservoirs. This reduction is estimated with a sediment

delivery ratio. Sedimentation in reservoirs defined by trap efficiency depends on factors

such as the ratio of runoff inflow to reservoir capacity, sediment size, shape and stage of

the reservoir, outlet works, and methods of reservoir operation. In India, reservoir

sedimentation is generally estimated from the suspended load of the stream feeding the

reservoirs, and by periodic direct measurement of sediment deposition in reservoirs.

An isoerodent map of India has been prepared based on the erosion index values

(Ram Babu et al., 1978), which shows the potential erositivity of rainfall (Singh et al.,

1990). Methods have also been evolved for determination of the off site deposition of

eroded soil and the sediment yield from large catchments (Garde and Kothyari, 1987;

Narayana and Ram Babu, 1983; Kothyari et al., 1994). However, a statistical study to date

for estimation of sediment yield from large catchments was made by the work of Garde

and Kothyari (1987). An analysis of the data from 50 catchments with areas ranging from

43 km2 to 83,880 km2 produced the following equation for mean annual sediment yield in

plain areas:

Sam= CP^Fe'^S^Dd^^P^x/P)019 (2.11)

Where

Fe= (0.8 FA + 0.6FG + 0.3 FF + 0.1FW)/A

where Sam is the mean annual sediment yield in cm, C is a coefficient depending on the

geographical location of the catchment, P is the average annual rainfall incm, S is the land

slope, Dd is the drainage density in km km"2 Pmax is the average maximum monthly

rainfall in cm and A is the catchment area in km2. Fe is defined as the erosion factor and

FA is the area of arable land in the catchment, FG is the area occupied by grass and shrub
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while Fw is the area of wasteland and FF is the forested area. These factors can be obtained

using GIS. No relationship was given for mountain basins.

2.6.4 Relationships between suspended-sediment concentration and discharge

Suspended sediment concentration discharge relationship of the form Ss = aQb,

where Ss is suspended sediment concentration, Q discharge, and a and b best fit estimated

parameters. In regions where seasonal variation in erosion processes and source areas are

controlled by floods generated by both spring snowmelt and summer storms, seasonal

variation in sediment yield may mask any relationship with discharge (Walling, 1998).

The relationship between sediment and discharge and the characterof suspended sediment

transport have been investigated for individual hydrological events (Heidel, 1956; Guy,

1964; Arnborg et al., 1967; Carson et al., 1973; Loughran, 1976; Wood, 1977; Marcus,

1989; Williams, 1989). Variations in sediment concentration have been attributed to

exhaustion and replenishment of the sediment supply, differences in travel distance

between source areas and the locations of the measuring station, the location of sediment

source areas and the existence of a time lagbetween sediment concentration anddischarge

peaks. Williams (1989) developed models for sediment rating relationships (linear and

curved) for individual hydrological events by comparing sediment concentration and

discharge ratios at a given discharge on the rising and falling limbs of discharge

hydrographs. Although he summarized the physiographical and hydrological reasons for

the existence of each type of relationship associated with sediment rating curves, only

partial understanding of the controlling factors exists.
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2.7 SEDIMENT YIELD STUDIES FOR HIMALAYAN BASINS AND SATLUJ

BASIN

2.7.1 Himalayan basins

For Himalayan basins some typical studies have been carried out. Rao et al. (1995)

has worked on sediment yield estimation for Chenab basin. In this study data of 9

sediment stations with in Chenab basin varying from 17 to 27 years was utilised to

develop a statistically significant spatial model to estimate sediment yield using

geomorphological, climatic and landuse, landcover parameters. The sediment yield was

estimated for total and fine sediment for monsoon, winter, pre-monsoon and annual

seasons. The study revealed the high rates ofsedimentation in Chenab basin and its effect

on capacity of existing Salal dam reservoir nearJammu.

The sediment yield response of snow and glacier dominated catchments in the

Himalayas is different from rainfed catchments in the rest of India. Rao et al. (1997)

attempted to relate sediment yield with geomorphological, landuse and climatic

parameters for the Chenab (22,200-km2) basin, which is a large Himalayan basin.

Sediment yield characteristics in the Chenab basin vary depending on the season. During

the winter season (October-March) the sediment yield is minimal and is less than 5-10%

of the annual yield. During pre-monsoon season (April-June) the seasonal snow cover

melts in the intermediate and upper reaches and lower reaches receive rain. Thus, a

significant sediment yield is observed from the catchment in the pre-monsoon season.

During the monsoon season (July-Sept.) rainfall contribution to flows is very high in the

lower reaches and gradually tapers at elevations ofabout 4,000 m(Singh et al., 1995). Air

temperatures are also at their maximum during the season resulting in snow and glacier

melt from permanent snow covered zones. Consequently, a major part of the sediment

yield is received during the monsoon season. Average sediment yields for annual and

[P.AL
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monsoon season periods in terms of coarse, medium and fine sediment are shown in Table

2.2.

The rates of suspended sediment transport in the Chenab river are high as

compared with other river systems in India (with exception of Ganges) (Sundd 1991) and

in the world (Holeman 1968; Milliman and Medade 1983). The precipitation and runoff

characteristics in the Chenab basin influence sediment yield to a large extent. Snowmelt

and glacier melt runoff contribution increase with elevation, while rainfall decreases with

elevation in the upper reaches (Rao et al., 1996; Singh and Jain, 1993). To verify, how far

rain is responsible for sediment production in various subbasins of Chenab located at

different elevations, mean weighted rainfall during the monsoon (Jul. - Sep.) in each sub-

basin was correlated (log-linearly) with sediment yield per unit area using 10 years of

concurrent data, assuming that catchment characteristics remained unchanged during the

period. The correlation coefficients, r, shown in Table 2.3, with exception of Kuriya sub-

basin indicate less sediment yield on rainfall in the upper reaches as compared with the

lower reaches of Chenab basin. In other words, rainfall may have little to do with the

sediment yield in the upper reaches of Chenab catchment. The amounts of mean rainfall

during the monsoon season (July-Sep.) and the winter season (Oct.-Mar.) decreases with

increase in elevation (Table 2.3). Consequently sediment response characteristics vary

markedly between the upper and lower reaches of the catchment and hence the low

coefficient of correlation is obtained for Kuriya stations in the transition zone. The

transition zones also experience rain-on-snow phenomena. Beside rainfall, some of the

reasons besides rainfall may also be attributed to the prevailing geologic and soil

conditions and melts runofffrom permanent snow coverzones withpresence of glaciers in

the upper reaches, as compared with the lower reaches.
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Table 2.2: Average sediment yields in the Chenab basin at different locations along with

their compositionduring the monsoon period (Rao et al., 1997).

Site Annual

average

Monsoon Season Total

Sediment yield

sediment For monsoon

yield Fine Vledium Coarse Period

(t/km2/yr) (Jul.- Sep.)

(t/km2/yr)

Akhnoor 1029 455.9 180.8 85.9 722.7

Benzwar 1597 694.5 360.9 169.6 1225.0

Dhamkund 1900 533.5 386.4 314.3 1234.3

Ghousal 513 221.2 90.3 69.7 381.3

Kuriya 878 300.9 152.4 138.9 592.3

Premnagar 1363 222.9 112.9 102.9 438.7

Sirshi 939 221.4 186.6 146.7 554.8

Tandi 371 164.0 70.6 51.3 286.0

Tillar 373 92.4 62.2 40.7 195.4
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Table 2.3: Correlation of mean basin monsoon rainfall with sediment yields (t/km2) (Rao
et al., 1997)

Sediment Basin average Elevation of Basin average Correlation

Station winter rainfall sediment monsoon rainfall coefficient

up to gauging station up to respective Between

respective (m) gauging sites mean

gauging sites (mm) weighted
(mm) rainfall and

sediment

yield

Akhnoor 588 305 740 0.61

Dhamkund 277 600 353 0.70

Premnagar 201 886 252 0.75

Kuriya 226 1,106 229 0.16

Benzwar 408 1,135 197 0.66

Sirshi 103 1,162 170 0.50

Tillar 71 2,066 153 0.50

Tandi 15 2,846 90 0.33

Ghousal 17 2,850 90 0.44

2.7.2. Satluj basin

Satluj basin is one of the major basins in the Western Himalayas. Sharma et al.

(1991) have studied suspended sediment load in the Satluj river basin in detail and

identified the sediment load at different sites within the basin. About 80% of the annual

flow of the Satluj River system originates from basins in the High Himalaya, that is, Tibet,

Spiti and Kinnaur, occurs between May and September and is primarily due to snowmelt.

Suspended sediment increases exponentially with increase in discharge and occurs in very

high concentrations during June, July, and August. The Spiti River experiences a higher

volume of water but less sediment relative to the other two basins. The high-suspended
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sediment concentrations in the river system during the summer months and reduced water

supply during winter will affect the operational efficiency of hydroelectric projects being

planned for the Satluj River. Annual sediment deposition in the Bhakra Reservoir is of the

order of35.8 x 106 m3, giving an average 50 cm thick sediment layer (Anonymous, 1986).

At this rate the effective life of the Bhakra reservoir for power generation is calculated to

be only about 150 years and it ispredicted that the reservoir will be fully silted up in about

400 years. Dredging operations in reservoirs are invariably difficult and expensive. There

is considerable evidence, however, that these high rates of sedimentation can be reduced

by the application of corrective treatment measures in the upper catchments (Gupta, 1980;

Das et al. 1981; Jiang et al., 1981; Narayana, 1987). Before such measures can be

seriously contemplated an assessment of the magnitude of sedimentation in different river

basins and the identification of the source area will be required,

(a) Suspendedsediment concentration

The suspended sediment concentration begins to increase as the discharge

increases from April onward. It remains low during April and May and increases

dramatically at the beginning ofJune. It remains at quite high levels until the third week of

August when it begins to fall again. By the end of September the concentration is very low

and between October and March it is nearly negligible. Sharma et al. (1991) reported that

Satluj and Spiti concentrations at Khab during the same year and period, which varied

between 2,000 and 4000 mgl"1 and between 1000 and 2000 mgl"1, respectively. The

concentration levels for a particular year, however, cannot be taken as a general rule as

there is considerable annual variation and variation between the same months of different

years. The mean monthly concentrations at Wangtu for April, May, June, July, August,

and September were 234, 496, 2611, 2819, 2612, and 664 mgl"1, respectively, with CV's

from 45 to 58%. The monthly concentrations for the Satluj and the Spiti at Khab from
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April to September were even more variable than that for the Satluj at Wangtu, having

coefficient of variation ranging from 58 to 169%. However, the concentrations were

relatively higher for the Satluj and lower for the Spiti at Khab, compared to the Satluj at

Wangtu. The sudden increase of the sediment concentrations in the river system may

occur more or less simultaneously. For instance, concentrations varying from 12,000 to

14,000 mgl'1 shot up on 10 August 1982 simultaneously for each of the sub-catchments.

Suspended sediment concentration increased exponentially with increase in discharge

(Sharma et al., 1991). Although the relationship shows inter-annual variation, it is quite

accurate for certain years. Dunne (1977) has reported a similar type of relationship

between discharge and suspended sediment with inter-annual variation,

(b) Suspended sediment load

The mean annual suspended sediment load in the Satluj at Wangtu has been

estimated to be approximately 18.7 x 106 m3, or 26.2 x 106 tonnes. The loads calculated

for the Spiti and for the Satluj at Khab were 5.6 x 106 m3 and 5.0 x 106 m3, respectively.

The residual value for Kinnaur, therefore, would be 8.1 x 106 m3. The annual sediment

loads were more variable than the discharges with coefficient of variation being46.4, 67.1,

and 50.7% for the Satluj at Wangtu, for the Spiti at Khab, and for the Satluj at Khab,

respectively.

Although the area of the Kinnaur catchment and its relative water yield is less than

that of the Spiti, its sedimentyields are almost 1.5 times that of the latter. Accordingly, the

annual sedimentation rate from the Kinnaur catchment is 1571 m3/km2/yr compared to 953

m3/ km2/yr from the Spiti catchment (Sharma et al., 1991). Sedimentation rate from Tibet

is relatively low: only 137 m3/ km2/yr. The Tehri catchment of 7511 km2 (ofwhich 2328

km2 are snow clad in the Himalaya) contributes 14.6 x 106 tonnes of silt annually (Singha

and Gupta, 1982); it also gives a sedimentation rate of 1390 m3/ km2/yr, similar to that of
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the Kinnaur catchment. The actual sedimentation rates of the Kinnaur and Spiti

catchments are much higher than the assumed figure (360 m3/ km2/yr) on which the earlier

designs of reservoirs in India are based (Varshney, 1979). Of the annual sediment of 35.8

x 106 m3 deposited in the Bhakra reservoir (Anonymous, 1986), half (52.2 percent) is

being added from the Tibetan, Spiti, and Kinnaur catchments, their individual

contributions being 14.0, 15.6 and 22.6%, respectively. Thus, higher than calculated

sedimentation from the Kinnaur and Spiti catchments will hamper the operational

efficiency of hydroelectric projects to be built on the Satluj River system in Kinnaur and

Spiti and this will also lead to a shortening of the original expected life of the projects.

Table 2.4 shows annual suspended sediment load and its composition observed at different

locations in the Satluj River. A comparison of sediment yield observed for different

Himalayan catchments is given in Table 2.5.

Table 2.4: Composition of suspended sediment in the Satluj river system (1977-1985)

(Sharma et al., 1991)

River/Site Annual Annual

suspended Suspended Fine (%) Medium (%) Coarse (%)

sediment sediment (<0.075m (0.075- (>0.20 mm)

load load m) 0.20mm)

(106m3) (106 tonnes)

Sutlaj at Khab 5.0 7.0 64.1 22.3 13.6

Spiti at Khab 5.6 7.84 66.4 21.1 12.4

Sutlaj at 18.7 26.2 59.9 23.2 16.9

Wangtu
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Table 2.5: Comparison of sediment yield observed for different Himalayan catchments

Sediment Sediment

Catchment Yield yield

(m3/km2/yr) (t/km2/yr)

Kinnaur 1571 2199.4

Spiti 953 1334.2

Tibet 137 191.8

Tehri 1390 1946.0

2.8 CONCLUDING REMARK

The review of literature has provided useful information about status of research in

the area of snow hydrology with emphasis on snowmelt runoff modelling.

The status of limited data availability in rugged inaccessible terrain has resulted in

very few attempts for systematic modelling of snowmelt runoff process. It is seen that

simple modelling approaches using degree-day method are equally effective to energy

balance approach with limited data and number of assumptions. The need for division of

river basin into elevation bands is well established for the range of elevation differences

for mountainous region. It is also seen that, there are typical three parts of the river basin,

which require proper representation in a model. These are (i) snow free (ii) seasonal snow

covered and (iii) permanent snow covered areas. The variation in temperature with

elevation can be well represented by lapse rate approach. Besides surface runoff due to

snow and ice melt and rainfall; there is also significant contribution of baseflow. The

infiltrated water from snowmelt and rain contributes to baseflow and as well as deep

groundwater (which does not contribute to runoff at the basin outlet and may appear
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downstream). The storage effect in transformation of effective precipitation into runoff

can be represented by one or two linear reservoirs (in series). Any modelling exercise has

to provide suitable model structure as well as use appropriate optimisation procedure for

calibration of storage parameters.

The processes of soil erosion and sedimentation are equally important for fragile

Himalayan region. The available approaches for sediment yield estimation is mostly

empirical. Some attempts have been made with application ofGIS approaches. However,

these methods do not consider orographic effect on rainfall and correspondingly on

sediment yield.

In recent years, the remote sensing applications have provided simple and versatile

techniques for reservoir sedimentation structure. However, no such application has been

made for reservoirs inHimalayan region, which has extensive soil erosion prone areas.
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CHAPTER 3

THE STUDY AREA AND DATA USED

The western Himalayas cover the hilly areas of Jammu and Kashmir, Himachal

Pradesh and Uttaranchal in India. Two important river systems originated from western

Himalayan region are Indus system-Indus, Jhelum, Chenab, Ravi, Beas and Satluj and

Ganga system - Yamuna, Ramganga, Sarda and Karnali. These rivers are fed by snowmelt

and rainfall during the summer and by groundwater flow during the winter. The Satluj

basin has a reasonable good hydro meteorological network. The hydropower potential of

this basin is highest among the other basins of Indus system. Therefore, the study area

chosen in this research work is Satluj basin up to Bhakra dam (Figure 3.1). For carrying

out sedimentation study Bhakra reservoir located in the foothills ofthe western Himalayan

region has been selected. The details of the study area and data availability have been

described in the following sections.

3.1 THE STUDY AREA

3.1.1 The Satluj basin

The Satluj river rises in the lakes of Mansarover and Rakastal in the Tibetan

Plateau at an elevation of about 4,572 m and forms one of the main tributaries of Indus

river. It travels about 322 km in the Tibetan province ofNari-Khorsam forming a plateau

by successive deposits of boulders, gravel, clay and mud. The flow of Satluj, obtained

mainly from snow and glaciers has cut avalley about 914 mdeep through these deposits.

After flowing in north-westerly direction, it changes direction towards south-west and

59



en
o

*

30°45

76°10'

Figure 3.1: Map ofthe Satluj basin up to Bhakra dam

79°0'

33°15'

.Namgia

30°45'

79°10'



*

*

covers another 322 km up to Bhakra gorge, where the 225.55 meters (740 ft) high straight

gravity dam (Bhakra/Govind Sagar) has been constructed.

This large river flows through areas having varying climatic and topographic

features. Most ofthe basin in Tibetan plateau and some areas down stream are without any

rainfall and have cold desert climate. At Namgia, near Shipki, its principal Himalayan

tributary, the Spiti joins it, just after entering India. Below this dry region, it flows through

the Kinnaur district ofHimachal Pradesh, where it gets both snow and rain. Numerous

glaciers drain directly into Satluj at various points along its course and many Himalayan

glaciers drain into it's tributaries. In the lower part of the basin only rainfall is experienced.

The topographical setting and availability of abundant water provides ahuge hydropower

generation potential in this river and hence several hydropower schemes are

planned/coming up on this river.

The total catchment area of Satluj River up to Bhakra dam is about 56,500 km2 of

which about 22,305 km2 lies in India including whole catchment of the Spiti basin. The

elevation of the catchment varies widely from about 500 mto 7000 m, although only a

very small area exists above 6000 m. Mean elevation of the basin is about 3600 m. The

gradient is very steep at its source and gradually reduces down stream. Owing to large

differences in seasonal temperatures and great range of elevation in the catchment, the

snowline is highly variable, descending to an elevation of about 2000m during winter. The

permanent snowline in this part of Himalayan range is about 5400 m(BBMB, 1988).

Upadhyay et al. (1983) reported that about 11% area of the total Satluj catchment lies

under glaciers. Kulkarni et al. (1999) made aglacier inventory of the Satluj basin using

remote sensing data and found out that total area under glacier and permanent snow fields

as 1515 km2 and 1182 km2 respectively. These two areas are distributed in 169 sub-basins.
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Indian part of the Satluj basin is elongated in shape. The shape and location of this

basin is such that major part of the basin area lies in the greater Himalayas where heavy

snowfall is experienced during winters. In the reservoir area, the catchment starts from

Bhakhra dam, where it is flanked on both sides by the foothills of the Shivalik ranges,

diverging from a narrow gorge to a very wide width of about 24 km and again narrowing

down up to Kasol forming the tip of the reservoir. The lower catchment largely drains

directly into the reservoir and the higher slopes drain through tributaries. The important

tributaries are the Soel khad, Alseed khad, Ali khad, Gamrola khad, Ghambhar khad, Seer

khad, Sukhar khad, Sarhali khad and Lunkar khad.

The salient characteristics of the whole Satluj catchment are summarised in Table

3.1.

Table 3.1: The salient topographical and hydrometeorological features of the Satluj

catchment (WAPCOS, 1996)

Reach Catchment

area

(km2)

Elevation

range

(m)

Average

annual

Rainfall

(mm)

Major source of

contributions to

the streamflow

Tibetan plateau 37050 4000-6000 Nil Snow and glacier

Spiti Valley 7084 3300-5300 Scarce Snow and glacier

Namgia to Rampur 6490 3000-4800 Little Snow and rainfall

Rampur to Suni 2068 1200-3000 1000-1500 Rainfall

Suni to Kasol 700 900-2000 910-1630 Rainfall

Kasol to Bhakhra 3108 600-2000 1520 Rainfall

Total 56,500

As shown in Table 3.1, some parts of the catchment receive heavy rainfall during

the monsoon season from July to mid September. Sometimes monsoon season extends up

to late September and very rarely up to early October. The average rainfall in the
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catchment is 1140 mm. The Satluj runoff basically consists of two parts, one part is

derived from the melting of the snow and the other results from the rainfall in the

catchmnet. The monsoon is generally marked by high river flows and occasional floods in

Satluj. There are significant contributions from snow and glaciers into stream flows of

Satluj. The contributions from snow and ice vary with season to season, being maximum

in summer months.

