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ABSTRACT

Snow is a great resource for water particularly for Himalayan Rivers.
Although seasonal snow cover is an important parameter in tﬁe hydrologicai'regime
of a basin, its contribution is cenﬁned to the spring season when snow-melt and base-
flow constitute two components of the discharge. Onee the summer sets in, it is the
exposed glacier ice in the ablation zone which is the main contributor to the melt -

along with monsoon rainfall.

The preseht study is primarily carried out for assessment of streamflow in the
Chenab River up to Premnagar. In the study Terra MODIS satell_ite data ‘has‘been used
for mapping the snow cover area (SCA). The lapse fate has been estima;ced usihg the
; ‘;LS"I;- maps genefafed from the thermal bands of the satellite data._ A methodology to
produce dally SCA dlrectly from Terra MODIS SNOWS Cover map products. :
(MODI10AL1) is presented The study catchment is d1v1ded 1nto nine elevat1on zones and
snow'cover has been -computed‘for these elevation zones using MODIS data. On the
~ basis of SCA, Snow covjer depietioh curves heve been prepared; The S‘nowv cover
fiepletieﬁ curves vary sigm'ﬁeantly from yeaf to year. ‘I;c. was observed that ‘the
sﬁewmelt starts in the month of March while after Augusf snvev;/'eover accumulation
staﬂs; The upp& part of the baein remains snow covered and 1ewer bart remains snew
free tﬁroug’hout the yeaf. Snew covered area varies between 10% end 80% in the whole

basin depending on time of the year.

Study reveals that there exits an inverse linear correlation between LST and

elevation. Using this property, the lapse rate for different seasons has been computed. |

.. ix



Simulation has been carried out taking snow cover area, lapse rate and meteorological

X

~ data using snowmelt runoff model. Available data of five years was split into two -
parts; one i.;i"a;[used for calibration purpese (2000-01, 2001-02, 2002-03) and the -

;remainingf.d{avta of two years (2003-2004, 2004—2005) for model validation. During

calibration neriod, it is neticed .that' for all the three years the daily discharge
éimulated with efficiency ranging from 0.84 to 0.92 and difference in volume ranging
from l'.57% to 7.26%, which indicates good to very goo'd performance of the model
for all the&ears. The calibrated model was applied to independent dataset for years

2003-2004 and 2004-2005 to check the applicabﬂity of the model. The model could

reproduce independent data sets with efficiency between 0.81-0.91 comparable to that

of calibration period indicating app'iieabil_ity'of the model to simulate runoff in study

‘basin. The -Seasonal distribution of streamﬂow' indicates that about 60% of annual -

~_ﬂows are generated durlng the summer season and about 75% of thls summer flow is = .

obtamed from snowmelt SNOWMOD a temperature 1ndex based runoff model

-'Worked well in the study basin with lirnited - data Such estlmates are useﬁll for

-planning 'and management in this -basin.

~ Genyet
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INTRODUCTION | o |
\ CHAPTER 1

1.1 GENERAL

_ Strealﬁ flow representing the runoff phase of the hydrqlogic cycle is the
most impoﬁant basic data for hydrologic studies. The first and foremost
requisite for the planning of water resources developmentis accurate data of
strearﬂ ﬂon, or in other words, .the surface runoff for a considerable period of
time so as to determine the extent and patfem of the available supply ‘of
water. The practical objective of -hyd‘rol.oéic analysis is to determine the
characteristics of the ‘hydrograph that may be éxpeoted for a stream drainipg any
particular watershed. There is a great need of proper assessment_of ﬁdpntain water
resources and their-prope:r utilization.

More thah half of the humanity relies on the fresh water that accumulates in |
méuntains for dﬁnking, domestiq use; ifri'gatidn, hydropoWer, inc_lusf_:ry_ and
tran_sportatior};' Rapid and increasing changes in mountain landscapes, and inéreasiﬁg
demands on'mounteilin‘ resoﬁrces,- hé\{g many impacts on-fresh water availability.
Fresh water has aheqdy‘ become a "scl‘arce resource in méﬁy par't-.s of the .wo'rl:d.
Mountains é.re expected to satisfy the greater part of this growiﬂg deinan(i of fresh
water. In ‘generai, mduﬁtains are treated as a resdurce of water bgcauéé ali :the
important rivers of the world originate from mountains. Mountain areas éQnstituté a
relatively sméll proportion of rii/e; Jbasins, yet 1j.hey provide signiﬁca_nt part of the
~ river flows downstream. There haé béen vefy limited monitoring of hydrological

data in mountainous areas. An inadequate knowledge of "the' hydrology of

TR



mountainous areas and poor management of water resources can result in serious
degradation of water quantity and quality.

The mountains cover a large portion of the earth surface. As the mean
altitude of the land area of the earth 1s 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 surtace 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
vartations in depths of snow and ice trom place to place depending on the location.
Snow and glaciers are the reservoirs with vast storage of fresh water. Snow torms a
natural reservoir, storing water for weeks, months or season. If it 1s properly
harnessed it can be used for water supply, agriculture, industry and energy

production,

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-Gangetié 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 mountain-

building forces and vigorous ecrosion processes. In places, they are traversed by



extremely deep river gorges resulting in great vertical contrasts over very short

horizontal distances. (Mountain Forum Newsletter, 1999)
1.2.1 Physiography and geology

The Himalayés 1s the highest and youngest mountain system of fhe world, on
the northern edge of the Indi'an subcontinent. The width of this mountain system is
variable, being broadest in Kashmir (abou£ 400 km.) 'and narrowest in Sikkim (about
160 km.). Based on its geological and geomprphological history, the systém is
divisible into tlnjee. well-recognized transverse zones | separated by distinct
escar'pmenfs or fe;ult lines. From west to east, these zones are further divisible into
three sectors. These afe referred to as Western Himalayas bet;wveen the In(ius and the
Sutlej rivers, comprising the States of Jammu and Kashmir and Himaqhal Pradesh;
-‘C-entral Himalayas, between the Satluj River and Sir.lgalilé range (dividing range
be-tW'een Nepél_ and Sikkim) formed of Uttrakhand and Eastern Hi;naia_yeis formed of
Silékim, Bhutan and‘ Arunachal Pradesh. The Indian Himalayan region, which 1s
more than 2,8(50<km in length and 220 to 300 km wide, is spread over j:he stgteé of
Jammu & Kashmﬁ", Himachal Prade-sh, Sikkim, Arunachal Pradesh, Nagaland,
| Manipur, Mlzoram Tnpura Meghalaya and a part of Assam, along w1th eight
~ districts of Uttrakhand and one district of West Bengal

The landscg;pe of Hir_n-alayés is founded on an immature geology and -on‘
unconsolidated rock-systems. The Siwaliks are the  youngest part of Itﬁe mountain
‘syste;m.' The Siwaliks are -composed of tertiary sand stones and shales. The thic.:k< '
Upper Siwaliks are médg 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 Himalaya. These extremely rugged ranges looking down on the Siwaliks are
- thickly forgéted. The rocks in- lesser and Centrél Himalayan zone are mainly
sedimentary lo§v gra&e metamorphosed and of igneous origin. The Himalayas have a
-wide range“ of parent material and the éoils thus have also déveloped vafying

characteristiés.
122 Climate

The Himalayan region has large variations in the tqpography, elevation and
locatién resulting in great contrastil;g climates from région to region. In general the
entire western Himaléyan region tends to be semi-arid and/or subhumid. Only the
windward 'slo,pés of th_e southem edge are wet, especially ibetween 9@0 éind '2000 m.
Here thg Middle Hinialayas and the Siwaliks have a mean rainfall beﬁNeen 5406 and

_ 1600 mim. Ih -the Siwaliks and Middle Hirnalé.yasvprecip_itation obcursf largely duﬁﬂg'
lsﬁmfner_ ana fnénsoon months whereas thé greater amount of preciﬁitatio_n‘ occurs i'n
- the form of én’ow_ in the Great .Himallayas in :t_he_ wiﬁtef mo.nths_.l Thére is a great
variation ofl temperatures Bétween summer and wintér in this reg-iont. In July thé
fnaximum temperature ranges from 26°C,to 29°C in the Siwaliks, in the Middle _
Himélayas it is betwg:f-:n' 21°C and 2-'6.5°C- and in the Gpeat Himalayas the mean
_tempefafufe is less than 21‘°C. In January the western Him_alayari ;égion_ registers a
mean te'mperature‘ of less fhan 4°C. The higher regions Iexperien?:e§mo%e Snow in

-winter.



1.2.3 Snow and ice

Snow cover is an important component of the hydrologic cycle. A signiﬁc-ant
part of the earth is covered by snow for at least a portion of the y.ear, producing a
substantial change in surface characteristics from those exhibited when Snow 18
absent. About 10% of the earth’s surface, 15 x 10 ¢ km?, is covered by polar ice caps
and glaciers ’(Singh and Singh, 2001). The Himalayas contains over 50% of
permanent snow and ice fields outside the Pplar Regions. This région covers an area
of 4.6 million km? above _1560 m, 0.56 million knf‘ above 5400m and 3.2 million
km” above 3000 m . The upper catchment éf ihe Himalayan basins 'is covered by
seasonal snow during winters. For example average snow and. glacier contribution in
the annﬁal flows of Chenab river at Akhnoor was estimated to be 50% and that for
| Ganga at Devprayag was about 30% (Singh et al.,, '1997). The accumulated: snow in
- the Himalayan basin bécomes an important source of streamflow during the sumniéf

) -f time.
1.2.4 River systems |

The Himalayas are the source of a lafge number of rivers, which ensure all
' the year round availability of water, i.e., they are perenﬁial in naﬁ;n?. Since,
- agriculture in India is main source of livelihdod; therlefor'e, water resources
generated in the Himalayas are.considered as a boen to the country.