3.1.2 Bhakra reservoir

For carrying out the reservoir sedimentation study, Bhakra reservoir, which is also

known as Gobindsagar, was chosen for assessment of sedimentation. The Bhakra dam, one

of the oldest built in India, was commissioned in 1963. This dam has controlled the

devastating floods and benefits to irrigation and power have brought prosperity to the

north India. This dam has a designed dead storage of 2431.81 Mm3 and live storage of

7436.03 Mm3; i.e., total storage of capacity 9867.84 Mm3. As aresult of the construction

of the Bhakra dam on Satluj river at Bhakra, ahuge lake has been created on the upstream

side of dam called the Gobindsagar reservoir. Its has enormous water spread area,

extending over 168.35 km2 at full reservoir level (515.11 m). Its head touches a point

about 12.87 km above Slapper village nearKasol.

The Bhakra reservoir is fed by the flows consisting ofcontribution from rain and

melting of snow. Singh and Kumar (1997) have studied precipitation distribution for

several Himalayan basins and found that maximum contribution to annual rainfall is

received during monsoon season (42-60%), whereas the minimum (5-10%) is received in

post-monsoon season. Consequently, the reservoir attains its maximum water level just after

the monsoon season. Water level ofthe reservoir gradually depletes due to various types of

uses and reaches lower levels before onset of the subsequent monsoon. The Satluj river
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transports heavy amount of sediment, which is detrimental to the life of the reservoir. The

silt contribution in this basin is largely due to deforestation, over-grazing in the pasture

lands, unscientific agricultural practices, farming at elevated terraces etc. (BBMB, 1997).

This region is also very prone to landslides and slips which may be one of the major

sources of sediment in this river. The natural factors that also attribute to high levels of

sediment transport from the study region are steep topographic gradient, poor structural

characteristics of soils; clay rich rocks such as Spiti shales and schists; and wide spread

existence of limestone deposits (Sharma et al., 1991).

3.2 CLIMATIC CONDITIONS AND SEASONAL VARIATIONS IN THE STUDY

BASIN

The great contrast in the topographical relief results in variety of climate in the

Himalayas. Such regions are characterized by numerous small climatic differences over

short horizontal distances. Principal controls producing such differences are those of

altitude, local relief and mountain barrier effect. The most important factors controlling

the weather and climate in the Himalayas are the altitude and aspect. Largely due to

variations in altitude, the climate varies from hot and moist tropical climate in lower

valleys, to cool temperate climate at about 2000 m and tends towards polar as the altitude

increases beyond 2000 m. Altitude controls not only temperature but rainfall also. The

second factor controlling the climate is aspect of slopes. Usually the south facing slopes

are sunnier and also get more rain. Further, in each individual range the snowline is higher

on southern aspect as these slopes have more sunshine. Also, the snow line in the eastern

Himalayas is higher than in the western Himalayas.

Depending upon broad climatic conditions the following four seasons prevail over the

basin:
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(a) Winterseason (December - March)

The precipitation during this season is caused by extratropical weather system of

mid-latitude region originating from Caspian sea and moving eastward. This winter

weather system is known as western disturbances and approach India from the west

through Iran, Afghanistan and Pakistan. With the setting of the winter season these

western disturbances have the tendency to move along lower latitudes. Ordinarily these

disturbances remain at high latitudes and do not influence the Himalayas. But, as the

season advances they come lower and lower and by the end ofDecember these cover more

or less whole Himalayas. Such disturbances recede to their original position, which lies

beyond the Himalayan Mountains by the end ofwinter season.

The precipitation during this season is generally in the form ofsnow in the greater

Himalayas, snow and rain in the middle Himalayas, and light to moderate rain over the

outer Himalayas and the adjoining north Indian plains. Precipitation occurs at intervals

throughout the winter season. It is found that average frequency ofoccurrences ofthese

disturbances is about 3 to 5 each month, which reduces as the season advances. The higher

precipitation in the western Himalayas during these months is the combined effect of the

nearly east-west configuration of the Himalayas and eastward movement of the winter

weather system. The precipitation associated with this weather system decreases

considerably as they move eastward along the Himalaya because of increasing distance

from the source of moisture. These weather systems cause snowfall at higher elevations

(b) Premonsoon season (April - June)

Generally, pre-monsoon season lasts for about a period of3 months from April to

June and is considered as transit period between winter and southwest monsoon. Light to

moderate rains are essentially caused by air mass convective storms. Convection increases

because of increasing trend of temperature in the Himalayan region in this season.
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(c) Monsoon season (July - September)

Normally, the moist air currents cause precipitation over the Himalayas from Bay

of Bengal in this season. Sometimes, in association with certain weather situations both

branches of monsoon (i.e., the Bay of Bengal and Arabian sea) arrive simultaneously in

this region heralding the onset of monsoon. These currents, after striking the Burma and

the eastern Himalayas are deflected westwards and travel along the Himalayas. Rainfall

decreases westward because of increasing distance from the source of moisture i.e. Bay of

Bengal or Arabian Sea, which results in less amount of moisture content in the air

currents. Consequently, lesser precipitation is observed as one moves further west. This is

the season of abundant rain and rivers are generally flooded. Snow and glaciers at very

high altitudes continue melting during this season. The monsoon normally starts

withdrawing from this region towards the end of September.

It was observed that while the monsoon currents give copious rainfall over the

Indian plains and lower Himalayas. At the time of crossing greater Himalayan ranges and

approaching trans-Himalayan regions, these currents become practically dry as most of the

moisture content they initially carried is precipitated during their passage over the plains

and mountain ranges of the Himalayas. It results in insignificant rainfall in the

trans-Himalayan region.

(d) Post Monsoon (October- November)

During this season clear autumn weather sets in and there is generally little rainfall.

This is the driest season in the entire Himalayas as well as in the plain areas.

The presence of glacier and snowfields over an extensive area in the western

Himalayan is not only a dominant feature relevant to the climate alone, but is factor that

significantly enters into many hydrological implications. Accumulation of snow during
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winter and period of snowmelt coinciding with the gradual rise in temperature, actually

regulate the flow and make itavailable at the time ofyear when it is needed most.

3.3 PRECIPITATION DISTRIBUTION IN THE SATLUJ BASIN

Examination of rainfall distribution in the Satluj reveals a distinct pattern of

rainfall distribution for the outer, middle and greater Himalayan ranges (Table 3.2 and

3.3). Snow distribution with altitude has been studied for the greater Himalayan range of

Satluj basin because snowfall data were available only for this range. Snow distribution in

the greater Himalayan range of Satluj basin was studied sub-basin wise because snowfall

data are recorded at number of stations. The important conclusions drawn from the recent

study carried out by Singh and Kumar (1997) are as follows:

1. The rainfall distribution with altitude on the leeward side of outer Himalayas has shown

that for all the seasons rainfall increases linearly with elevation in Satluj basin. Based on

limited rainfall dataon the windward side of the outer Himalayas in the Satluj basin, it was

observed thatrainfall on thewindward side is higher than that of on the leeward side. Both

higher number ofrainy days and high rainfall intensity are found responsible to increase

rainfall with altitude in the outerHimalayan range in the Satluj basin.

2. Rainfall analysis ofthe greater Himalayan range has revealed that little rain is observed

in this range. It is possible because most of the moisture of monsoon currents (which

contributes maximum in annual rainfall), is precipitated over outer and middle Himalayan

ranges. Rainfall variation with altitude has shown that it exponentially decreases with

elevation in the post-monsoon and pre-monsoon seasons. The annual distribution also

followed this exponentially decreasing trend with altitude. Rainfall distribution in the

monsoon season has shown no specific decreasing trend with altitude in this basin. The

winter season rainfall decreases linearly with elevation in this range. Negligible rainfall is
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observed above 3000-m elevation. The reduction in rainfall at higher elevation was found

to be due to lesser number ofrainy days at those elevations in this range.

3. It was observed that orographic effect on rainfall has led to maximum rainfall in the

outer Himalayan range in the Satluj basin. Average annual rainfall decreases considerably

from outer Himalayan range to middle Himalayan range in the Satluj basin. Annual

rainfall is further drastically reduced in the greater Himalayan range in the Satluj basin.

Contribution of seasonal rainfall to annual rainfall has shown that over all the ranges of

Himalayas in the Satluj basin, monsoon rainfall contributed maximum to the annual

rainfall. Which is 45-71% in the Satluj basin. Minimum rainfall is experienced in the post-

monsoon season in the outer and middle Himalayas because of less moisture content

availability in this season. In the greater Himalayan range minimum rainfall is experienced

in the winter season in the Satluj basin because most of the precipitation falls in the form

of snow over this range. Contribution of pre-monsoon rainfall in annual rainfall increases

from outer Himalayas to greater Himalayas and becomes significant in the greater

Himalayan range. Contribution of winter rainfall is also found significant in the middle

Himalayan range.

4. Snowfall has shown different trends of increase with elevation in different parts of

Satluj basin. For example, snow increases linearly with elevation in the Spiti and Baspa

basins, whereas for the upper Satluj sub-basin it first increases and then decreases.

Maximum and second to maximum snow is observed in the month ofMarch and February,

respectively in all the valleys in the greater Himalayan range of the Satluj basin.

5. Based on the rainfall and snowfall data at four stations located at different elevations in

the greater Himalayas, a ratio of total annual snowfall to total annual precipitation has

been worked out. It is found that ratio of snowfall to the annual precipitation varies

linearly with altitude. All the stations recorded more than 60% snow contribution in the
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annual precipitation. An extrapolation of this linear relationship indicates that above 6000

melevation, whatever precipitation occurs may be falling as snow only.

Table 3.2 Seasonal distribution of average rainfall in different ranges of Himalayas in the

Satluj basin. The contribution of respective season in the annual rainfall is also indicated
(Singh and Kumar, 1997).

Himalayan Side Rainfall (mm)

range

Winter Pre- Monsoon Post- Annual

monsoon monsoon

Outer Leeward 155(10.9%) 146 10.3%) 1010(71.3%) 105 (7.4%) 1416

Windward 172(14.3%) 201(16.7%) 725 (60.3%) 106 (8.8%) 1203

Average 164 (12.5%) 174(13.3%) 868 (66.2%) 106 (8.0%) 1312

Middle Leeward 209 (28.0%) 128(17.2%) 336 (45.0%) 73 (9.8%) 746

Greater Leeward 6(3.0%) 75 37.5%) 105( 52.5%) 14 (7.0%) 200

Table 3.3 Average annual rainydays, rainfall intensities, snowdays and snowfall intensities
for different ranges ofHimalayas in the Satluj basin (Singh and Kumar, 1997).

Himalayan

range

Outer

Middle

Greater

Spiti sub-basin

Baspa sub-basin

Upper Satluj sub-

basin

Side

Leeward

Windward

Average

Leeward

Leeward

Rainy

days

88

84

86

87

35

69

Rainfall

intensity

(mm/rainy day)

16

14

15

9

Snow

days

22

31

18

Snowfall

intensity

(mm/snowday)

16

15

13



3.4 STREAMFLOW CHARACTERISTICS OF SATLUJ RIVER AT BHAKRA

DAM

The streamflow of the Satluj River consists of the contribution from rain, snow and

glaciers and respective contribution of each component varies with time of the year.

Generally, snows melt contribution starts from March and lasts until June/July depending

upon the snow pack water equivalent accumulated in the preceding winter season and

prevailing temperatures in the summer season. As the summer season progresses, the

snowmeltcontribution increases continuously and exceeds the rainfall component. Thus in

the pre-monsoon season (April-June), a major part of streamflow is generated from

seasonal snow. During monsoon season (July-September), monsoon rains producing

higher discharges in the river augment flow. Generally, high discharges/floods are

observed in the months of July and August and these are essentially due to heavy rain in

the lower part of the basin. Usually, the end of May/June ablates seasonal snow

accumulated on glaciers during winter season and glaciers start contributing to streamflow

thereafter. Glaciers contribute to their maximum in the months of July and August. As

such glacier melt runoff contribution lasts till September/October. In the post-monsoon

season, streamflow is believed to be partly from the glaciers and some occasional rain

events. Streamflow is observed minimum during winters because no melting takes place

due to low temperature regime. Baseflow contribution sustains the flow in the river in this

period.

3.5 DATA AVAILABILITY

The study chosen for this study falls mainly in the state of Himachal Pradesh. For

carrying out this study the data used consists of Survey of India toposheets,

hydrometerological data and remote sensing data.
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3.5.1. Topographic data

The Satluj basin up to Bhakra dam in India falls in toposheet nos. 53 A, B, E,I,L

and 52 H,L and P at a scale of 1:250,000.

For studying sediment yield in the lower Satluj basin i.e. from Suni to Kasol,

following toposheets at a scale of 1:50,000 were used.

Toposheets no. are 53 A/15,16 and 53 E/3,4

3.5.2 Hydrometerological data

For the safe and judicious operation of Bhakra reservoir a hydrolometerological

network has been set up in the Satluj River basin by BBMB, Nangal. In the Satluj basin

rainfall is observed at 10 stations maintained by BBMB and they are Bhakra, Berthin,

Kahu, Suni, Kasol, Rampur, Kalpa, Rackchham, Namgia and Kaza. The data from all

these stations are available from 1983 onwards. Maximum and minimum temperatures,

dry and wet bulb temperatures are observed at 6 observatories namely are Bhakra,

Rampur, Kalpa, Rackchham, Namgia and Kaza. At four observatories BBMB has installed

instruments to record continuous temperature using thermographs. The evaporation data is

available only from one station located at Bhakra. The location of these

hydrometerological stations is shown in Figure 3.2.

In order to monitor the river flows there are five number discharge sites on the

main Satluj river at Namgia, Rampur, Suni, Kasol and Bhakra. The catchment area from

Rampur to Bhakra contributes major rainfall component during the monsoon season. The

gauge discharge observations are taken for 24 hours during the monsoon period so that the

high floods discharge absorption in the reservoir.
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3.5.3 Sediment and reservoir level data

The daily sediment load data of two stations namely Suni and Kasol were collected

for the years 1991-1996. For carrying out the reservoir sedimentation study the daily water

level data of the reservoir was also collected for a period of 1988-1998.

3.5.3 Remote sensing data

To find out maximum and minimum (permanent) snow covered area and to

prepare snow cover depletion curves, remote sensing data for the months of March to

October, have been used. The data ofall the months was not available due to cloud cover

or other reasons. Landsat (MSS) (80m resolution), IRS (LISS-I) (72.5 m resolution) and

IRS WiFS (180 mresolution) data were procured from National Remote Sensing Agency

(NRSA) for the study period. Landsat data have been used for a period of 2 years

(1986-87) whereas IRS LISS-I data was used for the remaining 5years (1988-93). For the

years 1996-1999, IRS WiFS data have been used. The data for IRS-1CAD was covered in

path and row of 96-50. The dates for the years 1996 to 1999 are as follows: 1.12.96,

07.03.97, 24.4.97, 18.5.97, 11.6.97, 5.7.97, 24.10.97, 2.11.97 and 20.12.97. For the year

the date are as follows: 13.1.98,26.2.98,26.3.98, 19.4.98, 13.5.98, 28.10.98, 21.11.98 and

15.12.98. For the year 1999 the date for which the data was procured include 21.3.99,

14.4.99,25.6.99, 16.11.99 and 13.11.99.

For reservoir sedimentation study, the data of LISS-II sensor of IRS-IB satellite,

which is having good resolution of 36.25 m, was used. This muUispectral data was having

information of four bands, which were very helpful in the identification of water spread

area. The reservoir water spread area was covered in A2 quadrant of Path 30 and Row 45

of the satellite. The National Remote Sensing Agency (NRSA), Hyderabad, was contacted

for acquisition of remote sensing data for the period selected above. Due to cloud cover,
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some of the dates could not be obtained. The remote sensing data of following dates was

procured: 1.10.88, 14.11.88,28.12.88, 19.1.89, 10.2.89,4.3.89, 17.4.89, 16.10.96,7.11.96,

21.12.96, 12.1.97, and 15.6.97.

Table 3.4 : Details of Landsat and IRS LISS I satellite data used in the study

Year Dates Satellite/Sensor Path/row

1986 17 April LANDSAT (MSS) 146/36

02 May LANDSAT (MSS) 146/36

20 June LANDSAT (MSS) 146/36

31 August LANDSAT (MSS) 146/36

1987 20 March LANDSAT (MSS) 146/36

30 April LANDSAT (MSS) 146/36

07 June LANDSAT (MSS) 146/36

09 July LANDSAT (MSS) 146/36

10 August LANDSAT (MSS) 146/36

11 September LANDSAT (MSS) 146/36

1988 07 March IRS 1 (LISS1) 29/45

12 June IRS 1 (LISS1) 29/45

30 September IRS 1 (LISS1) 29/45

1989 03 March IRS 1 (LISS1) 29/45

08 May IRS 1 (LISS1) 29/45

09 September IRS 1 (LISS1) 29/45

1990 12 March IRS 1 (LISS1) 29/45

25 April IRS 1 (LISS1) 29/45

08 June IRS 1 (LISS1) 29/45

22 July IRS 1 (LISS1) 29/45

26 September IRS 1 (LISS1) 29/45

1991 12 April IRS 1 (LISS1) 29/45

04 May IRS 1 (LISS1) 29/45

27 October IRS 1 (LISS1) 29/45

1993 18 April IRS 1 (LISS1) 29/45
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3.6 DATA PROCESSING

Data processing is a broad term covering all activities from receiving records of

observed raw data to making them available in usable form. Raw data as observed and

recorded may contain many gaps and inconsistencies. These raw data are processed

through a series of operations such as making necessary validation checks, in-filling

missing values in a data series, processing of raw data to estimate required variables and

analysis of data for commonly required statistics etc.

For the data processing of available data and validation, HYMOS software was

used. HYMOS is an information system for storage, processing and presentation of

hydrological and environmental data (HYMOS, 1999). Data validation is carried out to

correct errors in the recorded data where there is possible, to assess the reliability of a

record even where it is not possible to correct errors. Data validation is the means by

which data are checked to ensure that the database created is the best possible

representation of the true value of the variable at the measurement site at agiven time or in

a given time interval. There are two types of data validation available in

HYMOS/SWDES. Primary validation is primarily involved with comparisons within a

single data series and concerned with making comparisons between observations and pre

set limits and/or statistical range ofavariable or with the expected hydrological behaviour.

Secondary data validation consists of comparisons between the same variable at two or

more stations and is essentially to test the data against the expected spatial behaviour of

the system. Data entry of rainfall, temperature and discharge data have been made

according to HYMOS format. Processing and validation of these data have been carried

out as explained below.
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Daily data of rainfall has been validated against limits within which it is expected.

For that purposes the lower limit has been fixed as zero while maximum limit has been

fixed on the basis of historical records which is 300 mm. From the annual report, missing

days, rainfall in a month, number of rainy days, maximum daily rainfall etc. have been

obtained and checked from the available records. From daily plot of all the year,

extraordinary high value is marked and confirmed with data collecting agency. In this

way, daily rainfall data was scrutinized for each month and checked. After carrying out

primary and secondary validation of the values, which were found as incorrect or doubtful,

were corrected. For validation of temperature data inspection of data has been made for

unrealistic values. In somecases, errors were found due to typing error. These errors were

removed and the entry of correct data has been made.
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CHAPTER 4

, CONTRIBUTION OF SNOW AND ICE MELT AT BHAKRA

IN ANNUAL STREAMFLOW AT BHAKRA

Generally, because of rugged terrain and inaccessibility to the higher altitude, a

scanty snow- gauge network exists in the Himalayas, where heavy snowfall is

experienced. Therefore, assessment of snowfall over the whole basin becomes very

difficult under such conditions. Network of rain gauges is reasonably good in the few

Himalayan basins including the present study basin and allows for better estimates of

rainfall input to the basin. Thus, rainfall input along with the total streamflow and

evapotranspiration information can be used for assessing the snow and glacier melt

+ contribution. To assess the contribution of snow and glacier melt runoff into annual flows

of the Satluj River, the following water balance approach has been used.

SGC =Q-(R-E) (4-1)

{ where SGC is the contribution from snow and glacier melt runoff, Qis the observed flow, Ris

the rainfall input to basin and Eis evapotranspiration losses from the basin. Application of water

balance approach for estimating average contribution of snow and glacier melt runoff to

annual flows requires a long water budget period for the analysis. In the present study, a

period of 10 years has been considered as water budget period. There are two important

reasons for considering a long water budget period for such basins. First, a long water

budget period like 10 years or so, can cover reasonable number of dry and wet years and

the outcome from the analysis would represent a true average value. Secondly, it can be
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assumed that all the losses from the rain and snowmelt in the form of infiltration and

percolation, except evapotranspiration, would reach at the outlet of the basin within the

water budget period. This also allows for no separate consideration for baseflow in the

analysis. Further, consideration of10 years period as water budget period is a highly safe

criterion specially for the mountainous basins having significant relief variation from the

outlet to upper part ofthe basin. In such basins time taken by the infiltrated and percolated

water will be very less than that in the plain watersheds. Various components needed in

the analysis are determined as follows.