The Indian Himalayan glaciers are 'broadly' divided into the three-river basins
of Indus, Ganga and Brahmaputra The Indus basin has the largest number of glaciers

(3,538), followed by the Ganga basin (1,020) and Brahmapufra (662). Researchers



have estimated that about 17 percent of the Hi.malayas and 37 percent 6f Karakorum
is presently under permanent ice cover. The principal glaciers of this region are
Siachen 72 km; Gangotri 26 kfn; Zemu 26 km; Milam 19 km and Kedarnath 14.5
km. A variety of climates are the beauty of the Himalayan region. The extreme relief
of the Himalayas produces marked changes in air masses crossing the region and
results in a complex mosaic of “tobo—climates” determined by variations in slope,
aspect and relative altitude. These range from the sub-tropical climates in the
- southern plains, to the temperate climate of the middle hills and Alpine (or polar)
climates in the high mountains. The main controls on climate are v&;eather éystems
movihg in from the éouth-east during the summer and from the west in winter. The
summer monsoon normally’ commences in mid;Jﬁne and lasts until mid-Septen_lber. ‘
The mountain fanges block the noﬂhward advancement of the monsoon causing
widespread -and intense rainfall on southern slopes, wherea's dn the lée of the
mountain ridges, drier conditions prevail. Delayged‘ onset of the monsoon .de;creases '
precipitation along tﬁe Himalayan arc from east to north-west. There 1s also a
general dec_;rease? froiﬁ south to north with each successively highe; moﬁntain rénge,
featuring windward maxima and leeward rain-shadows, which culminate_ in th-e.hi gh-
| altitude aridity of the Tibetan plateau. Thé western Himalayas g:et more precipitation
‘from the westerly winds during November to April. There is a laf.ge variation in the
annual average precipitation in the Himalayas. The southern slopes of tﬁe Easterﬁ
Himalayas experience some of the highést annuél rainfall totals on'Earth' Whi1¢ other
‘areas receive as low as 50 mm a year. Mean daily air temperature is low in January
and rises during the pré-monsoon peﬁod (February to May) with .ma'xi:mum daily
temperature .in late May or early June while pdst—monsoon (Octobe;r to January)

mean daily air temperatures generally decline: Himalayan glaciers form a unique



reservoir that supports mighty perennial rivers such as Indus,Ganga and
- Brahmaputra, which are the lifelines of millions of beopl’e. Recently the g‘eol’ovgistsv
. of Geological Survey of India (GSI) counted 5,218 glaaiers in the Himalayas. It is
estimated that 33,200 km2 of the Himalaya is glaciated and. glacigrs occupy about
17 percent of the total mountainous area of the Himalaya while an additional area
ranging from 30-40 percent has seasonal snow cover. Meltwater draining from these
ice and snowfields is important in regulating the hydrology of the Indian sub-
continent. Though it contributes only to 5 percent of total runoff, it releases water ia
the dry_ season.

Gradual shift of the snowline due to progressive increase in atm(_)sphéric air
temperature and release of the water from snow and ice melting makesAt‘he water
level aonstant in H;lmalayan_ Rivers.

Broadly rivers originating from the Himalayan region can b_e grouped in
' -ﬂzlree main river systems; the Indus, the Ganga and the Brahmpﬁfra. Thé rivers that
f‘oi_‘i;ginata and ‘drai_n through Himaiayas are given in Table 11 The moét impqrtapF

river sysfem of thé Himalayan regian Which is also the most important systerﬁ of the.
, .country, is the Indus system. It ﬂows from the T1betan plateau through Indla and
Paklstan to the Arabian sea (Indian Ocean) Rivers Shyok, Shlgar and Gllglt join it
in Jammu and Kashmir. The important tributaries, including the 'thAelum, Chenab,
Ravi, Beas and Satluyj jain it aftér_el_ltering Pakistan. About 90% of ‘the mean annu_all
flow into the Indus basiﬁ originates in‘ the f_roat ranges and high mountaiﬁs of the

Hindu Kush, Karakorum and western Himalayas.