4.1 RAINFALL

The total rainfall depth at each station over the water budget period was obtained

by making cumulative sum ofdaily rainfall. Then isohyets were drawn and rainfall input

to the study basin was estimated. Cumulative annual isohyetal map ofthe Satluj basin up

to Bhakra Dam for aperiod of 10 years (Oct., 1986 - Sept., 1996) is shown in Figure 4.1.

Isohyetal method is considered more reliable for the mountainous basins where

topography influences the precipitation due to high relief and different orientations. Such

effects can be observed from the rainfall distribution in the basin shown by the isohyets.

The distribution of isohyets exhibits that a good rainfall is observed in the lower and

middle parts ofthe basin, whereas it is less in the upper part. The range ofannual isohyets

varies from 1000 mm to 1400 mm. Such high variation in the rainfall is acompound effect

ofseveral factors such as height ofmountain barrier, strength ofmoisture bearing currents

wind, its moisture content and orientation of mountain range with respect to prevailing

wind direction. Table 4.1 shows that annual rainfall for the whole study basin varied from

313 mm to 423 mm. Detailed investigations on precipitation distribution in the study basin

have been made by Singh and Kumar (1997), Singh and Kumar (1997) reported that

78

*



annual rainfall decreases from outer Himalayan range to the greater Himalayan range in

this basin. Different patterns of precipitation distribution were found for different

Himalayan ranges covered in this basin. Similar patterns of rainfall were found for other

basins of Himalayas (Singh et al., 1995; Singh and Kumar, 1997).

4.2 STREAMFLOW

Streamflow characteristics have already been described in Chapter 3. Based on 10

years (Oct., 1986 - Sept., 1996) flow data analysis, monthly distribution ofstreamflow at

Bhakra Dam is shown in Figure 4.2 and quarterly distribution is given in Table 4.2. It can

be noticed that maximum flow is observed in the month of July followed by August and

minimum in the month of February. About 83% of the total annual flow is observed

during pre-monsoon and monsoon seasons because a high contribution from the all

sources ofrunoff is produced in these two seasons. In the other two quarters, flow is only

17% of the total annual flows. It can be observed that annual runoff depth from the study

basin varied from 464 mm to 632 mm (Table 4.1).
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Figure 4.2: Monthly average discharge of Indian part of
Satluj river observed at Bhakra
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Table 4.1 : Computed rainfall, runoff and evapotranspiration for different years for Satluj

River basin

S.No Year Rainfall Runoff Evapotranspiration

losses

(mm) (mm) (mm)

1 1986/87 373.5 519.2 157.2

2 1987/88 464.8 588.8 131.8

3 1988/89 366.2 517.6 137.6

4 1989/90 423.4 631.6 137.8

5 1990/91 313.1 571.8 153.1

6 1991/92 366.2 553.9 143.7

7 1992/93 352.8 464.0 155.8

8 1993/94 360.4 610.4 145.2*

9 1994/95 382.0 560.4 145.2*

10 1995/96 346.0 595.8 145.2*

*Average annual values based on the first seven values were considered

Table 4.2 Quarterly distribution ofthe annual flows of Satluj River atBhakra Dam.

S.No. Period Average runoff

(mm)

Contribution to

Annual flow.

1.

2.

3.

4.

October - December

January - March

April - June

July - September

55.0

38.1

150.9

317.4

9.9

6.9

26.8

56.4

5. Year (October-September) 561.4 100
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4.3 SNOW COVERED AREA

The snow cover in the Himalayas occurs and exists depending on the terrain and

climatic conditions of the terrain. This snow cover can be categorized into temporary snow

cover, seasonal snow cover, permanent snowfields and glaciers in the form of ice. Snow

cover that stays for a few days and then melts away is termed as "temporary snow cover".

This usually occurs at lower altitudes during winter and even sometimes at higher altitudes

during summer. Snow cover that is formed over weeks or months by consecutive

snowfalls and which melts away gradually during the following summer is termed as

"seasonal snow cover". Above a certain altitude and in certain situations, some amount of

snow is carried over to the next winter season without melting during summer, and this

turns into 'firn' and ultimately ice, adding to the permanent snowfields and glaciers. The

seasonal snowpack contributes to the water resources during summer months, and

therefore is very important in hydrological studies.

Since very little information on snow is collected regularly in the Himalayas,

remote sensing remains the only practical way of obtaining at least some information of

the snow cover in the large number of basins in the Himalayas. The availability of satellite

data provides useful periodic information about extent of snow cover and thus form a base

in snow covered mountains. At present the visible, near IR and thermal IR data from

various satellite (Landsat, IRS, NOAA) are being used for mapping the areal extent of

snow cover in the Himalayan basins. Since 1972 Landsat MSS started acquisition of data

at a spatial resolution of 79 m. Later next Landsat satellites (Landsat 2,3,4 &5) were

launched, the spatial resolution was improved to 30 m. Whereas IRS satellites (IRS 1A,

IB, 1C and ID) provide resolution ranging from 72 m (LISS I) to 23.5 m (LISS III). In

WiFS sensor launched with IRS-1C and ID is having a resolution of 180 m.
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The duration for which the seasonal snow cover stays in the basin is variable from

basin to basin and also from year to year. In the present study, Landsat/IRS data in the

form of B/W positive, FCC and digital data were used. The details of all the data used in

the present study is already provided in Chapter -3. Visual as well as digital image

classification techniques have been applied for snow cover mapping after geo-referencing

process. These two techniques are discussed in briefin the following sections:

4.3.1 Visual classification

These base maps were overlaid on the positive prints developed from the film

negatives of band 3 & 4 and also on False Colour Composite (FCC). The registration of

the maps with images was carried out manually. Because whole area of the basin was not

covered in a single image, therefore, the data of the closest date of adjoining imagery was

used to find out the snow-covered area in the basin.

When mapping the snow cover, there are several possible features on the image,

which were considered in order to prevent misidentification of snow and snow free areas.

For example, cloud tops exhibit a very bright reflectance in the visible/infrared bands,

which is often indistinguishable from snow. These aspects have been kept in view while

delineating snow covered areas. Small portions of the order of less than 1 km in snow

covered area, which are under shadow (either from terrain features or clouds) have been

considered as snow bound. The maps depicting snow covered areas for March/April and

September/October have been prepared for the period for which data was available. After

preparation of final maps, these were digitized using digitizing module of Integrated Land

and Water Information System (ILWIS). The database of these snow covered maps was

prepared in GIS and snow covered areahas beencomputed.
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4.3.2 Digital image classification

4.3.2.1 Geometric Correction and Registration

A base map of the Satluj basin from Survey of India (SOI) topographical maps

was prepared and converted to digital form. All the sub scenes were geometrically

corrected using the base map and carefully selecting the ground control points (GCPs).

Well-distributed GCPs are essential for a successful geometric correction but it is very

difficult to select such control points in high mountainous areas, because the roads and

other infrastructures used for control points normally follow major valleys and very few

run across the uplands. This becomes further complicated in a snow-covered region. A

first order polynomial transformation was performed and resampling was done using the

nearest neighbour interpolation method. The accuracy of registration was visually verified

by overlaying the selected ground features on the geo-referenced images. This procedure

was observed to be appropriate because the study area contains features, which can be

recognized on images and has boundaries corresponding to rivers, reservoir and roads etc.

The final products ensure that all data sets are comparable and areas can be measured. The

basin area from each satellite image was extracted using an overlaymask.

After registration work is over the classification was applied to the images. Before

classification, the images were studied in detail. Contrast stretching of individual raw

bands is one of the initial steps and is effective in improving interpretability of different

features through increasing contrast. To have an idea of frequency distribution of the data,

image histogram of the bands have been studied. The following ground features were

considered for preparing the snow covered area maps.
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4.3.2.2 Shadows

The Himalayan Mountains are rugged and have high relief. As the Landsat and

IRS data have been acquired in the early forenoon, the prevailing low-angle of

illumination leads to shadows. In such cases, snow covered shadowed regions appear

similar to snow-free areas in tone. Before classification it is necessary to discriminate

between snow-free area and the shadows. Small portions in snow covered area, which are

under shadow have been considered as snow bound.

4.3.2.3 Cloud cover

Cloud cover has been seen as the main constraint on the possible operational

implementation of the satellite monitoring of snow cover based on satellite data

representing visible part of electromagnetic spectrum. Using the estimated snowline

altitude and assuming a similar accumulation of snow above the calculated snowline in

* these obscured regions may approximate the area of snow concealed by cloud. A sequence

of satellite images, where different parts of each image are cloud free, can be classified

and overlaid to produce fuller areal information for the same snow day or for a snow

event. The assumption is that the snow condition for the two images remained the same

and only the positions of clouds changed for the successive images. Assuming that the

snow conditions did not change significantly between these times, the combined classified

image reveals the fuller extent of snow distribution for that day. Extrapolations of snow

area beneath clouds for two images have been attempted in this study.

4.3.2.4 Classification

^ In the present study unsupervised classification using the Iterative Self-Organizing

Data Analysis Techniques (ISODATA) has been applied. The ISODATA uses the
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minimum spectral distance to assign a cluster for each candidate pixel. It begins with a

specified number of arbitrary cluster means which are then processed repetitively, so that

these arbitrary means shift to the means of clusters in the data. The required inputs for

running the ISODATA process are the number of clusters in the output file, the

convergence threshold which is the maximum percentage of unchanged pixels reached

between two iterations, and the maximum iteration which is the maximum number of

times that ISODATA should recluster the data and prevents ISODATA from running too

long or from potentially getting "stuck" in a cycle without reaching the convergence

threshold.

The snow covered area obtained from March/April and September/October for

different years are given in Table 4.3. The results indicate that a major portion of the basin

is covered by snow in the month of March/April (Figures 4.3 to 4.12). Information

available on snow cover area for Satluj basin from Paul et al. (1995) was also used in this

study. Paul et al. (1995) has estimated snow covered area for Satluj basin from the digital

analysis of NOAA-AVHRR data which is supported by Landsat-MSS and TM and IRS-

LISS-1 data. Snow covered area was determined from February to July for a period 1986

to 1993, using all relatively cloud free images. Paul et al. (1995) used a digital terrain

model (DTM) of 1-km resolution to extrapolate snow cover under clouds. The digital

basin mask was used along with the classified image to compute the snow-covered area.

The snow covered area on different dates was plotted against time and curves were drawn

to obtain depletion curves for each year. Interpolation/extrapolation of these curves

provided the information on snow eovered area for the months for which snow covered

area was not available.

Snow covered area in the basin for the months of March/April and

September/October, which usually indicates maximum and minimum snow cover area in

87



the basin, respectively, were determined for different years (Table 4.3). Based on 10 years

data analysis, it was found that about 65% (14,498 km2) of the basin is covered by snow

by the end of March/April and after melt season it reduces to 20.3% (4,528 km ). Results

indicate that about 9,970 km2 area becomes snow-free during the melt season. To estimate

evapotranspiration losses snow covered area is required on monthly basis. It was

computed either using satellite data or linearly interpolated using available snow cover

information.

Table 4.3 : Snow covered area (SCA) and permanent snow covered area (PSCA) in the

Indian part of Satluj basin up to Bhakra reservoir. Total area of the Indian part of Satluj
River up to Bhakra reservoir is 22305 km .

Year Month Snow covered

area expressed

as % of total

basin area

Month Permanent snow

covered area expressed

as % of total basin area

1986 March 64 September 15

1987 March 59 September 12

1988 March 71 September 35

1989 March 63 September 20

1990 March 70 September 17

1991 March 63 September 30

1992 March 72 September 16

1993 March 58 September 17

4.4 EVAPOTRANSPIRATION

The net rain input to the basin can be obtained by subtracting total

evapotranspiration losses from the total rainfall depth over the water budget period.
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Figure 4.3 :Snow cover distribution in the Satluj basin for 7.3.1988
79° in'

33°15'

50 km

30°45'

76° 10
79°10'

Figure 4.4 : Snow cover distribution in the Satluj basin for 30.9.1988
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Figure 4.5 :Snow cover distribution in the Satluj basin for 3.3.1989
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Figure 4.6 :Snow cover distribution in the Satluj basin for 8.5.1989
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Figure 4.7 :Snow cover distribution in the Satluj basin for 9.9.1989
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Figure 4.8 :Snow cover distribution in the Satluj basin for 12.3.1990
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Figure 4.9 : Snow cover distribution in the Satluj basin for 22.7.1990
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Figure 4.10 :Snow cover distribution in the Satluj basin for 26.9.1990
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Figure 4.11: Snow cover distribution in the Satluj basin for 4.5.1991
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Figure 4.12 :Snow cover distribution in the Satluj basin for 27.10.1991
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Evapotranspiration losses from the snow covered area are very small (Bengtsson, 1980)

whereas those from the snow-free area may be significant depending upon the soil

moisture conditions. Therefore, identification of snow-covered and snow-free area is

required for estimating evapotranspiration losses from the whole basin. It is to be pointed

out that rainfall occurring over the snow covered area is absorbed or infiltrated through

snowpack without significant evaporation losses. Whereas rainfall occurred on the snow-

free area is reduced in accordance with the evapotranspiration losses from the snow-free

area.

First monthly evapotranspiration losses were estimated and then these monthly

values were used to compute total losses from the basin. The information on snow-free

area in conjunction with actual evapotranspiration (AET) was used to get total

evapotranspiration losses from the whole basin. Due to warmer climate in the lower and

middle part ofthe basin, most ofthe evapotranspiration takes places from these areas of

the basin. The pan evaporation and air temperature data were available at Bhakra (518m),

which lies on the lower basin boundary of the basin. Because no other dataset was

available for estimating evapotranspiration in the basin, therefore, temperature and pan

evaporation data (US Weather Bureau Class Apan evaporimeter) of Bhakra was used for

this purpose. Monthly pan evaporation observed at Bhakra was correlated with mean

monthly maximum temperature, minimum temperature and mean temperature observed at

the same station. It was found that out of these three relationships, mean monthly

maximum temperature provided the best correlation with monthly pan evaporation (r

=0.84). In an another study, Singh et al. (1995) also studied the relationship between pan

evaporation and different meteorological parameters, namely, maximum temperature,

minimum temperature, wind speed, relative humidity, duration of sunshine hours. They

also found that out of these five meteorological parameters the highest correlation (0.85)
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was obtained for maximum air temperature and evaporation relationship. Relationship

between mean monthly maximum temperature, Tmax and monthly pan evaporation, Evap,

for thestudy basin is shown in Figure 4.13 andcanbe expressed as

Evap = 11.63 x exp (0.077 x Tmax) (4.2)

This relationship was used to compute evapotranspiration from the snow free area.

In order to obtain the representative value of evapotranspration losses from snow-free part

of the basin, it was computed at mid elevation of snow-free area. Mid elevation of snow-

free area was determined using information on snow-covered area and area-elevation

curve of the basin. As the melt season advances, the snow-covered area reduces resulting

an increase in snow-free area. Therefore, mid elevation of the snow-free area changes with

time. It increases in summer as snow line moves up and reduces during winter period

when snow line lowers down. The available mean monthly temperatures of Bhakra were

extrapolated to the mid elevation of snow-free area using a temperature lapse rate. The

extrapolation of temperature was made using following relationship:

Tmax = Tbmax - 8 X(h - hb) (4.3)

where, Tmax is the mean monthly maximum temperature (°C) at elevation h (m) in the

basin, 8is the temperature lapse rate (0.6°C/100 m), Tbmax is the mean monthly maximum

temperature of Bhakra(°C) and hb is the elevation of base station (518m).

Equation (4.2) and (4.3) provided the pan evaporation at mid elevation of snow-

free area, which was considered as representative of evapotranspiration for snow free area.

Monthly potential evapotranspiration from snow-free area was computed by multiplying
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estimated pan evaporation by pan coefficient. However, true values of pan coefficient

have been reported between 0.6 to 0.8 for US Weather Bureau Class A pan evaporimeter,

but an average value (0.7) is recommended for use (Chow, 1964). In addition to mid

elevation approach, evapotranspiration losses from the basin were also estimated using a

distributed approach called as GIS based approach. A digital elevation model (DEM) of

the basin was prepared and used for computation ofelevation ofdesired point in the basin

(Figure 4.14). In GIS based approach, first a temperature distribution map using Equation

(4.3) was prepared. For the factor h, the DEM has been considered and maximum

temperature at each grid was computed. It is to be noted here that, the temperature

distribution was prepared only for snow free area for each month. As given in Equation

(4.2) that a relationship between maximum temperature and evaporation has been

developed. Using this relationship and with the help of temperature distribution map, a

evaporation distribution map was prepared. From this an average value was obtained for

every month and multiplied by 0.7 to get potential evaporation.

Monthly or annual AET from the basin can be computed using potential

evapotranspiration (PET) provided information on AET/PET is available for the period of

interest. No study has been reported for the Himalayan region giving information on

AET/ PET for this region, which can be straightway adopted. Therefore for computation

ofratio ofAET/PET an analysis ofrainfall and mean temperature has been carried out for

the snow free part of the basin, which controls evapotranspiration losses from the basin.

During winter period the basin get less rainfall and temperatures are also low, therefore

little AET takes place from the basin during this period. During the premonsoon period

(April to June) the temperature are high but again rainfall is less and hence PET is high but

the AET is not significant. During monsoon period (July to September) the rainfall

provides sufficient moisture for evaporation from soil and temperature is also high,
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therefore AET is comparable to PET. On the basis of trends of rainfall and temperature,

the AET/PET was distributed over a period of 12 months. AET and PET were considered

closer in the monsoon period because sufficient soil moisture is available to evaporate.

Whereas AET was kept minimum in the winter period when temperatures are very low

resulting in less evapotranspiration losses. The distribution for each month was obtained

on the basis of analysis of monthly rainfall and temperature patterns in the lower part of

the basin. The approximate values of AET/PET for different months starting from January

was considered as 0.20, 0.20, 0.15, 0.20, 0.15, 0.25, 0.85, 0.90, 0.65, 0.25, 0.25,0.25.

These values provide AET/PET as 0.40 on the yearly basis. For a particular month,

estimated monthly AET and extent of snow free area provided actual evapotranspiration

losses. Cumulative monthly values over the water budget period give total

evapotranspiration losses from the basin.

The monthly evapotranspiration obtained using mid elevation approach and GIS

based approach for different years are given in Table 4.4. The distribution of monthly

actual evapotranspiration using GIS based approach for a year is shown in Figure 4.15 and

4.16. For different years, variation in the computed annual evapotranspiration from these

two different approaches ranged between 2 to 8%. Total cumulative evapotranspiration

losses over the water budget period were estimated to be 1486 mm and 1413 mm using

Mid elevation approach and GIS based approach, respectively. In Table 4.4 the values of

evapotranspiration obtained using both the techniques has been provided. The average of

these two values have been taken and given in the Table 4.1. It is noticed that both

approaches provided only about 5% difference in the total evapotranspiration losses.
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Table 4.4 : Monthly evapotranspiration computed for different years for the Indian part of Satluj basin up to Bhakra. E1 and E2 represent
monthly evapotranspiration computed using mid elevation approach and GIS based approach, respectively.

Year/

Mon.

1986/87 1987/88 1988/89 1989/90 1990/91 1991/92 1992/93

El

(mm)

E2

(mm)

El

(mm)

E2

(mm)

El

(mm)

E2

(mm)

El

(mm)

E2

(mm)

El

(mm)

E2

(mm)

El

(mm)

E2

(mm)

El

(mm)

E2

(mm)

Oct. 8.0 7.6 8.6 7.9 7.0 5.6 10.0 8.9 8.7 6.9 8.2 6.8 9.1 8.3

Nov. 6.4 8.5 6.2 8.2 4.8 5.7 5.7 7.3 7.0 9.1 5.5 6.7 5.8 7.2

Dec. 3.5 4.3 4.2 4.7 3.3 3.7 3.5 3.7 3.9 4.4 3.7 3.4 3.6 4.0

Jan 2.6 3.0 2.4 2.6 1.8 1.8 2.6 2.8 2.4 2.7 1.9 2.0 2.0 2.2

Feb 3.2 3.5 3.2 3.4 2.4 2.6 2.4 2.5 2.9 3.2 2.5 2.4 3.2 3.8

Mar 2.9 2.9 2.5 2.0 2.7 2.5 2.0 1.7 2.8 2.7 2.2 1.8 2.6 2.6

Apr. 6.7 7.0 7.0 6.1 5.7 5.7 5.5 5.0 5.5 5.4 6.3 6.4 6.6 6.8

May 4.7 4.5 7.9 6.6 7.5 6.8 7.8 7.6 7.7 7.0 7.5 7.5 9.5 9.5

June 12.9 12.4 14.1 14.5 10.9 8.3 14.5 14.3 13.9 14.8 15.0 16.5 15.8 17.1

July 45.7 40.6 28.3 25.6 35.7 32.6 30.4 27.4 44.8 43.9 34.4 33.2 32.6 30.9

Aug. 36.3 33.5 29.5 25.3 35.2 32.6 33.6 30.8 33.1 29.6 32.8 30.7 44.3 40.7

Sept. 27.6 26.0 23.2 19.5 26.3 24.0 23.4 21.7 23.5 20.3 25.8 24.1 22.5 20.8

Total 160.5 153.8 137.1 126.4 143.3 131.9 141.4 133.7 156.2 150.0 145.8 141.5 157.6 153.9



Following the above mentioned two approaches, evapotranspiration losses were

estimated for all the years for which snow-covered/snow-free data was available. Using

available information, an average yearly evapotranspiration was obtained and used for the

years for which data were not available. Therefore in Table 4.1 for the last three years

period the evapotranspiration losses are given as the average value. An average value of

the evapotranspiration losses (1450 mm) for the water budget period (or 145 mm/year)

was obtained from the above two computed values and used in further calculations.

4.5 SNOW AND GLACIER CONTRIBUTION

Average snow and glacier contribution in the annual flow of Satluj River at

Bhakra Dam was computed using water balance Equation (4.1). Runoff depth, rainfall

input and evapotranspiration losses for different years are listed in Table 4.1. Cumulative

values each component for the water budget period were used for estimation of the

contribution of rainfall, and snow and glacier in the total annual runoff from the basin

(Table 4.5).

Table 4.5: Snow and glacier melt for Satluj River at Bhakra using 10 years
(1986/87-1995/96) data

Period Runoff Rainfall Evapotrans Rain Snow and glacier

(mm) (mm) piration losses

(mm)

contribution to

runoff

contribution to runoff

(mm) (%) (mm) (%)

10 years

(1986/87- 5614 3748 1450 2298 41 3314 59

1995/96)

The average snow and glacier melt runoff contribution into annual flows was

found to be about 59% and rest, 41% from the rain.
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4.6 CONCLUDING REMARK

The application ofwater balance approach for a snowfed basin has been made to

find out the snow and glacier contribution in the basin. The location ofgauging site where

snow and glacier contribution is being computed is also very important because

percentage of snow covered area in the total drainage area changes from site to site. In the

present case, for all the sites upstream of Bhakra the snow and glacier contribution in the

annual flows will be higher due to increase in the percentage ofsnow covered area in the

total drainage area ofthe basin. The results indicate that there is a significant contribution

from snow (59%) in the study basin. Therefore development of a snowmelt model for a

basin having major component from snow is required for such basins. In the present this

aspect, i.e., development of snowmelt runoff model has been taken and covered in detail in

the next chapter.
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CHAPTER 5

# MODELLING OF STEAMFLOW FOR A SNOWFED BASIN

Modelling of streamflow from a basin is based on transformation of incoming

precipitation to outgoing streamflow by considering losses to the atmosphere, temporary

storage, lag and attenuation. Hydrological models use for simulation or forecasting of

streamflow are generally categorized as simple regression models, black-box models,

conceptual models and physically based models. Black-box models are generally lumped in

nature by treating a basin as a single spatial unit. Physically based models use appropriate

physical equations contain equations for all the processes involved. These models are

invariably distributed and involve desegregation of basin into zones or grid cells.

Conceptual models may be either lumped or distributed with one or more storage

represented by conceptual units and connected by incoming and outgoing fluxes

representing different hydrological pathways.

When precipitation falls as snow it snow accumulates in the basin and snowpack is

developed. Conceptually snowmelt runoff models are rainfall-runoff models with additional

component or routines added to store and subsequently melt precipitation that falls as snow.

Some snowmelt runoff models are purpose built and are not intended for use in non snowy

environments, though they have to make some allowance for precipitation which falls as

rain during the melt season. In general, the part of the model which deals with snowmelt,

has to achieve three operations at each time step (Ferguson, 1999)

^r • extrapolate available meteorological data to the snowpack at different altitude zones

• calculate rates of snowmelt at different points, and
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• integrate snowmelt over the concerned effective area of the basin and estimate the

total volume of new melt water.

The melt water and rainfall, if any, is then routed to the basin outlet. In the next time

step the model has to take into account of changes in snow-covered area because there is

general depletion of snow covered area with time. In the present study a conceptual model

for simulation of streamflow for Satluj river basin which is a highly snowfed basin, has

been developed. The structure of the model and algorithms used are discussed in detail in

the following sections.

5.1 DEVELOPMENT OF SNOWMELT MODEL (SNOWMOD)

The snowmelt model (SNOWMOD) is designed to simulate daily streamflow in

mountainous basin where snowmelt is major runoff component. The process of generation

of streamflow from snow covered areas involves primarily the determination of the amount

of basin input derived from snowmelt alongwith some contribution from glaciermelt and

rain. Most of the Himalayan basins experience runoff from the snowmelt as well as rain.

The contribution of rain comes from the lower part of the basin having elevation less than

2000m, the middle part between 2000m to 4000m contributes runoff from the combination

of rain and snowmelt while in the high altitude region having elevation more than 4000m,

runoff computation comes from the glacier melt. The contribution from snow and glacier is

controlled by the climatic conditions and therefore, varies from year to year. The

importance of snow and glaciercontributions in Satluj basin has already been presented and

discussed in Chapter 4.

Himalayan basins are complex in nature in terms of input to the basin and have

contributions from all the three sources, i.e., rain, snow and glacier. For these types of

basins, situation becomes more complex because contribution from each component is not
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known or could not be observed separately. The observed flow consists of the contribution

from all these three sources in addition to the base flow/ground water contribution. For the

Himalayan basins, most important factor influencing the development of model and the

approach to be adopted, is the limited availability of data. There is very sparse network of

measurement stations in the high altitude region of the Himalayas. Data collected at most

of the measurement stations consist of mostly temperature and precipitation data. Most of

the meteorological data required for the application ofenergy balance approach is hardly

available. Therefore, development of a conceptual model with an index approach for

calculating the snow and glacier melt runoff is the suitable choice for snowmelt runoff in

the Himalayan basins. Keeping in view the limited data availability, the structure of the

present model has been kept simple so that all suitable/available data is properly utilised.

5.2 MODEL STRUCTURE

The flow chart of the model structure is shown in Figure 5.1. Specific major

considerations inthe design ofthe model components are as follows:

(a) The model computes or simulates the snow melting and runoff processes on adaily

basis. The basin is divided into snow covered and snow free part and modelling of

runoff is carried out separately from these two parts.

(b) Use of practical yet theoretically sound methods for subdividing the basin in

evaluating the various physical and hydrologic processes relevant to snow melt and

its appearance as streamflow at the outlet.

(c) The model has ability to perform simulation computations over any specified time

interval according to the availability of inputdata
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(d) Capability of the model to adjust itself to specified or observed conditions of

streamflow from the previously computed amounts, and maintaining continuity of

functions in further processing.

(e) Optimisation of parameters used in routing of the rainfall-runoff and snowmelt

runoff.

In order to execute this SNOWMOD model, the following input data are required:

1) Physical features of the basin which include snow covered area, elevation bands and

their areas, altitude of meteorological stations, and other watershed characteristics

affecting runoff.

2) Time variable data include precipitation, air temperatures, snow-covered area,

streamflow data, and other parameters determining the distribution of temperature and

precipitation.

3) Information on the initial soil moisture status of the basin

4) Miscellaneous job control and time control data which specify such items as total

computation period, routing intervals etc.

5.3 MODEL VARIABLES AND PARAMETERS

5.3.1 Basin Characteristics

5.3.1.1 Division of catchment into elevation bands

In the mountainous catchment where temperature and snow depth vary with-

elevation, the drainage area is divided into some convenient number of the bands of

elevations and each elevation band is treated as a separate watershed with its own

characteristics and initial snow cover area. Snowmelt is computed from each elevation band

using temperature data. This approach allows a proper quantitative appraisal of the

evolution and depletion of snowpack in the mountainous basins. The number of bands in a
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basin will depend upon the topographic reliefof the basin. However, there is no specified

range of altitude for slicing the basin in the bands, but an altitude difference of about 500 m

or so is considered appropriate for dividing the basin into elevation bands. Moisture input

for each band is the sum of snowmelt and rainfall. Runoff for each band is computed from

watershed runoff characteristics developed for that particular band. Streamflow for the

whole basin is found by summing the runoff synthesized for all elevation bands. The

program stores for every elevation band a value for each component of flow and each

routing increment. The program maintains an inventory of snow cover area, soil moisture,

snow accumulation, and all other values required for making the computation for the next

period.

Digital elevation model (DEM) of the study area has been prepared from SOI

contours and already shown in Chapter 4. For the preparation of the area-elevation curves,

the basin has to be divided into a 10 number of elevation bands. The area of the catchment

falling in each elevation band was measured and the area elevation curve of the basin was

prepared. The area covered in each elevation band is given in Table 5.1 and area elevation

curve is shown in Figure 5.2. In the beginning and end of the curve, elevation is almost

increasing linearly with area. In the elevation bands of 3000-3600 m and 3600-4200 m, the

curve is represented by a mild slope and the area covered is more in comparison of area

covered in other elevation bands.
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Figure 5.2 : Area elevation curve for Satluj basin upto Bhakra
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TABLE 5.1 : Satluj basin area covered in different elevation band

Zones Elevation range

(m)

Area

(km2)

1. <600 308.8

2. 600-1200 1702.6

3. 1200-1800 2283.2

4. 1800-2400 1660.0

5. 2400-3000 955.6

6. 3000-3600 2073.7

7. 3600-4200 4121.9

8. 4200-4800 5460.3

9. 4800-5400 3275.8

10. >5400 433.3

5.3.2 Meteorological Characteristics

5.3.2.1 Precipitation data and distribution

Some of the most significant data-related problems in mountainous basins are

associated with the measurement of the amount and spatial distribution of precipitation.

WMO (1986) made acomparative study of various snowmelt models and it was concluded

that precipitation distribution assumptions and the determination of the form of precipitation

were the most important factors in producing the accurate estimates of runoff volume. The

distinction between rain and snow for each elevation band is very important for all

snowmelt models because precipitation falling in the form of rain and snow behaves

differently in terms of contribution to the streamflow. The contribution of rain to the

streamflow is faster than that of snow because snow is stored in the basin until it melts,

whereas rain almost immediately contributes to streamflow. On any elevation band, the

precipitation may fall as rain or snow. Rain on aelevation band or apart of the band is
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added directly to the moisture input. Snow is added to the previously accumulated snow, if

any. The new snow that falls on the previously snow covered area becomes part of the

seasonal snowpack and its effect depends on the condition of the snowpack. The rain falling

over a cold snowpack in the early melt season, will be frozen in the snowpack and would

not be available immediately to the runoff. It would melt when favourable atmospheric and

snowpack conditions are available. But if the rain is falling over the ripe snowpack, it is

transferred through the snow layer and contributes to runoff.

For the study basin (Satluj basin) daily precipitation data were available at ten

rainguage stations within the study area, namely, Bhakra, Berthin, Kahu, Kasol, Suni,

Rampur, Kalpa, Rakchham, Namgia and Kaza. The location of raingauge and temperature

stations is shown in Figure 3.2 in Chapter 3. Following the trends of hydrographs, theperiod

of November to October has been considered as water year in this study. For different

elevation bands, data of different stations have been used as shown in Table 5.2. The

locations and altitude of each station is already given in Chapter 3. The raingauge has been

assigned to the different bands on the basis of its proximity to the respective band according

to altitude of the station. For the second band, the rainfall data was available for the four

stations at about same elevations. Therefore for this band, the average value of these four

stations viz. Suni, Berthin, kasol and Kahu have been taken. The typical rainfall distribution

over the basin for the year 1985-86 is shown in Figure 5.3.
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TABLE 5.2 : Raingauge and temperature stations used for different bands

Band Elevation

range(m)

Raingauge

station

Temperature station

1. <600 Bhakra Bhakra

2. 600-1200 Average of

Berthin, Suni,

Kasol and Kahu

Bhakra

3. 1200-1800 Rampur Rampur

4. 1800-2400 Rampur Rampur

5. 2400-3000 Kalpa Kalpa

6. 3000-3600 Rakchham Rakchham

7. 3600-4200 Rakchham Rakchham

8. 4200-4800 Kaza Kaza

9. 4800-5400 Kaza Kaza

10. >5400 Kaza Kaza

5.3.2.2 Temperature data- Space and time distribution

Snowmelt runoff computations in the mountain regions require reliable temperature

data for all the elevation bands of the basin. Usually the temperature data are available at

few locations in the basin. These point values are extrapolated or interpolated to the mid

elevation of each elevation band using a predefined temperature lapse rate in the model.

Lapse rates are known to be quite variable, ranging from high values of about the dry

adiabatic lapse rate to low values representing inversion conditions. For example, during

continuous rainstorm conditions the lapse rate will approximate the saturated adiabatic rate,

whereas under clear sky, dry weather conditions, the lapse rate during the warm part ofthe

day will tend to the dry adiabatic rate. During the night, under clear sky conditions,

radiation cooling will cause the temperatures to fall to the dew point temperature, and this is

particularly true for a moist air mass. As a result, night-time lapse rates under clear skies
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will tend to be quite low, and at times even zero lapse rates will occur. The trends of

variation of temperature show that a complete and detailed representation of the variability

of temperature lapse rate is not possible in a snowmelt runoff model. But in case

temperature data are available at least at two stations, one near the outlet of the basin and

one near the highest elevation, somewhat realistic temperature lapse rate could be computed

and used for extrapolation/interpolation in the various bands. When data of only one station

is available, a lapse rate has to be assumed in order to extrapolate temperature from base

station to the appropriate meanhypsometric elevation.

The daily temperature in the various elevation bands have been calculated by using

the temperature lapse rate approach, by extending data from the base station by the

following equation,

Tij =Ti>base-8(hj-hbaSe) (5.1)

Where,

Tij =daily mean temperature on ith day in jth zone (°C)

Ti.base =daily mean temperature (°C) on ith day at the base station

hj - zonal hypsometric mean elevation (m)

hbase = elevation of base station (m)

8 = Temperature lapse rate in°C per 100 m.

The temperature lapse rate must be carefully selected and it should be indicative of

the mountainous region where the basin is located, on some kind of prior climatic

knowledge. Generally the temperature is lapsed at 6.5°C/km or at a specified rate to the

mean hypsometric elevation of each elevation band.
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For the study area (Satluj basin) daily maximum and minimum temperature were

available for five stations viz. Bhakra, Rampur, Kalpa, Rakchham and Kaza. Mean

temperature was computed and used in this study. As mentioned earlier the total basin was

divided into ten elevation bands. For each band, a base station was assigned, as given in

Table 5.2. For the corresponding bands, temperature was extrapolated/interpolated using the

base station data. The temperature distribution is shown in Figure 5.4 for one year i.e. 1985-

86. The mean temperature was then extrapolated to the respective elevation bands by alapse

rate of 0.65 °C/100 m (Singh, 1991).

5.3.2.3 Snow cover

The snow cover area has tobeestimated from the satellite imageries / digital data as

information is not available on the extent of the snow covered area for different months

during the snowmelt period. In the snow melt runoff computations, attention is usually

focussed on determining the snowmelt rate. But the continuously changing snow cover in

the basin may overshadow the improved accuracy. The changing snow cover may be of

little importance in flat areas with uniform snow cover or for forecasting only the total

seasonal snowmelt volume. On the other hand, it plays a dominant role in the mountainous

catchments where snow cover area gradually decreases from maximum to minimum. In

catchments with rugged terrain and sharp mountain ridges, the evaluation by planimetering

is impossible as the snow cover consists of numerous dispersed snow patches.

The snow cover area in the study basin for the years 1986-1993 was determined

using Landsat and IRS-1A/1B (LISS-I) satellite data. This is given and shown in the form

of Figures already in Chapter 4. For modelling ofstreamflow, data of some recent years

have been used and snow covered data was needed for these years. Therefore, the snow

cover area for the years 1997-1999 have been taken from IRS-1C/1D WiFS sensor.
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However, this sensor is having coarse resolution but for the large catchment this can be

successfully applied. In this study, data for these three years have been taken and processed

in the similar way as processed for IRS LISS I data. The snow cover area maps have been

using ERDAS IMAGINE and the area has been estimated. The snow cover area in each

elevation band is plotted against the elapsed time to construct the depletion curves for the

various elevation bands in the basin. For the snowmelt runoff computations on adaily basis,

the daily snow cover values were taken from these depletion curves. The snow cover

depletion curves vary significantly from year to year and, therefore, the snow cover

depletion curve has to be made separately for each year under consideration to be used as

input to the model. The depletion curves prepared for the study basin have been shown in

figure 5.5 and 5.6 for the period 1986-93 and 1997-1999, respectively.

In order to simulate runoff on the daily scale from the basin, daily snow cover area

for each band was used as input to the model. For calculating this, snow cover map has been

overlaid on elevation band maps. Then for each year snow cover in each elevation band for

the available dates was calculated. Using this information alongwith the snow cover

depletion curves, snow cover area in each elevation band on daily basis for each year has

been calculated. For one-year i.e. 1985-86, the variation of snow covered area in each

elevation band, is shown in Figure 5.7. Bands 1,2 and 3 are having no snow cover and

therefore not included in this figure.

5.3.2.4 Rain on snow

Rain-on-snow events, in which snowmelt may be limited, are also hydrologically

important (Colbeck, 1975; Berg et al.,1991). Most of the largest floods in British Columbia,

Washington, Oregon and California have been associated with rain-on-snow (Kattelmann

1987; Brunengo, 1990). Archer et al. (1994) reported that in Britain more frequently
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flooding results from combination of melting snow and rainfall. A good rainfall occurs in

the high altitude regions of Himalayas during the active melting period (Singh et al., 1995;

Singh and Kumar, 1996). Further, rain-on-snow events are also considered a major cause in

the release of avalanches. Introduction of liquid water into snow weakens the bond between

grains and alters the snow texture, which results in reduced mechanical strength of the

snowpack. Various studies have been carried out to understand the role of rain in triggering

avalanches in maritime climates (Conway et. al, 1988, Heywood, 1988; Conway and

Raymond, 1993).

* When rain falls on the snowpack it is cooled to the temperature of snow. 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 snowpacks isothermal at 0°C, the release ofheat 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 at0°C, the melt occurring due to rain iscomputed by

Qp=pwCp(Tr-Ts)Pr/1000 (5.2)

where,

Qp = energy supplied to the pack by rain (kJ m" d")

pw - density of water (1000 kg m"3)

Cp =specific heat of water (4.20 kJ kg'' °C')

Tr= temperature of rain (°C)

Ts = temperature of snowpack (°C)

Pr =depth ofrain (mm d"1)

Substituting the values ofvarious parameters in the above equation, it reduces to
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Qp=4.2TrPr (5.3)

Usually, rain temperature is considered equal to the air temperature on that day.

The melt caused by this energy is computed as

Mr = Qp/(phfB) (5.4)

where,

mr = melt caused by the energy supplied by rain (mm d")

hf = latent heat of fusion of water (335 kJ kg' )

B = thermal quality of snow (0.95-0.97)

5.3.2.5 Degree days

Air temperature expressed as degree-days are used in snow melt computations as an

index of complex energy balance tending to snow melt. A degree-day, in its broad sense, is

a unit expressing the amount of heat in terms of the persistence of temperature for 24-hour

period of °C departure from a reference temperature. The simplest and most common

expression relating snowmelt to temperature index is,

M = D(Ti-Tb) (5.5)

where,

M = depth of melt water (mm) produced in a unit time

D=degree-day factor (mm °C " d"1)

Tj = index air temperature (°C)

Tb = base temperature (usually, 0°C)
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Although temperature and other hydrologic conditions vary continuously throughout the

day, daily mean temperature is the most commonly used index oftemperature for snowmelt.

Where only maximum (Tmax) and minimum temperatures (Tmin) are available, the number of

degree-days is computed as

T = Tmean = (Tmax+Tmin)/2 (5.6)

At stations where hourly readings are made, the number of degree-days for each 24

hour period is determined by summing the hourly temperatures and dividing by 24. Further

0°C base temperature is generally used in computation of degree-days. This follows from

the idea that most snowmelt results directly from the transfer of heat from the air in excess

of 0°C. Some investigators have also used only Tmax for computing the degree-days. In that

case a lower value of Df is used along with a lower value of base temperature.

5.3.3 Model Parameters

5.3.3.1 Degree-day factor

The degree-day factor, D, is an important parameter for snowmelt computation and

converts the degree-days to snow melt expressed in depth ofwater. D is influenced by the

physical properties ofsnowpack and because these properties change with time, therefore,

this factor also changes with time. The seasonal variation in melt factor is well illustrated by

the results obtained from the study reported by Anderson (1973). The lower value being in

the beginning of melt season and higher towards the end melt season. A wide range ofa

values has been reported in the literature with a generally increase as the snowpack ripens.

For example, Garstaka (1964) reported extreme values ofDf as low as 0.7 mm °C" d" and

as high as 9.2 mm °C"1 d"1. Yoshida (1962) reported the values ofD to be between 4.0-8.0
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mm°C" day", depending on the location, time of year and meteorological conditions. Singh

and Kumar (1996) determined the D factor by monitoring a known snow surface area of the

snow block within the snowpack at an altitude of about 4000m in the western Himalayan

region in the summer. The mean daily value of the D was computed tobe 5.94 mm °C_1 day

", while for a dusted block it increased to 6.62 mm °C"' day"1. In glacierized basins, the

degree-day factor usually exceeds 6 mm °C"' d'1 towards the end of summer when ice

becomes exposed (Kotlyakov and Krenke, 1992). 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 go on increasing till the end of melt season

i.e. the month of September. Therange of the values of degree-day factors used in this study

is given Table 5.3.

5.3.3.2 Form of precipitation

The distinction between rain and snow for each elevation band of the basin is very

important for all the snow melt models because precipitation falling in the form of rain or

snow behaves differently in terms of contribution to the streamflow. The contribution of

rain to the streamflow is faster than that of snow because snow is stored in the basin until it

melts whereas rain contributes almost immediately. Precipitation in each period is assumed

to fall as snow above the freezing elevation and rain below that elevation. Onany one of the

bands, precipitation might fall as rain, as snow, or a combination of the two. Rain on a band

or part of a band is added directly to moisture input. Snow is added to the previous

accumulation, if any. Accumulated snow is assumed to cover the entire band. Each band

must be either snow free or fully snow covered. Further, the response of snows fallen over

the accumulated snow or snows free area, is different. The new snow that falls over the
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previously snow covered area becomes the part of the previous seasonal snowpack and its

effect on runoff depends on the condition of the snowpack. For example, rain falling over

the cold snowpack, like in the early melts season, will be frozen in the snowpack and it is

not immediately available for runoff. It melts when favourable atmospheric and snowpack

conditions are available. But rain falling over the ripe snowpack is transferred through the

snow layer and becomes available to contribute to runoff. The new snow falling over the

snow free area is considered as precipitation to be added to snowmelt, with delayed effect

until the next warm day.

* For this purpose a critical temperature is specified in the model to determine whether

measured precipitation is rain or snow. This is ofparticular importance for models, which

simulate the build-up of snow cover from precipitation data. From direct observations, Tcrit

is generally higher than 0°C as found by Charbonneau et al. (1981). Therefore, value ofTcrit

is usually selected slightly above the freezing point and may vary from basin to basin. The

* value of Tcrit = 2°Cis considered in this model. It indicates that

if Tm ^ 2°C, all precipitation is rain,

if Tm 40°C, all precipitation is snow,

if Tm > 0°C and Tm 4> 2°C, precipitation will be considered as a mixture of rain

and snow and their proportion will be worked out in the following way:

Rain=(Tm/Tcrit)*P (5.7)

Snow=P - Rain (5-8 )

where P is the total observed precipitation.

5.3.3.3 Runoff Coefficients

3g The runoff coefficient takes care of the losses, i.e., the difference between the

available water input and outflow from the basin. The average value of runoff coefficient
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for a basin is represented by the ratio of annual runoff to annual precipitation. The runoff

coefficient is likely to vary throughout year as a result of changing vegetation and soil

moisture, which can be varied accordingly in the model. At the start of the snowmelt

season, losses are usually very small because these are limited to the evaporation from the

snow surfaces at higher elevations. But as the snowmelt season progresses, when some of

the soil becomes exposed due to the melted snow and when some vegetation grows, more

losses must be expected due to evapotranspiration and interception. The model uses

different runoff coefficients for rain and snow, i.e., Cr for rain and Cs for snow respectively.

The runoff coefficient for snowmelt is usually higher than that for rainfall. The runoff

coefficient varies from month to month, throughout the season in-a basin. The selection of

the value of runoffcoefficients requires first hand knowledge of the basin and its hydrologic

behavior under different hydro-meteorological conditions.

Table 5.3: Parameter values used in calibration of model

S.No. Parameter Symbol Value

I. Degree-day factor D 1.0-4.0mm.°C"1.day1

2. Runoff coefficient for rain cr 0.40- 0.70

3. Runoff coefficient for snow Cs 0.50-0.80

4. Temperature lapse rate 5 0.65°C/100m

5. Critical temperature Tc 2°C

6. Number of linear reservoirs

for snow free area

Nr 2

7. Number of linear reservoirs

for snow covered area

Ns 1

8. Number of linear reservoirs

for subsurface flow

Nb 1

The above description gives detail on the various input data/parameters used to

compute the depth of snowmelt and rainfall runoff in the basin. The losses to the runoff
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depth as computed using runoff coefficients, were the input to the subsurface flow regime.

The computation of surface runoff as well as subsurface runoff is given in the following

sections.

*

5.4 COMPUTATION OF DIFFERENT RUNOFF COMPONENTS

The streamflow from a snowfedriver has three components namely, runoff from the

snow covered area, snow free area and baseflow. The computation of runoff for each

component was made for each elevation band separately and then output from all the bands

* was integrated to provide the total runoff from the study basin.

5.4.1. Surface runoff from snow covered area

The runoff from snow covered area consists mainly of (i) snowmelt caused due to

temperature, (ii) melt water due to heat transfer to the snow under rainy condition and (iii)

- runoff from rain itself falling over snow covered area. These three sources of runoff from

snow covered area are described below.

(a) Snowmelt for each band ofthe basin due to temperature was computed using degree-day

approach. In this approach degree-day factor is used to convert degree-days to snowmelt

expressed in depth of water.

« Ms,ij =Cs,ijDf,ijTi,jSc,ij (5.9)

where,

Ms,ij - snowmelt in terms of depth of water on ith day for jth band (mm)

Cs,i,j - coefficient of runoff for snow on ith day for jth band (value less than one)thdayforjth

th j„. r„_ :th u„„a i "r^-'iDf,ij =degree-day factor on i day for j band (mm.°C" d" )

Ty - temperature on ith day for jth band (°C)

Sc,j,j =Ratio of snow covered area to the total area ofjth band on ith day
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(b) Runoff depth due to snowmelt from the heat transferred to snow by the rain falling on

the snowpack. The depth of snowmelt caused by rain in a band is given by,

Mr>ij = 4.2 TijPjjScij/ 3335 (5.10)

where,

Mr,ij = snowmelt in terms ofdepth ofwater due to rain on snow on ith day for jth

band (mm)

Py = rainfall on snow on ith day for jth band (mm)

(c) Runoffdepth from rain falling over snow covered area is given by,

Rs.ij = CS)ij Py Sc>ij (5.11)

In the above calculations for computation of runoff from rain, the coefficient Cs is

considered (not Cr), because the runoff from rainfall falling on snow behaves like the runoff

from melting of snow.

The total discharge from the snow covered area is computed by summation of the

runoff from each elevation band on a daily basis. Thus, discharge from the snow covered

area for all the bands is given by

n

Qsca= 2 (Ms)ij +Mm,g+Rs,iJ)Asca,ija (5.12)

where, n = the total number of bands

a = a factor used to convert the runoff depth into discharge or in other words

conversion of the depth units to m3.s"'. This conversion factor comes outto be 1000/86400

or 0.0116.

Asca,ij = Snow covered area in the jth band on the ith day
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5.4.2 Surface runoff from snow free area

The source of surface runoff from the snow free area is rainfall. Like snowmelt runoff

computations, runoff from snow free area was also computed for each band. The runoff

depth from the rainfall occurring over snow free area is given by,

Rf,iJ = Cr,ijPijSf,ij (5-13)

where,

Cr,i,j =coefficient of runoff for rain on ith day for jth band (value less than one)

Pij = rainfall on snow on ith day forjth band (mm)

Sf,ij =Ratio of snow free area to the total area of jth band on ith day. The ratio Sf,y is

calculated by subtracting the ratio Sc,y from 1, i.e., Sfjj = (1- Sc,ij)

The runoff depth from the snowfree area is converted to discharge in cumecs in the

same way as for the snow covered area as given above (equation 5.12). The runoff from

snow free area for all the bands is thus given by

Qsfa=£ R^ Asf^a (5'14)

where, A*&,y =Snow free area in the jth band on the ith day

5.4.3 Estimation of subsurface runoff

The balance from the total snowmelt and rainfall after accounting for surface runoff,

contributes to the groundwater through infiltration and appears at the outlet of the basin

with a delayed effect through a groundwater reservoir. The depletion of this groundwater

storage also takes place due to evpotranspiration and percolation of water to deep

groundwater zone or inactive zone. It is assumed that 50% of the water, which percolates

down to shallow groundwater contribute to base flow. The remaining 50 % is assumed to
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account for loss from the basin due to evapotranspiration and percolation to deep

groundwater.

The depth of runoffcontributing to baseflow from each band is therefore, given by

Rb,y = 0.5 *[(1-Cr,ij) * Rf,y +(l-Cs,ij)*MUj] (5.15)

where, Myj = M»,y + Mr,y + RSiij

The sub surface runoffwas computed by multiplying this depth with conversion factor

a area, and given as follows:

Qb= £ Rb,u Ay a (5.16)
H

where, Ayis the total area and it is sum of Asca,y and Asfa,y

5.4.4. Total runoff

The total runoff from the basin is calculated by adding the different components of

runoff for each day, expressed as follows:

Q = Qsca + Qsfa + Qb (5.17)

As discussed above, the direct runoff is considered to result from overland or near

surface flow, while baseflow is regarded as being a result of groundwater contribution into

the stream. Infact, the contribution to baseflow starts only after the topsoil is saturated. For

this purpose a soil moisture index (SMI) has been considered in the present study. The

routing of surface and subsurface runoffhas beencarried out separately and described in the

following sections.
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5.5 ROUTING OF DIFFERENT COMPONENTS OF RUNOFF

5.5.1 Routing of surface runoff

The catchment routing refers to the transformation of input to the basin either in the

form of rainfall or snowmelt to the outflow from the basin. The flows emerging out from

the snow covered area and the snow free area are routed through a cascade of linear

reservoirs. The linear reservoir cascade routing method is one of the most popular and

frequently used method for catchment routing (Singh and Singh, 2001). Because of the

difference in response from snow covered area and snow free area, the routing of these two

components were done separately. When inflow is passed through a linear reservoir, the

peak and time base characteristics of the outflow are influenced according to the storage

characteristics of the reservoir. In case, the inflow is passed through a series of linear

reservoirs with equal storage coefficient, an integrated effect of all the reservoirs will be

observed in the outflow from the last reservoir. The outflow of the upper reservoir is routed

through the next reservoir. Considering n reservoirs in series, the outflow from the second

reservoir is the inflow to the third reservoir and so on. The outflow from the nl . reservoir

represents the response ofcatchment in terms ofoutflow. Thus, each reservoir plays its role

in affecting attenuation and lag characteristics of the outflow. The analytical version of the

cascade of equal linear reservoirs is known as the 'Nash Model'. In order to derive the

general routing equation for a series ofn reservoirs, the first outflow from the first reservoir

is obtained as follows.

A spatially lumped form of the continuity equation is expressed as

^=I-Q (5.18)
dt

where S is the storage or volume of water within the reach, I is the inflow rate, Q is the

outflow rate, dS/dt is the volume of storage, k and x are routing parameters. It is assumed

that at t=0, I=Q. Another relation between storage and discharge is hypothesized. This
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relation is called the storage equation, which may be linear ornon-linear. A commonly used

linear form of storage-discharge relationship maybe written as

S=kQ (5.19)

where storage S is proportional to Q with proportionality constant k (linear storage

coefficient). The discretised form of Equation (5.17) can be written as

{S2-S])_{ll+I2) Q[+Q2
At 2 2 K }

wherein subscript 1 and 2 refer to the conditions at the start and end of time interval

At, respectively and At is the routing period or discretization time interval. For the linear

reservoir case:

Si = kQ, (5.21)

S2 = kQ2 (5.22)

Substituting Equations (5.21) and (5.22) in (5.20) and solving for Q2 gives the

following equation:

Q2 = Col2+C1I1+C2Qi (5.23)

. _ At/k
where, C0 = -——— (5.24)

2 + At/k v ;

Ci = Co (5.25)

2-Atlk
C2 = -——— (5.26)

2 + AtIk v ;

Co, Q, C2 are the routing coefficients and the sum of these coefficients equals unity,

i.e.

C0+C, + C2 = l
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In the case of a cascade of reservoirs, the output of one reservoir becomes input to

the next reservoir. Thus, outflow from the nth. reservoir can beexpressed as

Qn+i,j+i= CoQn,j+i+ C, Qn,j+C2 Qn+i ,j (5.27)

where n and j represent the reservoir number and time index, respectively. Because

for a linear reservoir, C0 = Ci, the equation representing the outflow from the nth reservoir

can be written as

Qn+,, j+, = 2C, Qn, J+i+C2 Qn+i,j (5-28)

where

gn.j+i= QnJ+x+2QnJ (5.29)
Equation (5.29) was used for the catchment routing in the model. This method was

*• applied to the routing of different components of streamflow separately and then the total

outflow from the basin was computed by summing the different routed components of

runoff.

For a rainfed river basin, hydrological behaviour of the basin depends upon the

extent of snow covered area (SCA) of the basin. In the beginning of the melt, a higher

extent of SCA provides a delayed response of the runoff, which improves with the

advancement of the melt season. The basic reason for this is that the melt water first

infiltrates through snowpack and flows as overland flow under the snowpack before

emerging as outflow from the basin. Thus, in the beginning the depth and extent ofthe snow

covered area is higher therefore it provides much delayed effect. At the same time in the

> beginning of the melt, snow free area (SFA) is less therefore time of concentration for

rainfall from the basin is lower, representing a fast response due to lower extent of SFA. As
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melt season progresses, the SCA of the basin reduces and SFA increases and therefore they

are complementary to each other. Finally with the increase in snowmelt, time of

concentration for SCA reduces whereas for SFA it increases. Keeping in view the different

response of snow melt and rain from SCA and SFA and their variations with time, it is

considered appropriate to split the basin into two parts namely SCA and SFA and handle

each part separately for computation of runoff from these parts. Therefore for routing the

surface runoff, the catchment is considered as divided into two parts, i.e., snow covered area

and the snow free area. Each part is then conceptualized as a cascade of linear reservoirs.

The storage coefficients for the SFA and for the SCA are assumed to be functions of snow

free area and effective snow covered area respectively. In case of ks the effective snow

cover area was considered instead of total snow covered area. The effective snow cover is

only area of total snow cover area, which is contributing to snowmelt. Effective snow

covered area would be less than or equal to the total snow cover area. The total snow cover

area, snow free area and effective snow cover area are shown in Figure 5.8. As discussed

above, the snow cover and snow free area vary throughout the period. In order to cater for

the variable area, the variable storage coefficients were considered. It is achieved by relating

the storage coefficients for the snow cover as well as snow free area in the nonlinear form as

follows.

kr =ar (Asf)br (5.30)

ks = as(Asc)bs (5.31)

where,

kr • storage coefficient for the snow free area

ks » storage coefficient for the snow covered area

ASf= total snow free area in the basin

Asc • total effective snow covered area in the basin

134



25000

20000

£ 15000

H

b
s
la

o
0

I 10000
e
in

5000

30 60 90 120 150

Figure 5.8: Time distribution of snow cover and snow free area for the water year 1985-86

Effective snow cover area

Snow free area

Total snow cover area

180 210 240 270

Days

300

s-\r^

330 360 390



ar and br= model parameters for snow free area

as and bs • model parameters for effective snow covered area

Such relationships are possible because of the trend of removal of snow from the

basin. Total deletion of snow at a particular location is controlled by snow depth and

climatic conditions. The depth of snow is less at the lower altitudes, while it is more at the

higher altitudes. In the initial stage of melt season, as the temperature increases, snow from

the lower part depletes at faster rate because of lower snow depth in the area. In other

words snow covered area becomes snow free area at a faster rate. In the later part of the

melt season snow line moves up in the basin where the depth of snow is more and therefore

the depletion is slow as compared to lower part.

Model parameters (ar, br, as and bs) were optimised using given datasets as described

in the section 5.6 on calibration of model.

£ 5.5.2. Routing of subsurface runoff

When all the surface runoff discharges out from the drainage basin at its outlet,

baseflow or subsurface flow sustains the flow in the stream. Subsurface flow is considered

to be the relatively slow movement of the water comprising of surface runoff from the

unsaturated zone to a stream channel. The source of subsurface flow is infiltrated water in

"* excess of field capacity of soil. This excess water percolates to shallow groundwater zones

or moves down slope at shallow depths from point of infiltration to some point ofdischarge

above the water table. Deep percolation of groundwater represents the process whereby

water enters deep groundwater reservoir, which does not contribute discharge at the

catchment outlet and which may appear further downstream/may become part of deep

T inactive groundwater storage.
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The subsurface runoff is routed in the same way as surface runoff, which is

explained in the previous section. In case of subsurface routing, the storage coefficient (kb)

was determined using recession of streamflow data. Normally, baseflow is simulated

considering routing through a single reservoir. Therefore, in the present study only one

reservoir is considered for the routing of the subsurface flow. For determination of storage

coefficient in case of subsurface flow, baseflow recession analysis has been carried out.

There are many methods available for representation of recession of baseflow, but the

exponential type is most widely used. If a basin is considered as a linear reservoir, the

outflow discharge Q from the reservoir at time t will be a linear function of the volume of

water stored in the reservoir, S that is already given in Equation (5.18). Again the same can

be reproduced as follows:

S = kQ (5.32)

where k is a recession coefficient for the drainage from the glacier reservoir. The continuity

equation for the reservoir can be written as:

I-Q-f (533)
where I is the input in the form of melt or liquid precipitation or both. From Equations

(5.35) and (5.33) one contains:

T r, k.dQI=Q+—j^ (5.34)
dt

During a recession 1=0, and therefore integration yields

Q(t) = Qoe (5.35)

where, Qois the discharge at time t = 0.
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The parameter k is known as recession constant, orthe depletion factor. By taking logarithm

of this equation,

lnQ = lnQ0- (5.36)

Baseflow discharge Q can be plotted against time on semilog paper using the above

equation. The coefficient k is considered as storage constant kb. This value of kb was

determined by fitting a straight line to the plotted data. A part of rainfall/ snowmelt is

accumulated in the subsurface reservoir, which is released slowly as baseflow.

In the present study, for determination ofkb, the long-term streamflow records were

available. In order to compute the kb, the trend of streamflow from the available record was

examined for a number of years. It was noticed that minimum flow in the river was during

winter period (November to March). The trend ofstreamflow shows a continuous recession

of flow from the basin during this period, except for some anomalous change in the flow

due to local thunder storms. The data so selected were apparently linear on the semi-log

paper. Each baseflow period was then fitted to Equation (5.36) for computing the storage

coefficient for subsurface flow.

The plots for three-year data are shown in Figure 5.9 alongwith the equation derived

for each case. The storage coefficient obtained from these graphs is given in Table 5.4. The

average value for all these years comes out to be approx. 110 and therefore in the present

study a value of 110 days has been taken as storage coefficient for subsurface routing.

Table 5.4: Storage coefficient for subsurface flow for different years

S.No. Year kb(days)

1. 1986 105

2. 1987 111

3. 1988 113
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5.6 EFFICIENCY CRITERIA OF THE MODEL

Numerous statistical criteria are available for numerical evaluations of model

accuracy in each single year, in a particular season of the year, or a sequence of years or

seasons. In a study of snowmelt models, the World Meteorological Organsiation (WMO,

1986) suggest several efficiency criteria that are particularly useful for snowmelt modelling.

The most important criteria for model evaluation identified in the WMO study is the visual

inspection of linear scale plots of simulated and observed hydrographs. Several numerical

criteria are also identified as useful for model evaluation.

The model performance on a daily basis is commonly evaluated using the non-

dimensional Nash-Sutcliffe 'Revalue (Nash and Sutcliffe, 1970) as given by theequation,

\t(Qo-Qe)2}
R2=\-f^ (r (537)

|l(eo-eo)2|
where,

R2 = Nash-Sutcliffe coefficient of goodness of fit

Q0 = daily observed discharge from the basin

Qe = daily estimated discharge from the basin

Q0= mean of observed discharge

n = number of days of discharge simulation

The value of Nash-Sutcliffe coefficient is analogous to the coefficient of

determination and is a direct measure of the proportion of the variance of the recorded flows

explained by the model.
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The model performance on a seasonal basis can also be determined by computing

the percentage volume difference between the measured and computed seasonal runoffas,

!ZGo-Ze.ho

\±QQ
Dv = u" ('=\J (5.38)

.'=1

where, Dv is the percentage volume difference between the measured and computed

seasonal runoff. "*

5.7 CALIBRATION OF MODEL

The model was calibrated using a daily data set of a period of 3 years (1985-86 to

1887-88). Various points involved in the calibration process of the model are discussed as

follows. j4

5.7.1 Optimization

It is necessary to fit and test the model on observed data from the catchment to be

simulated. Hydrologic models are generally calibrated using observed streamflow records at

the outlet of a basin. Regardless of the technique used in fitting, the available data set is spilt

into two parts: using one part to fit or calibrate the model and the second part as

independent data set to test how the model performs in simulation mode (Blackie et al.,

1985). In both fitting and testing the results suitable objective function is to be employed to

assess when the degree of agreement between the observed, Q0, and estimated flows Qe, is

acceptable. The most commonly used objective function F, is a simple summation of ^

squares of residuals and for acceptable fir minimisation of F is used as criterion.
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F=S(Qe-Qo)2 (5-39)

If any change in the parameter values can effect no further reduction in the value of

F, then the optimum fit of the model-generated flow values on the observed data set has

been achieved. It means, the optimization attempts to adjust the parameters to minimise the

value of the objective function. The following three calibration procedures are generally

adopted to arrive ata satisfactory set ofprocess parameters: (Fleming, 1972).

1. Trial and error adjustments to parameters based on pattern recognition

techniques.

2. Automatic parameter adjustments using computer programming internal to the

model which checkthe criterion of accuracy and adjust the parameters based on

some defined procedures.

3. A combination of the trial and error adjustment to reach a near-optimal set of

parameters and automatic adjustments to refine and finalise the selection.

In the present study, third approach has been applied, in which, the combination of

both trial and error optimization using on-line computer processing and interactive graphics

to assess the starting values ofparameters. These starting values can then be used with a

deterministic optimization procedure to arrive at the refined optimum set of parameter

levels.

The present study uses the Rosenbrock optimization technique (Kuester et al., 1973)

for optimization ofparameter values. The parameter adjustment proceeds by stages. To start

the fitting process, the model is assigned an initial set ofparameter values and upper and

lower bounds for each parameter. The model is run, and the objective function is calculated

and stored as a reference value. A step of user specified length is attempted in the first

search direction, and the model is run again with the adjusted parameter value. If the

resulting value ofthe objective function ofless than or equal to the reference value, the trial
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is registered as a success, and the appropriate step size for each parameter is multiplied by 3

for the next adjustment along the axis. If a failure results, the step is not allowed and the

step size is multiplied by -1/2. That is, the next adjustment along this search axis will be in

opposite direction and only one-half the magnitude of the current adjustment. An attempt is

made in the next search direction and the process continues until the end-of-stage criteria

are met. At this point, a new orthogonal search pattern is determined and another stage of

optimization undertaken. Rosenbrock technique has the provision for putting constraint i.e.

lower and upper limits on the parameter values, so that after calibration, the parameter

values obtained lie within the realistic limits.

In this study, parameter optimization has been carried out in the routing part. When

the flows are routed through the cascade of linear reservoirs as conceptualized in the model,

the values of storage coefficients were optimized. The runoffemanating from the snow-free

area and the snow covered area is routed separately through cascade of linear reservoirs.

The flow from snow free area is fast and there fore two reservoirs have been considered for

the snow free area whereas in case of snow covered area, the flow is relatively slow and

therefore only one reservoir was considered. This means that the basin is represented by

unequal linear reservoirs having storage coefficient kr and ks respectively for the snow free

area and the snow covered area. The storage coefficients kr and ks are considered to be

function of the respective areas, which is changing on a daily basis, and are represented as

given in Equations (5.30) and (5.31).

There were four parameters ar, br, as and bs which were to be optimised using

available data. To estimate these parameters, model was fitted for the observed and

estimated data using snow-covered area, daily rainfall and daily temperature as input and

calculating the daily streamflow as output. The four parameters listed above were evaluated

by the optimisation technique, so that the observed and calculated values of daily stream
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agree for the period ofrecord used in calibration and the value ofobjective function stands

minimum. Although it is difficult to find a true 'global optimum', many optimisations run

with different initial values and different parameter perturbations can increase the

likelyhood ofobtaining parameter values close to the global optimum. As discussed earlier,

in this study Rosenbrock optimization procedure has been applied. Many optimization runs

were performed for each calibration using different initial parameter values.

The model was calibrated for 1985-1988 by varying the initial parameters and

optimization was carried out. Acombined period of three water years has been considered

"• to consider the varying climate from year to year. The calibrated parameter values have been

computed considering the overall performance of the model and reproduction of the flow

hydrograph for the three years period. Asensitivity analysis has been carried out for all the

parameters. The parameter br and bs are more sensitive. The values ofthese parameters were

kept low within lower range of 0 to 0.15 in comparison to other two parameters having

^ range of 0to 1. On the basis of different values of these parameters, the objective function

was calculated. For calibration run, the optimised values of ar, br, as and bs were found as

0.65, 0.14,0.8,0.13 respectively. The result ofcalibration for this period is shown in Figure

5.10. In this figure all the three components ofstreamflow namely runoff from snowmelt,

runoff due to rainfall and baseflow are shown separately. The contribution ofbaseflow starts

only after the topsoil storage is filled. For this purpose asoil moisture index (SMI) has been

considered in the present study. The value of SMI used in this study was 150 mm. This

value was determined on the basis of an appropriate match between observed and computed

streamflow for the initial period.

From this figure, it can be seen that the estimated hydrograph match very well for all

v the years. The peaks in the inflow hydrograph are reproduced within reasonable limit. It can

be seen that the highest peak ofSept. 1988 was well estimated by the model. The results of
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Figure 5.10 Comparison of observed and simulated runoff hydrographs for calibration period of 3water years (1985-86 to 1987-88)
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calibration were evaluated against the efficiency criteria already described in section on

EFFICIENCY CRITERIA. The efficiency of the model for the calibration period is given in

Table 5.5.

TABLE 5.5 : Model efficiency during calibration periodof threeyears

Period R* Volume Root mean square

considered difference (%) error (raise)

1985-1986 0.93 1.57 0.28

1986-1987 0.89 2.88 0.30

1987-1988 0.81 7.26 0.50

1985-86 to 0.90 2.23 0.34

1987-88

It is noticed that for all the three years the daily discharge simulated with efficiency

ranging from 0.8lto 0.93 and difference in volume ranging from 1.57% to 7.26%, which

indicates good performance of the model for all the years. The value of R2 for the years was

low in comparison to other two years. The reason for this is that this year was comparatively

wet year and there was also heavy rainfall in the month of September in 1988. Due to this,

there was ahigh runoff peak in this year, which could not be reproduced well. Therefore, the

R2 was low and the difference in volume was somewhat high.

5.7.2 Sensitivity analysis of optimised parameters

Alongwith optimization analysis, sensitivity analysis has frequently been used as a

means of ranking the variables in order of relative importance. Sensitivity is in fact, a

measure of the effect of change in one factor on other factor. Sensitivity analysis usually

shows that model performance is much more sensitive to some parameters than others. In

this study, a sensitivity analysis was performed on the optimized parameters for the study
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basin. The estimation of parametric or component sensitivity requires a measure of the

change in objective function. A sensitivity plot is a graphical comparison of the percent

change in objective function and the percentage change in a parameter value. In sensitivity

plot the percentage change in the value of the objective function is computed for different

percentage change in a parameter value (McCuen, 1973). The percentage changes in the

parameters considered here are (±10%, ±20%, ±30%, ±40%, ±50%) of optimized value

(while other parameters were not changed). The sensitivity results are reported as the

percentage change in the value of objective function accompanying the percentage changes

in the model parameters (Table 5.6). It is also shown in the form of sensitivity plots (Figure

5.11). All the plots shown in the figure shows that the trend of the curve is unimodel

indicating one minima only. Unimodal function is monotonic on either side of the minimum

point. In the above table, the change in objective function is from 5.4% to 24.5% in case of

change of parameter arfrom -50 % to +50%. While in case of other parameter br the change

in objective function is from 14.0% to 15 %. The change in objective functions due to >4

change in other parameters is very low, i.e., of the order of about 2 to 3%. It is seen that

parameter arand brare more sensitive in comparison to parameters as and bswith respect to

the effects of change in their values on the objective function. The effect of reduction in

value of parameter ar from its optimised value is comparatively much more than increase in

its value. It thus shows that in the simulation of runoff, the two parameters (ar and br) related

with storage effect for snow free area having contributions of rain have much more

influence than corresponding to two parameters as and bs for snow covered area. The

optimisation procedure therefore, more likely to provide comparatively better estimates of

optimised values for parameters ar and br.

I
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Table 5.6: Percentage change in objective function due to percentage change in parameter values

Change in

parameter ar

(other

parameter

unchanged)

Change in

objective

function

(%)

Change in

parameter ar

(other

parameter

unchanged)

Change in

objective

function

(%)

Change in

parameter ar

(other

parameter

unchanged)

Change in

objective

function

(%)

Change in

parameter ar

(other

parameter

unchanged)

Change in

objective

function

(%)

-50% 24.5 -50% 15.0 -50% 3.3 -50% 2.2

-40% 13.1 -40% 11.2 -40% 2.1 -40% 1.4

-30% 7.3 -30% 7.4 -30% 1.1 -30% 0.6

-20% 2.5 -20% 3.8 -20% 0.4 -20% 0.4

-10% 0.4 -10% 0.3 -10% 0.2 -10% 0.3

+10% 0.5 +10% 1.1 + 10% 0.2 +10% 0.6

+20% 1.4 +20% 4.0 +20% 0.6 +20% 1.6

+30% 3.0 +30% 6.6 +30% 0.9 +30% 2.1

+40% 4.3 +40% 10.2 +40% 1.1 +40% 2.6

+50% 5.4 +50% 14.0 +50% 1.4 +50% 3.2
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5.8 SIMULATION OF STREAMFLOW

After successful calibration of the model, it was used for simulation for two

independent sets ofthe data consisting ofthree years, i.e., for the year 1988-91 and 1996-99.

In the simulation mode for testing the performance, the three years have been combined to

apply the model as carried out during calibration. The parameter estimates obtained in the

calibration stage were used to simulate the runoff hydrograph for the period as mentioned

above.

The simulation accuracy is determined by checking how well the model simulates

"* the actual flow conditions. For this observed and estimated values of runoffwere plotted as

shown in Figures 5.12. From this figure it can be seen that the observed and estimated flow

is correlated well and R2 is high for both the data sets. The comparison ofthe estimated and

observed discharges for the years 1988-91 and 1996-99 by the model is given in Figures

5.13 and 5.14.

♦ The efficiency criteria used for comparison of model performance during

simulations are given in Table 5.7 depicting difference in volume between the observed and

computed flows, efficiency or coefficient of determination and root mean square errors

(rmse) the model. For the two sets ofperiod for which the simulation was performed the

value ofefficiency is in between 0.89-0.94 and 0.88 - 0.93 for the period 1988-89 to 1990-

* 91 and 1996-97 to 1998-99 respectively. The difference in volume is less for all the years

indicating a good match between the observed and estimated values for two independent

data sets.
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Figure 5.13 Comparison of observed and simulated runoff hydrographs for validation period of 3water years (1988-89 to 1990-91)
for Satluj basin upto Bhakra



3000

2500

2000

1500

1000

500

Observed

Simulated

Discharge due to rainfall
•Discharge due to Snowmelt

Baseflow

Figure 5.14 : Comparison of observed and simulated runoff hydrographs for validataion period of 3water years (1996-97 to 1998-99)
for Satluj basin upto Bhakra



*

TABLE 5.7 : Model efficiency for the two sets of simulation period of 3 years each

Period R1 Volume Root mean square

considered difference

(%)

error (rmse)

1988-1989 0.89 0.57 0.33

1989-1990 0.93 0.55 0.46

1990-1991 0.94 0.53 0.57

1988-89 to 0.90 3.46 0.30

1990-91

1996-1997 0.88 1.72 0.35

1997-1998 0.92 1.65 0.49

1998-1999 0.93 1.58 0.60

1996-97 to 0.90 1.26 0.30

1998-99

In all the figures, different components of total streamflow, i.e., runoff due to

snowmelt, runoff due to rainfall and baseflow are shown separately. The observed and

estimated hydrograph for all the years indicate very good reproduction of the flows. From

the figures, it is clear that all the peaks in the outflow hydrographs are due to rainfall. In

general, the volumes and peaks are reproduced well by the model for all the years. The

hydrograph recessions also fitted well but in some cases the peaks were underestimated. The

contribution of snowmelt is higher especially during the pre monsoon period when there is

no contribution from rainfall. Even during monsoon period the contribution from snowmelt

is significant. It is well known that the baseflow sustains the flow in the stream during

winter period when there is no discharge either from snowmelt or from the rainfall. The

baseflow is also plotted in the figures and the reproduction of baseflow is also quite

satisfactory. It can be seen that during monsoon period when there is increase in recharge

due to rainfall, the trend of baseflow is also increasing.
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CHAPTER 6

ASSESSMENT OF SEDIMENT YIELD AND
RESERVOIR SEDIMENTATION

Assessment of soil erosion, sediment transport and deposition of sediment in the

reservoirs is considered essential for the land and water management. The magnitude of

sediment transported by the rivers has become a serious concern for the water resources

projects. The soil erosion and sediment yield is one ofthe major problems in Himalayan

region. In the present study assessment of sediment yield has been made for the Satluj

river, which flows through the western Himalayan region. Two approaches have been used

for the assessment of sediment yield (i) relationship between suspended sediment load and

discharge and (ii) empirical relationship, have been used. The first approach was used for

Satluj basin up to Suni (52,983 km2), Kasol (53,768 km2) and also for the intermediate

basin between Kasol and Suni (785 km2). In this approach, the sediment discharge

relationship was developed using daily data for a period of three years (1991-1993) and

was applied for the two years 1994 and 1996 for estimation ofsediment yield. The second

approach, which gives annual sediment yield, could be used for a small intermediate basin

only because ofdata availability constraints. There were two reasons for selecting a small

basin to use the second approach. First, this part is highly soil erosion prone area in the

whole basin and secondly the data required for empirical relationships were available or

could be derived for this basin. For estimation of the sediment yield using the empirical

relationship, various geographical parameters such as land use, topographical etc. were

generated using Geographic Information System (GIS) technique.
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A part of the sediment generated in the upstream area is deposited in the

reservoir located downstream. The assessment of sedimentation in the reservoir has also

been made using remote sensing techniques. The location of intermediate basin and

Bhakra reservoir is shown in Figure 6.1. The above two aspects have been discussed in the

following sections:

6.1 SOIL EROSION AND SEDIMENT YIELD

The present study involves estimation of sediment yield using following two

methods for sediment yield assessment for separate study areas in the Satluj basin.

6,1.1 Relationshipbetween sediment yield and discharge

The sediment yield and discharge data were available for Suni and Kasol in the Satluj

basin. The availability of these data sets has been given already in Chapter 3. BBMB is

collecting sediment yield data in the field and the procedure followed by this organisation is

given as follows. For determining the suspended sediment concentration, the sample were

drawn from three transects across the river with the help of buckets thrown from a bridge.

After stirring well, representative samples of 3 liters each were drawn from the three buckets.

The samples were then passed separately through a 100-mesh sieve and the fraction retained

was dried and weighted. It represented the coarse fraction (> 0.20 mm). The sieved samples

were again stirred and allowed to stand for the time required for settling of the medium

fraction (0.075-0.20 mm) depending upon the temperature of water. A settling time of 27-14

seconds was allowed for water temperature between 0 and 30°C. The medium fraction was

also dried and weighted. A 25-ml sample of the remaining material was dried and weighted

to represent the fine fraction (<0.075mm) and dissolved salts. Another 25 ml was filtered

out, dried and weighted, to represent dissolved salts. The weight of the fine fraction was
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determined by subtracting the weight ofthe dissolved salts from that ofthe fine fraction plus

dissolved salts. Calculation was then made to determine the average sediment concentration

in one liter of water. The sediment load in the river was calculated by multiplying to the

sediment concentration with corresponding discharge. This was converted to m by dividing

the load in tonne by 1.4, assuming that the sediment density was 1.4 t/m3. Sediment yield and

discharge for the intermediate catchment between Kasol and Suni were obtained by

subtracting the contributions at Suni and Kasol. The distribution ofsuspended sediment load

suggests that it start increasing from April onward as the discharge increases. However, it

-* remains low during April and May and then increases drastically in the beginning ofJune

and remains high until August. Since discharge in the river is high in the monsoon period,

therefore, silt load is also maximum in the river in these months. By the end of October,

the load reduces significantly and becomes negligible during winter season (November to

March). The concentration levels in the river cannot be generalised because it varies

*• considerably from year to year and from month to month (Sharma et al., 1991).

General statistics of daily discharge and sediment yield for a period of five years

(1991-96) for different sites is given in Table 6.1 and 6.2. From this analysis it is found that

the daily maximum values ofsediment yield varies from 12.60 to 31.47, 14.23 to 40.32 t/km

and 210.30 to 420.63 t/km2 for Suni, Kasol and intermediate basins respectively. While for

the corresponding basins, the maximum discharge values vary from 1480.0 to 1898.7

cumecs, 1648.7 to 2050.6 cumecs and 184.5 to 223.7 cumecs, respectively. The analysis of

discharge and sediment yield at both Suni and Kasol indicates that maximum discharge and

sediment yield were in the year 1994. The reason for the high values of discharge and

sediment yield in this year, is the high rainfall occurring in this part ofthe basin. The standard

* deviation is a standard measure of the spread in data values and the sediment yield value is

higher for intermediate basin because this part is rainfed only and is more soil erosion prone.
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The value of Cv for discharge at Kasol and Suni is almost because of the proximity of these

two sites. The value for intermediate basin is relatively higher which indicates the large

variation in the discharge from this part. The coefficient of variation for the intermediate

basin is higher in comparison to other two sites because the soil erosion from this part is high.

Table 6.1 : Statistics of daily discharge (cumec) at Suni, Kasol and intermediate basin

Statistics Site 1991 1992 1993 1994 1996

Maximum Suni 1636.8 1480.0 1701.7 1898.7 1710.2

Kasol 1804.3 1648.7 1873.2 2050.6 1861.3

Intermediate

basin

186.1 221.1 223.7 210.3 184.5

Minimum Suni 94.9 104.9 102.7 99.2 102.6

Kasol 99.2 106.3 104.9 100.0 104.9

Intermediate

basin

0.6 0.4 0.1 0.7 0.3

Mean Suni 450.9 383.5 327.2 458.1 432.2

Kasol 485.1 413.2 344.9 489.2 465.6

Intermediate

basin

34.2 29.7 17.8 31.1 33.3

Stand. Dev. Suni 438.1 353.2 271.6 478.4 412.9

Kasol 477.6 386.8 291.6 515.7 438.8

Intermediate

basin

43.3 38.8 25.2 42.4 35.1

Cv Suni 0.97 0.92 0.83 1.04 0.95

Kasol 0.98 0.93 0.84 1.05 0.94

Intermediate

basin

1.26 1.31 1.42 1.36 1.10
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Table 6.2: Statistics ofdaily sediment yield (t/km2) at Suni, Kasol and intermediate basin

Statistics Site 1991 1992 1993 1994 1996

Maximum Suni 12.6 13.3 13.9 31.5 24.2

Kasol 14.2 19.2 23.2 40.3 27.5

Intermediate

basin

282.9 420.6 323.0 375.9 321.8

Minimum Suni 0.004 0.004 0.005 0.005 0.005

Kasol 0.006 0.005 0.007 0.007 0.008

Intermediate

basin

0.010 0.011 0.010 0.700 0.130

Mean Suni 1.57 1.08 0.73 1.96 1.79

Kasol 1.88 1.41 0.92 2.39 2.07

Intermediate

basin

22.88 23.56 17.76 31.05 20.67

Stand. Dev. Suni 2.58 1.87 1.41 4.01 3.27

Kasol 3.07 2.45 1.92 4.97 3.71

Intermediate

basin

38.72 45.42 25.21 42.40 36.91

Cv Suni 1.65 1.73 1.94 2.04 1.83

Kasol 1.63 1.74 2.09 2.07 1.79

Intermediate

basin

1.69 1.93 1.42 1.37 1.79

To estimate sediment yield from the study basin, relationships between sediment

yield and discharge were developed for Suni, Kasol and intermediate basin using three

years of (1991-1993) daily data. Because of the scatterdness in the data in mountain

region, the data have to first transform to linearize the trend and reduce the

heteroscedasticity. For developing these relationships, a logio transformation was

identified as most suitable. The common logarithmic transformation will yield the most

normally distributed data, with minimised skewness, kurtosis and variance (Fenn, 1985,
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Willis et al., 1996 and Hodgkins, 1999). In the present study, therefore, logarithmic

transformation was applied to the values of discharge and sediment yield. A relationship

between S and Q was obtained using best fit linear regression approach for log

transformed data. Such relationships for three different sites are shown in Figures 6.2 for

different basins. Theserelationships are given as follows:

For Suni logio(S) = 2.89*log,0(Q)-7.96 (6.1)

ForKasol logio(S) = 2.79*log10(Q) - 7.66 (6.2)

Forthe intermediate basin logio(S)=1.53*logi0(Q)-1.26 (6.3)

where S is the daily sediment yield (t/km2), Qis the daily discharge (cumec). The value of

R2 for the above three relationships was computed to be 0.96, 0.96 and 0.77 for Suni, Kasol

and for intermediate basin, respectively, showing that for all the sites S was well correlated

with Q.

In order to test the developed relationship, these equations were used for an

independent setofdata for 2 years (1994 and 1996). However, data of the year 1995 was also

collected but some of the values of daily sediment yield were missing in this data and

therefore this year was not considered in this study. A comparison of estimated and observed

values of daily sediment yields for these two years is shown in Figures 6.3 and 6.4. The

correlation coefficient (R2) between observed and estimated values ofsediment yield for the

year 1994 were computed to be 0.83, 0.81 and 0.60 for the site Suni, Kasol and for

intermediate basin respectively. While the corresponding values ofR2 for the year 1996 were

0.81, 0.82 and 0.43. The value ofR2 for the intermediate basin for these two years is lower

than other two sites, which may be, because the soil erosion from this part is relatively high
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and the discharge is highly variable. The observed and estimated values ofsediment yield for

the three cases are given in Table 6.3. These figures indicates that for both the years, the

sediment yield for the pre monsoon period was over estimated using developed relationship,

but it is matching well for the remaining period. The reason for overestimation during

premonsoon period may be low discharge and therefore the sediment yield could not be

reproduced very accurately using this relationship. The peaks in case ofsediment yield at two

sites, i.e., at Kasol and Suni are simulated close to observed values, while for intermediate

basin the peaks could not be reproduced very well.

Table 6.3 : Observed and estimated annual total of sediment yield for different years

Year Sediment yield for Suni
(t/km2)

Sediment yield for Kasol
(t/km2)

Sediment yield for
intermediate basin

(t/km2)
Obs. Est. Diff. in

Obs. & est.

sedi. yield

(%)

Obs. Est. Diff. in

Obs. & est.

sedi. yield

(%)

Obs. Est. Diff. in

Obs.& est.

sedi. yield

(%)

1994 716.2 975.2 36.2 874.7 1149.8 31.4 10261.0 6370.7 34.9

1996 656.1 715.7 8.9 756.8 834.6 10.3 7565.5 6092.8 19.3

The results show that the estimated values at Suni and Kasol are close to the observed

values in the year 1996. The results of the year 1994 were not so good because of the high

rainfall and high discharge in this particular year. The statistics ofthe discharge and sediment

yield data given in Table 6.1 and 6.2 also indicates that the maximum values of discharge and

sediment yield occur in this year. Due to these reasons the estimated values of sediment yield

could not bereproduced very accurately for the year 1994.

For calculation of annual sediment yield from the intermediate basin, another approach

was alsoused, which is given in the following section.
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Fig. 6.3 :Comparison between observed and estmated sediment yield
at Suni, Kasol and intermediate basin (1994)
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6.1.2 Estimation of annual sediment yield for intermediate basin using sediment yield

equation (Second approach)

For estimation of sediment yield there are various techniques from sediment rating

curve to erosion modelling. Depending upon the methodologies adopted for modelling of

the sediment yield for a basin, there are numerous models available. These models vary

from a simple regression relationships to complex simulation models. The simulation

models provide a physically based representation of the process as occurring in small

segments of the catchment and route the response of these segments to the catchment

outlet. The regression equations link the spatial variation in annual sediment yield to

climatic and physiographic variables of the basin. These regression equations which relate

the sediment yield to hydrometerological conditions in that basin, are mostly used for

prediction of sediment yield from the ungauged catchment.

In the present study, the following empirical relationship was used for estimation of

annual sediment yield for the intermediate basin as given below.

Sa= 1.182*10-6P1'29A103Dd40H008Fc2-42 (6.4)

where A is catchment area (km2), L is length of stream (km), H is catchment slope, Dd is

drainge density, Fc is vegetation cover factor, P is annual mean precipitation (mm) and Sa is

annual sediment yield (Mm3). The above Equation (6.4) was developed by Garde et al.

(1983) for average annual sediment yield estimation using data of50 catchments located in

plain region ofIndia. The range ofthe area used in developing this equation varies from 43 to

83,880 km2.
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Various topographical and morphological parameters used in the Equation (1) were

derived for the study basin in GIS mode using Survey of India (SOI) toposheets.

Computation of these parameters using manual methods like area measurement using dot

grid method or using planimeter and length measurement using curvimeter are very tedious

and time consuming. The boundary of drainage catchment, its area, contours and all streams

were extracted from SOI toposheet at a scale of 1:50,000. The drainage map of the study area

is shown in Figure 6.5. In the present work calculations ofvarious inputs viz stream ordering,

numbers, length etc., which are required for calculating drainage parameters, was estimated

using GIS technique. The analog data was converted into digital form and a database was

created in GIS environment using ILWIS. The process of database creation for the basin in

ILWIS involves collection of relevant available data, converting these data into digital

format, digitization error checking and correction and finally conversion of data acquired in

vector structure to raster format. Digitization, which is the most time consuming part of the

analysis, was carried into parts to minimise the digitization errors. Then the digitized map

was corrected for many types of errors such as proper joining of the streams, proper

overlaying of the segments etc. The system then auto edits the coverage and splits the stream

of the higher order at the point where they meet. Individual stream (segment) lengths are

computed by default and stored in a table alongwith the order of each stream. The area and

perimeter of the basin were computed after converting segment (boundary) map to polygon

map. After converting the contour map into digital form, it was rasterised and then

interpolation using krigging from isolines (interval 20 m) was carried out. This interpolated

map gives the elevation at each point (pixel) in the basin and known as digital elevation

model (DEM). This map was reclassified into a interval of 200 m and shown inFigure 6.6.

For determination of stream order, Strahler's system, which is slightly modified

Horton's method, was followed (Strahler, 1964). Application of this order system through
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ILWIS over the entire drainage network shows that study basin isa six-order basin. InILWIS

the length ofeach stream is stored in a tabular form. Total length ofeach order is obtained by

adding length ofeach stream ofthe same order. The numbers ofdifferent order streams and

their lengths are given in Table 6.4 and shown in Figure 6.7. For the intermediate basin

drainage density, which is defined as the ratio of the total channel length and catchment

area is computed to be 3.58. A slope map was prepared using the DEM and the average

slope of the intermediate basin was calculated to be 0.48. The land use factor, which

represents the ratio offorest area and non-forest area in the basin, was computed using the

land use map of the study basin (Jain et al., 1998). Since the forest area and agriculture

area in the intermediate basin is almostsame, therefore the land use factor is taken as 0.5.

Table 6.4: Number of different of different order streams and their lengths

Order Number of streams Total length (km)

1 3323 1658

2 1444 442

3 691 198

4 28 103

5 6 56.2

6 1 36.5

The rainfall data of the two stations, namely, Suni and Kasol, which are falling in

the intermediate basin, were used. Thiessen polygons of these two stations were drawn

from the point interpolation in ILIWS and the weight of each station was determined.

From this the annual mean precipitation was determined. As the intermediate basin

comprises the area between Suni to Kasol, therefore discharge and suspended sediment
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Figure6.5 : Drainage network map of intermediate basin
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Fig. 6.6 Digital Elevation Model ofthe intermediate basin
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Figure 6.7 : Drainage network map showing different order streams
of the intermediate basin

171

77°15'

31°30'

31°5'



data for this sub-basin have been computed from the daily records available at Suni and

Kasol.

Using the above determined parameters, the annual sediment yield for 3 years

(1991-1993) was calculated from the empirical relationship given in the Equation (6.4).

The annual sediment yield values obtained for 3 years using this relationship are given in

Table 6.5.

Table 6.5: Annual values of sediment yield for different years

Year Observed values

(t/km2)
1991 8143.18

1992 8391.08

1993 4688.66

Estimated values using
original equation

(t/kmz)
1187.77

2134.77

1523.06

Ratio between observed

and estimated value

6.85

3.93

3.07

It is noted from the above table that the estimated values of annual sediment yield

are less than the observed the sediment yield for all the year. Moreover, the results show

that magnitude of underestimation of sediment yield was similar for all the years. It is

understood that the basic reason for underestimation of sediment yield may be that this

equation was developed for the plain regions, not for mountain basins. Because

precipitation distribution is different in mountainous areas, therefore, the possible reason

for underestimation of sediment yield may be orographic behaviour of precipitation due to

mountainous terrain of the basin. The behaviour of precipitation in the mountainous basins

is very much different than that ofplain basins and varies with altitude (Singh et al., 1995,

1997). In the present analysis, only weighted average oftwo rainfall stations located at the

bottom of valley was used incalculation. In fact average rainfall of these two stations does

not represent the actual rainfall in the basin. Therefore, an orographic factor, which takes

into account the rainfall distribution in the mountainous areas, should also be included in
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the above relationship. A study on the effect of orography on precipitation distribution in

the Satluj basin has been carried out by Singh et al. (1997). In this study, variation in

rainfall with altitude in the Satluj basin has been carried out for three different parts of the

Himalayas, i.e., outer, middle and greater Himalayas. For this purpose the stations falling

in windward side and leeward side have been studied separately. This study basin falls in

the outer Himalayas on leeward side and for this part the annual rainfall increases linearly

with altitude. Keeping in view high reliefof basin, elevation varies from 600 m to 3000 m,

the rainfall increases linearly with elevation. It is expected very high rainfall in the middle

and upper parts of the basin. Hence for this basin the P factor has to be multiplied with a

constant factor on the basis of orography. To derive this factor, a ratio between observed

and estimated annual values of sediment yield was determined for all the three years as

given in Table 6.5. It was assumed that an average of these three values will be

representative of this factor called as orographic factor. Based on 3-year results, the

orographic factor was determined to be 4.60. The Equation (6.4) was revised based on this

factor and revised equation is obtained as follows.

Sa= 1.118*4.60 *10-6P1'29A103Dd40H008Fc2-42

or

Sa= 5.46 *10-6P''29A103Dd-40H008Fc2'42 (6.5)

The computation of annual sediment yield for intermediate basin was made using

the revised equation for the two independent years, i.e., for 1994 and 1996. The revised

value of sediment yield were estimated and given in Table 6.6. From these values it is

found that for two years, the estimated value of annual sediment yield is close to observed
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value. A comparison of these results was made with the results obtained using developed

regression relationship given in last section and presented in Table 6.7.

Table 6.6: Observed and estimated values of sediment yield for different years.

Year Observed

(t/km2)

Estimated value using
original equation

(t/km2)

Estimated value using
revised equation

(t/km2)

Difference in obs.

and est. values

(%)

1994 10261.0 1927.89 8917.19 13.1

1996 565.48 1851.21 8542.67 8.7

Table 6.7: Sediment yields using developed regression equation and using revised

equation

Year Observed

value

(t/km2)

Estimated value using
developed regression

equation
(t/km2)

Difference

in obs. and

est. values

(%)

Estimated value

using revised
equation
(t/km2)

Difference

in obs. and

est. values

(%)

1994 10261.00 6370.7 37.9 8917.19 13.1

1996 7565.48 6092.8 19.4 8542.67 8.7

From the table it is clear that the percentage error using the above revised

relationship is less in comparison to the method based on regression relationship (first

approach). In other words the second approach, which considered physical characteristics

of the basin, produced better results.

The sediment yield from the Satluj basin enters the Bhakra reservoir located at the

downstream limit of the basin. Inthe above study sediment yield has been estimated atKasol,

which is at the tip ofthe Bhakra reservoir. Therefore the total sediment yield at the site Kasol

represents the sediments which is coming to the reservoir. The total sediment entering into

the reservoir will reduce the capacity of the reservoir. From this reduction in the capacity the

sedimentation rate can be determined. The sedimentation of reservoir due to higher

magnitude of sediment yield is estimated using remote sensing and the same is described in
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the next section.

6.2 ASSESSMENT OF RESERVOIR SEDIMENTATION USING REMOTE

SENSING

For the present study, Bhakra reservoir located on Satluj River has been selected

for the assessment of sedimentation. This reservoir has an enormous spread of water

extending over 168.35 km at full reservoir level of 515.11 m. In the present study

application of remote sensing technique has been made for the estimation of sedimentation

in the reservoir and the methodology is described in the following sections.

6.2.1. Availability of satellite data

Selection of appropriate period for analysis is very important for the study of

reservoir sedimentation assessment using remote sensing technique. The only useful

informationextracted from the remote sensing data is the water spread area of the reservoir at

different dates of pass of the satellite. Though in the wavelength region 0.45 - 0.52 urn, the

information within 1 - 2 m depth below the water surface (like sediment concentration,

shallow water depth etc.) can be obtained, however it can not be used to quantify the amount

of sediment deposition in the reservoir. Therefore, it is imperative to use the remote sensing

data of such a period when there is maximum variation in the elevation of the reservoir water

surface and consequently, the water spread area.

In India, the reservoirs generally attain the highest level near the end of the monsoon

period (October - November) and then deplete gradually before the onset of next monsoon

(June - July). Thus, temporal remote sensing data for any water year (October - June) can be

selected and analysed. In case, the historical records of maximum and minimum water level

for every year are available, the water year of maximum variation is considered the best year
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for sedimentation analysis. It is also desirable to select the remote sensing data series of the

same water year in sequence to the extent possible, and preferably, the satellite images at the

monthly intervalsbe used.

In the present case, the historical record ofannual maximum and minimum observed

levels was available with the dam authorities, Bhakra Beas Management Board (BBMB),

Nangal. In the present study, the analysis was carried out for two years (1988-89 and 1996-

97). In the year 1988-89, maximum level at 514.499 mwas observed on 13th. September

1988. The reservoir level fell gradually till the minimum level of464.286 m was observed on

17th. May 1989. In the year 1996-97, maximum level at 511.771 mwas observed on 22".

September 1996 and the reservoir level fell gradually to the minimum level of448.75 m on

5th. June 1997. The availability of satellite data is already given inChapter 3.

It is important to mention here that for the year 1988-89, the sedimentation

assessment was restricted to 513.904 m (1.10.88) to 472.232 m (17.4.89) zone of the

reservoir. While for the year 1996-97, the sedimentation assessment was restricted to 510.46

(16.10.96) to 450.436 (15.06.97) zone of the reservoir. Further under normal circumstances,

the reservoir level varies within or around this range and our main concern was to quantify

the sedimentation rate and assess the sediment deposition pattern in the zone of operation

(live storage).

6.2.2 Processing of remote sensing data

In this study, digital analysis ofseveral IRS 1B-LISS II scenes were carried out for

identifying the water pixels and for determining the water spread area. The following steps

were used in the analysis:
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6.2.2.1 Import and Visualisation

The data of IRS-1A and IRS-1B satellite and LISS-II sensor for two years 1988-89

and 1996-97 were received from NRSA on the CD-ROM media. The data were processed

and analysed using the ERDAS/IMAGINE 8.3.1 software. The data were loaded on the

computer from the CD-ROM and was imported in the ERDAS system. Each scene was

having 2500 rows, 2520 columns and the information of four bands (three visible and one

near-IR). Initially, a false colour composite (FCC) of 4, 3 and 2 Bands combination was

prepared and visualised. Then, each individual band was visualised one by one. The pixels

representing water spread area (except at the periphery) of the reservoir were quite distinct

and clear in the FCC.

6.2.2. Geometric registration

While using the temporal satellite data of the same area, it is required to register the

images of different time periods. Using the registered imageries, it was possible to overlay

the remote sensing dataof different dates, to compare the change in the waterspread areaand

to observe the shrinkage in the water spread with time, particularly the tail end of the

reservoir.

The images of October, 1988 was considered as the base image since it was very

sharp and clear and was completely cloud and noise-free. The images of other dates were

registered with this image. For carrying out the registration, some clearly identifiable Ground

Control Points (GCPs) like crossing of rivers, canals, sharp turns in the rivers, dam, bridges

etc. were located on both the images. Ten GCPs were selected for geo-referencing in all the

cases. A polynomial transformation of first order was performed and resampling was done

using the nearest neighbour interpolation method. Now looking at the statistics, some

points, which generated big errors, were deleted and replaced by other points so as to obtain
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the satisfactory registration. In this manner, all the available images were registration with

respect to base map. After completing this process, different images were displayed one over

the other and the superimposition was compared. The registration of the images was found to

be satisfactory.

6.2.2.3 Identification of Water Pixels

The identification of the water pixies was the basic information, which was extracted

from the remote sensing data. Though spectral signatures of water are quite distinct from

other land uses like vegetation, built-up area and soil surface, yet identification of water

pixels at the water/soil interface is very difficult and depends on the interpretative ability of

the analyst. Deep-water bodies have quite distinct and clear representation in the imagery.

However, very shallow water can be mistaken for soil while saturated soil can be mistaken

for water pixels, especially along the periphery of the spread area. Secondly, it is also

possible that a pixel, only at the soil/water interface, may represent mixed conditions (some

part as water andother partas soil).

Different techniques were tried to distinguish and separate out the water pixels.

Density slicing of the near-IR band was carried out and compared with the standard FCC.

Though most of the water pixels could be accounted for by this technique, it was not

considered to give exclusive water pixels in a satisfactory way. The sliced pixels may include

some saturated soil pixels also, as the reflectance value of saturated soil is very low in the

near-IR band. Supervised classification is another way of identification. Though clearly

distinguishable water pixels could be easily separated out by this technique, accurate training

sets for peripheral pixels could not be given. In the present study, a generalised algorithm,

based on the information of differentbands, was used for differentiation of water pixels.
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Using the spectral information, the algorithm matches the signatures of the pixel with

the standard signatures of water and then identifies whether a pixel represents water or not.

The algorithm checks for one condition for each pixel and if a pixel satisfies the conditions,

then it is recorded as a water pixel, otherwise not. The condition states that "If the DN value

of near-IR band of the pixel is less than the DN value of the band 2 and Band 3, then it must

be classified as water otherwise not". Since the absorptance of electromagnetic radiation by

water is maximum in the near-IR spectral region, the DN value ofwater pixels is appreciably

less than those of other land uses. Even if the water depth is very shallow, the increased

absorptance in the band 4 will cause the DN value to be less than band 3 and band 2. If the

soil is exposed (may be it is saturated) at the surface, the reflectance will be as per the

signatures of the soil which increases with wavelength in this spectral range. So, this

condition differentiates the waterpixels exclusively from otherpixels.

This condition was employed to differentiate the water pixels in all the imageries. The

resulting image of water pixels from this method was compared with the near-IR image and

the standard FCC. The results were found to be satisfactory in all the cases. The biggest

advantage of using this method was that it avoided the necessity of selecting different limits

as is required in NDVI ordensity slicing. Selection ofdifferent limits in different images can

cause some non-water pixels to be selected or some waterpixels to be rejected.

6.2.4 ANALYSIS AND RESULTS

6.2.4.1 Calculation of sediment deposition

To estimate the actual silt deposits in the Bhakra reservoir vis-a-vis the project

assumptions, hydrographic surveys have been carried out in the reservoir every year from

1963 to 1977 and thereafter these surveys were carried out every alternate year. The last

hydrographic survey for this reservoir was carried out between October, 1996 to March,
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1997. Hydrographic survey was carried out by sounding observations using echo sounder at

the cross sections which are 610 m apart. For working out the quantity of silt deposited at

each cross section and in the whole reservoir, these results were superimposed over the

previous observations (WAPCOS, 1996, BBMB, 1997). Original elevation-area-

capacity data ofBhakra is presented in tabular form in Table 6.8 below.

Table 6.8: Original elevation-area-capacity table forBhakra Reservoir

Reservoir Elevation

(m)

Area

(Mm2)

Capacity

(Mm3)

515.11 168.67 9867.86

513.58 165.92 9621.15

512.07 162.48 9346.62

505.97 149.93 8363.01

499.87 137.83 7462.56

493.78 125.04 6673.13

487.68 113.91 5957.71

481.59 103.19 5248.46

475.49 94.49 4687.23

469.39 85.99 4144.49

463.30 78.30 3642.24

457.20 71.46 3120.70

451.11 60.70 2781.50

445.01 59.00 2392.95

438.92 54.02 2053.75

432.32 49.29 1736.74

426.72 45.52 1443.17

The information on the levels of the Bhakra reservoir was obtained from Bhakra Beas

Management Board (BBMB), the agency responsible for collection of required data and

operation of the reservoir. The reservoir level data is collected from the gauge installed on the
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dam. The hourly levels are recorded between 6 A.M. to 6 A.M. and mean daily value of the

reservoir level is obtained taking the average of 24 hourly values. Using the original

elevation-area as shown in Table 6.8 areas at the intermediate elevations (reservoir elevations

on the dates of satellite pass) were obtained by linear interpolation. The revisedareas and the

corresponding elevations are presented in Table 6.9 for both the years i.e. 1988-89 and 1996-

97. The FCC of maximum and minimum water spread areaalongwith final water spread area

are presented in Figures 6.8 and 6.9 for the year 1988-89 and in Figures 6.10 and 6.11 for the

year 1996-97.

Table 6.9 : Reservoir elevation andestimated areaon the dateof satellite pass

Date of pass Number of

water pixels
Reservoir

elevation

(m)

Water spread area using
remote sensing data

(Mm2)

1/10/88 110736 513.90 145.51

14/11/88 108537 511.82 142.62

28/12/88 105000 504.96 137.98

19/1/89 104079 501.99 136.77

10/2/89 93692 496.28 123.12

4/3/89 78935 487.68 103.72

17/4/89 55982 472.23 73.56

16/10/96 106303 510.46 139.69

7/1196 105120 506.21 138.13

21/12/96 90411 494.62 127.47

12/1/97 76005 487.73 108.99

15/6/97 37147 450.44 48.81

For computation of reservoir capacity between two consecutive reservoir elevations,

usually three formulae, prismoidal formula, Simpson formula and trapezoidal formula are

used (Patra, 2001). Out of these Trapezoidal formula has been most widely used for
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Figure 6.8 : FCC ofIRS 1ALISS II data of 1st. October, 1988 and
water spreadarea of the Bhakrareservoir
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Figure 6.9 : FCC of IRS 1 B LISS II data of 17 April, 1989 and
water spread area of the Bhakra reservoir
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Figure 6.10 .FCC ofIRS 1BLISS Hdata of16 October, 1996 and
water spread area of theBhakra reservoir

184

76°48'

OlO'31°10
O/IS'76°48



*

oin'31°10

76°20' 76°42'

Figure 6.11 : FCC of IRS 1 B LISS H data of 15 June, 1997 and
water spread area of the Bhakra reservoir
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computation ofcapacity (Jayapragasam etal. 1980; Manavalan etal.; 1990, Goel etal. 1997).

In this method, the cross sectional areas of range lines are planimetered and these data,

together with surface areas at full reservoir level between adjacent ranges, are used to

computed the sediment volumes, as follows:

V=—(A\ +A2 +yl(Al*A2)) (6.6)

where V is the volume between two consecutive levels, Ai is the contour area at elevation

1, A2 is the contour area at elevation 2 and H is the difference between elevation 1 and 2.

The volume of sedimentation deposit between two reservoir levels is computed from the

difference between previous capacity survey and satellite derived information.

From the known values of original and estimated areas at different elevations, the

corresponding original and estimated capacities were worked out as mentioned above. The

cumulative estimated capacity of the reservoir at the lowest observed level (472.232 m) was

assumed to be the same as the original cumulative capacity (4415.86 Mm3) at this elevation

before the construction of the dam. Above the lowest observed level, the cumulative

capacities between the consecutive levels were added up so as to reach at the cumulative

original and estimated capacities atthe maximum observed level. The difference between the

original and estimated cumulative capacity represents the loss of capacity due to

sedimentation in the zone under study. The calculations of sediment deposition for the year

1988-89 and 1996-97 arepresented in Table 6.10 and 6.11 respectively. Theresults show that

the volume of sediment deposition during 1965 to 1988-89 (24 years) in-between the

maximum and minimum observed levels (513.904 m and 472.232 m) is 491.315 Mm3.
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Table 6.10 :Calculation ofsediment deposition in Bhakra Reservoir using remote sensing
for the year 1988-89

Date of

satellite

pass

Reservoir

elevation

(m)

Original
area

(Mm2)

Estimated

area using
remote

sensing

(Mm2)

Original
volume

(Mm3)

Estimated

volume

using
remote

sensing
(Mm3)

Original
cumulative

volume

(Mm3)

Estimated

cumulative

volume using
remote

sensing

(Mm3)

1/10/88 513.904 166.62 145.52 342.563 300.552 9656.178 9164.864

14/11/88 511.818 161.80 142.63 91313.616

8249.497

8864.31

1064.119 961.484

28/12/88 504.964 148.83 137.98 7902.827

432.658 408.507

19/1/89 501.990 142.18 136.77 7816.839 7494.32

780.062 741.574

10/2/89 496.281 131.14 123.12 7036.770 6752.706

1057.294 974.317

4/3/89 487.679 113.53 103.72 5985.483 5778.429

1569.623 1312.942

17/4/89 472.232 90.13 73.56 4415.86 4415.86

For the period up to 1996-97 i.e. for 32 years period the volume of deposition in-

between the maximum and minimum observed levels (510.463 m and 450.436 m) works out

to be 807.354 Mm3. If the uniform rate of sedimentation is assumed, then as per the 1988-89

analysis, the sedimentation rate in the zone (513..904 m to 472.232 m) is 20.47 M m3 per

year. As per the 1996-97 analysis, the rate of sedimentation in the zone (510.463 m to

450.436 m) comes out to be 25.23 Mm3 per year.
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Table 6.11 : Calculation ofsediment deposition in Bhakra Reservoir using remote sensing
for the Year (1996-97)

Date of

satellite

pass

Reservoir

elevation

(m)

Original
area

(Mm2)

Estimated

area using
remote

sensing
(Mm2)

Original
volume

(Mm3)

Estimated

volume

using
remote

sensing
(Mm3)

Original
cumulative

volume

(Mm3)

Estimated

cumulative

volume using
remote sensing

(Mm3)

16/10/96 510.463 158.364 139.688 657.322 590.807 8745.836 7938.482

7/11/96 506.212 150.406 138.134 8088.575 7347.675

1603.107 1487.525

21/12/96 494.622 126.572 118.80 6485.408 5860.15

828.016 752.157

12/1/97 487.734 113.998 99.87 5657.392 5108.0

3264.892 2716.47

15/6/97 450.436 63.538 48.813 2392.950 2392.95

6.2.4.2 Comparison of remote sensing results with hydrographic survey

The results of the hydrographic survey carried out in the year 1988-89 are given in

the report prepared by WAPCOS (1996). For this survey EAR method was applied to 1965

E-A-C curve to compute the sediment deposition pattern for 1988. The results of this

hydrographic survey are given inTable 6.12.

The cumulative capacity at the lowest observed level was assumed to be equal to that

of hydrographic survey and the cumulative capacity at the highest observed level was

obtained. This was compared with results ofhydrographic survey carried out in 1988-89. The

calculations are presented in Table 6.13.
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Table 6.12: Revised elevation capacity information for Bhakra Reservoir using the
results of Hydrographic Survey of 1988-89 (WAPCOS, 1996)

Reservoir elevation

(m)

Area

(Mm2)

Capacity

(Mm3)

515.11 168.67 8815.09

513.58 163.55 8570.18

512.07 159.38 8299.78

505.97 145.21 7340.00

499.87 132.16 6471.26

493.78 118.68 5718.48

487.68 107.03 5043.44

481.59 95.90 4377.33

475.49 86.88 3861.53

469.39 78.13 3365.97

463.30 70.26 2912.37

457.20 63.28 2440.10

451.11 52.43 2150.99

445.01 50.69 1813.01

438.92 45.71 1524.43

432.32 41.02 1258.00

426.72 37.33 1014.63

189



#

Table 6.13 :Comparison ofResults ofhydrographic survey with the results obtained using
remote sensing

Date of

satellite

pass

Reservoir

elevation

(m)

Original
volume

(Mm3)

Estimated

volume

using
remote

sensing
(Mm3)

Original
cumulative

volume

(Mm3)

Estimated

cumulative

volume using
remote sensing

(Mm3)

1/10/88 513.90 336.45 300.55 8562.99 8362.75

14/11/88 511.82 8226.74

7195.18

8062.20

1031.56 961.48

28/12/88 504.96
7100.72

416.70 408.51

19/1/89 501.99 6778.48
6692.21

742.79 741.57

10/2/89 496.28 6035.68
5950.64

978.04 974.32

4/3/89 487.68 5057.64
4976.32

1443.89 1312..94

17/4/89 472.23 3613.75
3613.75

The plot of original and estimated cumulative capacity as derived using remote

ig technique is shown in Figures 6.12 and 6.13 for the year 1988-89 and 1996-97

respectively. The plots of the estimated cumulative capacity as per the hydrographic study

and as per the remote sensing analysis for the year 1988-89 is presented in Figure 6.14.

As given above the rate of sedimentation in the reservoir using remote sensing was

found to be 20.47 Mm3 per year. The average rate of sedimentation for this reservoir using

hydrographic survey was 21.93 Mm3 per year (WAPCOS, 1996). The result obtained using

remote sensing technique compares very well with the result obtained using hydrographic

sensinc

survey.
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The last sedimentation survey was carried out during 1996-and the sedimentation for

dead and live load are given separately 97 (sedimentation survey report, 197). The results of

the survey for the year 1996-97 aregiven in table 6.14.

Table: 6.14 Results of Hydrographic survey of 1996-97

Original designed capacity of reservoir in 1965 Capacity of the reservoir in 1996-97

Dead stoarge Live storage Total Dead Live storage Total

(Mm3) (Mm3) (Mm3) storage

(Mm3)

(Mm3) (Mm3)

2431.81 7436.03 9867.84 1763.53 6769.96 8590.57

It is clear from the table that the loss in dead storage and live storage is almost same.

In the present study, the analysis has been made only for live storage of Bhakra reservoir,

therefore, the results of hydrographic survey for sedimentation in live storage were

considered. Table 6.14 shows that as per the hydrographic survey, the loss of live storage

from 1965 to 1997, i.e., for aperiod of 32 years is 666.07 Mm3, thus average sedimentation

rate in this zone is20.81 Mm3 per year.

For the year 1996-97, the estimated capacity, using remote sensing technique,

(7938.48 Mm3) was subtracted from the original capacity (8745.84 Mm3) at the same level.

The loss in capacity (807.35 Mm3) was attributed to the sediment deposition in the zone of

study (510.46 mto 450.44 m) of the reservoir. Thus, the average rate of loss of capacity in

the study is computed to be 25.23 Mm3 per year. It is clear from the results obtained using

remote sensing based approach reasonably agrees with the results obtained from

hydrographic survey.

It is seen that the estimation of sedimentation by remote sensing is highly sensitive to

the accurate determination of water spread area. In the present case, an error of 1% in the
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estimation of water spread area would result in the sedimentation difference of 48 M m3.

Though every effort has been made to estimate the water spread area as precisely as possible

and uniform method of analysis has been adopted for all the image data sets, yet the

difference is equivalent to approximately 4% error in the area estimation. Some of the

reasons for the difference between the two results can be either or a combination of the

following:

a) Different criteria of demarcating the tail end of the reservoir. In the present study, the

tail has been truncated at the termination point of water spread. In almost all the dates

of atleast upto December, when water spread area is more, some part at the tail end is

not covered in the path/row obtained from NRSA. Extension of the tail end can result

in the increase in spread area and the subsequent lesser volume of sediment

deposition.

b) Mixed pixels having larger proportion of land and smaller proportion of water around

the periphery of the reservoir.

c) In the image of December, 1988, the small storage upstream of the main reservoir

was missing and therefore the area in this particular image represented the area of the

main reservoir only.

cl) This is a peculiar reservoir consisting of two parts mainreservoir and a small storage

upstream of main reservoir. Both these storages are connected through a small

stream. Since the main inflow in the Bhakra reservoir enters only after passing the

small storage, most of the sediment deposition takes place in the small storage only

without causing appreciable reduction in the area of main reservoir. Therefore, it is

desirable to quantify the sedimentation rate in the small storage only. However,

separate hydrographic survey results were not exclusively available for a small

storage. Hence, this study was carried out for the full extent of water spread area. It is

however, felt that frequent hydrographic survey may be carried out for the small

storage while for the main reservoir the frequency of survey could reduced.
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CHAPTER 7

CONCLUSIONS

The Himalayan region is bestowed with tremendous potential ofnatural resources.

Several projects are under operation and some more are coming up in this region to

harness these resources. The success of these projects depends to a great extent upon

availability of required streamflow having sediment load within permissible limits. The

proper assessment of streamflow and sediment requires simple and systematic approaches

keeping in view limitations of data availability. In this context, present study has been

carried out for a Himalayan basin, i.e., Satluj basin up to Bhakra dam for (i) estimation of

contribution snow and glacier (ii) development ofa snowmelt runoff model (SNOWMOD)

for estimation of streamflow from snowmelt and rainfall (iii) estimation of sediment yield

and (iv) assessment of reservoir sedimentation using remote sensing approach. The

available field data in the form of daily rainfall, temperature, evaporation, discharge and

sediment yield data and Survey ofIndia toposheets and satellite data (IRS-LISS-I, II, IRS-

WiFS, Landsat) have been used. The following important findings and conclusions are

drawn from the study:

1. A water balance approach has been developed for estimation of snow and ice melt

contribution for snowfed basin, which uses rainfall data, and snow cover area information.

Using this methodology, the average contribution ofsnow and glacier melt in the annual

flow of Satluj River at Bhakra has been determined which is found to be about 59%. The

remaining 41% contribution occurs from the rain. It shows that snow and glaciers provide

a substantial contribution to the flows of Satluj River. The study shows that a major

portion is covered by seasonal snow during winter. Using satellite data ofvarious years, it
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is found that on average about 14, 498 km2 (65% ofthe total drainage area) ofthe Indian

part of Satluj River up to Bhakra Dam, is covered by snow in the month of March. As

such seasonal snow cover area is 9970 km2 and this area becomes snow free during the

melt season. After snow melt season about 4,528 km2 (20% of the total drainage area)

remains covered by perpetual snow and glaciers in the month of September. For all the

sites upstream of Bhakra dam, the contribution of snow melt runoff in total runoff would

be higher than 59% due to higher percentage of snow covered area in the upper basins.

These findings of the present study are thus relevant for all the projects planned/under

execution in the upstream of Bhakra dam.

2. In order to simulate the streamflow for a snowfed basin, which has significant

contribution from snow and glacier melt, like Satluj basin, a hydrological model is

required. There is no simple systematic model developed for Himalayan region for

estimation of snowmelt runoff. Earlier attempts have been made mostly using simple

regression type of approach, for this region. Therefore in this study, emphasis has been

given for the development of snowmelt model keeping in view the limitations of data

availability. The structure of the model has been kept simple and snowmelt has been

computed by temperature index ordegree-day method. Keeping innew the elevation range

and data availability, the basin was divided into 10 elevation bands. During rainfall events

in the basin, the effect of rain on melting of snow has also been incorporated in the model.

For estimation of snow cover area in the basin and its variation with time, remote sensing

data have been used. GIS was used for the preparation of the digital elevation map and

computation of the aerial extent of snow cover in different elevation bands. The daily

snow cover data was extracted from the depletion curves, which were prepared from the

snow cover information obtained from the satellite data. The characteristics of snow cover
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in the basin shows that the accumulation of snow at higher altitude zones starts from the

month of October. By the end of March, the snowmelt season begins and the snowline

recedes up to an elevation ofabout 2500 mby the month ofSeptember at the end ofthe

melt season. It is seen that a large part of the study basin (nearly 50%) contributes actively

to streamflow in the form of snowmelt runoff.

For computation oftotal streamflow at the outlet ofthe basin, the net inflows (after

accounting for base flow and deep groundwater) emanating from the snow cover area and

the snow free area have been computed separately. The net inflow from each part is also

A routed separately through cascades oflinear reservoirs. Due to change in the snowline with

the melting ofsnow during the melt period, the snow covered area and snow free area of

the basin change with time. The variation in the snow cover area also changes the

hydrological response of the basin. In the present study, the storage coefficients of the

snow covered area and snow free area have been considered as four model parameters as a

to function of the respective areas and optimised in the calibration runs. The calibration was

performed using the data of the three years 1985-86 to 1987-88 and values of the four

optimised parameters were obtained. The sensitivity analysis of the optimized parameters

was also carried out to find out the influence of change in each of the parameters on

objective function. Using the values ofoptimized parameters, simulation runs were carried

* out for two data sets of three years independent years 1988-91 and 1996-1999. The results

of calibration and simulation period show a very good performance in daily runoff as

indicated by values of efficiency of model (R2) of the order of 81% and above. The

reproduction ofthe daily flows and hydrograph shape is quite satisfactory. The difference

in observed and simulated volume is less than 7.5%. Overall the performance of the model

V is quite satisfactory. Although the model has been developed and applied for one of the
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basins in the Himalayan region, it should be equally applicable to other basins as well.

There is much scope to apply this model over otherHimalayan basins.

3. The distribution of sediment yield in the study basin shows that the major contribution

of sediment into the streamflow occurs in the summer season (April to October) while in

winter season (November to March) it is insignificant. A relationship between sediment

yield and discharge was established for 3 sites namely Suni, Kasol and for the intermediate

basin between Suni and Kasol using 3 years (1991-1993) daily data. This relationship was

used to estimate the value of sediment yield for the data of two independent years of 1994

and 1996. There is reasonably good agreement between estimated and observed daily data

br these two years for the basin up to Suni and Kasol sites and also for intermediate basin.

For the intermediate basin, an alternative approach was also used and annual

sediment yield from two methods was computed. Annual sediment yield using empirical

elationship was estimated for intermediate basin from Suni to Kasol. In this approach

ohysicographical characteristics of the basin were considered and required parameters

were derived using GIS. The sediment yield computed using three years data by this

•elationship was underestimated. The reason for this may be attributed to the fact that this

equation was developed using the data of Indian catchments located in plain regions while

:he study area lies in the Himalayan region, where good rainfall occurs due to orographic

effect on precipitation. Therefore, the equation was revised by including the orographic

factor and sediment yield was re-estimated for 2 years, 1994 and 1996. After incorporating

Drographic factor, the estimated value of sediment yield with the revised equation is in

;lose agreement with the observed value. A comparison of estimated values of sediment

yield for two approaches viz. developed regression relationship and revised equation was

ilso made for intermediate basin. It is found that the results obtained using the second
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approach, i.e., revised equation, which considered the physiographical characteristics and

orographic factor of the basin, provides better results.

4. The sediment yield generated in the higher reaches cause sedimentation of Bhakra

reservoir located downstream on the Satluj River. The conventional methods such as

hydrolographic and inflow-outflow approaches are in use for estimation of sedimentation

in reservoirs. These methods are cumbersome, time consuming and expensive. Therefore

in the present study, a new approach based on remote sensing data has been developed and

M applied. The present analysis using remote sensing data shows that the average

sedimentation rate for 24 years (1965-1989) is 20.47 Mm3 per year, whereas ground

observations through hydrographic survey provided sedimentation rate 21.93 Mm for the

same period. While the analysis carried out for 32 years (1965-97) gives the sedimentation

rate of 25.23 Mm3 against the hydrographic survey result of 20.84 Mm3. The results

*• obtained using remote sensing based approach reasonably agree with the results obtained

from hydrographic survey. However, the discrepancy in the rate obtained using remote

sensing data can be explained on the basis of accuracy in the determination of water

spread area and mixing ofwater pixels with the land around the periphery ofthe reservoir.

Satellite remote sensing provided the information on the capacities in the water

level fluctuation zone only, which generally lies in live zone of the reservoir. Below this

zone i.e., in dead load zone the information on the capacity could be taken from the most

recently conducted hydrograhic survey. Application of satellite remote sensing technique

has enabled a fast and economical estimation of live storage capacity loss due to

sedimentation. Keeping in view the cost and time involved in hydrographic surveys it is

V recommended that hydrographic surveys may be conducted at longer intervals and the
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remote sensing based sedimentation studies may be carried out at shorter intervals to make

both surveys complementary to each other.

7.1 LIMITATIONS AND SCOPE FOR FUTURE WORKS

From the present study, it was found that the contribution from snowmelt is very

significant in the Satluj basin. The similar studies for basins at different sites located in the

Himalayan region could be carried outusing the methodology developed in this study.

The snowmelt model developed for the present study estimates the runoff of a

mountainous snow fed basin based on the temperature index approach. The frequent

observation of snowline or snow cover area in the basin in conjunction with the satellite

data is likely to improve the accuracy of the snowmelt simulation. The consideration of

orographic effect on the precipitation in the high altitude basins would provide an accurate

representation of the precipitation distribution with elevation in the basin. The lack of

hydrometeorological stations at the higher altitudes restricts the accurate assessment of

meltwater. In the present study, the temperature data was extrapolated using the lapse rate

of 0.6°C/100 m. However, it is always better to establish the actual lapse rate for the

catchment. The actual lapse rate study would help in appropriate temperature distribution

of the temperature in all the elevation zones. The incorporation of the above mentioned

points in the model may improve the performance of the model. The seasonal variation in

degree-day factor and runoff coefficients needs to be studied systematically for small

experimental basins.

Provision of snowpack simulation using the snowfall data can also be considered

for future studies. Further, it is noteworthy that the catchments located at higher altitudes

have considerable contribution to the runoff due to the glacier melt also. The glacier melt

component can also be incorporated in the model separately. SNOWMOD may be applied
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for streamflow forecasting in the Himalayan rivers, which would require an additional

information on the meteorological parameters in advance.

The sediment yield and sedimentation studies in other parts of the Himalayan

region can also be conducted with the approach developed in this study. In estimation of

sediment yield using physiographic data the availability of field data in the upper reaches

of Himalayan basin is a limitation. The use of better resolution (spatial and temporal)

satellite data can be a remedy for the problems ofexact water spread area estimation up to

some extent. There is also much scope for application of the remote sensing based

approach for assessment of sedimentation in reservoirs located in Himalayan region and

elsewhere. Considering the time and cost involved the hydrographic surveys may be

conducted at longer interval and the remote sensing based sedimentation surveys may be

carried out at shorter intervals. Such practice will be very economical and quicker without

any loss in the accuracy of results.
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