Table 1.1: Major river systems of the Himalayan region and their catchment

-areas falling in the Himalayas (Singh and Singh, 2001)

» Catchment area in
S. No. River )
Himalayas (km?)
A. Indus System
L. Indus ' 268,842
2 Jhelum 33,670
3. Chenab - T37,195
4. Ravi 8.,029
5. Beas - 14,504
6. Satlyj ‘56,_5.0.0
B. Ganga System
7 Ganga 23,5.(51 ‘
- 8. Yamuna .11-,655 -
) 9 ' Ramganga , '-'r6?734
10, Kali 16317
IT. Karnali ~ 53354
2. Gandak 37,314
< 13. Kosi 61,901
C Brahmépufra’System
14 " Brahmputra 256,928
15. Teesta 12,432
16. Raidak 26,418
'17; Manas 31,080 .
18, ‘Subansiri 18,130
19. Luhit 20720




1.2.5 Water resources

There is very limited scientific information available for Himalayan water
resources. This is dﬁe to very difficult terrain and hence insufficient network of
observations for both precipitation and streamflow measﬁrements. However, the
available estimates show that the water yield from high Himalayan catc]nnenté 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 iﬁvestigators have estimated the
water resources of the Hima.layan region. It is reported that the specific runoff in the
Himalayas is at a fnaximum in an altitude belt of considerable human ;clctivity - 1500
to 3500m and this is about 515 km®/yr from the upper mountains and evaiuated that
400-800 kﬁf/yr. flows -doxhvn as'meli:water .contributi'ons from the snow and glaéielf'
fields in the high mountain region as ‘against earlier conservative estimates of 200 S

500 km®/yr.
1.3 ESTIMATION OF SNOWMELT RUNOFF

The Himalayan regions‘ are Véry young, highly fragile and uné;tablé. ‘
Hydrological problems of thé wesfer‘n Hirhalayan region are different thaﬁ those of -
plain areas due to variatior_lv iﬁ tbpography, climate, landusé and soil character'istics‘.
Rapid population growth andiihdtstrializat_ion are leading to major changes in
landuse and water utilization of the region. The need for food, fiber, shelter and

energy has caused many watersheds to undergo rapid landuse changes, deforestation



and urbani;ation. This is affecting hydrological characteristics of the Himalayan
basins. | '

The majority of Vrivers originating from the Himalayas have their upper- |
catchment in the snow cévered areas. The solid precipitation results in tempofary
storége and the melt Wafer reach 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 soufce (;f
runoff and during July to September it forms a significant constituent of melt. The
snowmelt runoff modeling is (;f vital impdrtance in forec_ésting waterA yield. Snéw
and glacier melt runoff is very important particularly 1n the lean season and it playé a
vital role in "making '_peyennial nearly all the rivers oﬁginating' inA Himalayas
perennial. The eontﬁbu‘ti(»)n. of the snow and glacier melt in annual ﬂéws of.
Hjmalayan_ﬁver‘s' at potenﬁal préj ect site is not eivailéble. Further, fhe éxtent of sriow

- cover and its distribution With time 1s not availab_lé for the Himalayan region. Such
information -is-necessary» to s'olve-the flydrologic problems of this regioh. :There is -

' great need to develop -simﬁle aﬁd systematic lﬁydroiogical models cohsidering rain

and snowmelt inputs based on the limited data availability for this region.
14  ROLE OF REMOTE SENSING AND GIS-

Measurements of snow cover in -thé mountainous basins are difficult due to
harsh climate, complex accessibility and poor communication facilities. With the
advent of remote sensing and" GIS, this offers exceptional opportunity to assist in

resource inventory, integration of data and as a mechanism for analysis.
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Potential application areas- of remote sensing and GIS in mouhtéiﬁ
environment include snow cover analysis, terrain analysis, mountain hazard
mapping, watershed managemént 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 it possible to evolye a realistic, accurate.and
uniform database for hydrological studies. Integration of bibphysical 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 of multi—spectrél spatial data and their presehtation ina
reasonable understandable map format. | |

Con_venﬁonal methods have limitations in the monitoring of snow covered
area in thé Himalayan basins because of inaccessibility. Because of the idifﬁculty of
making field measufements in_Asnbw covered mountainous regions, re_mdte sensing is
perhaps the only me;'«.ms of measuring snéw covér exté_nt and propertie‘s. Fresh snow
has-a very high reflectivity in the visible wavelengths; however, it decreases as the
snow ages. The reﬂectivity of snow isv dependent on many snow cha_racteristiés like
shape aﬁd size of snow crystals, liquid water éontent (especially of the nea:r surAfa'ce>
layers), impurities in the snow, depth of snOQ, surface roughness etc;. In addition, t-he
shollar elevation and azirnufﬁ 'aiso_ influences the spectral reﬂcctance to a large extépt )
(Hall'and Martinec, 1985). - |

At pres_ént 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
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-thgy do not penetrate far into the snowpéck, mainly providé wirllfonnation',about the -
surface of the snowi)ack.
~ Data requifements vary with the geo gréphiéal area, the type of model and the
output reciuifements. The ﬁse of hydrological models for 1arge watersheds and the
~shortage of good ground based data sources have hydrologists to make incréasiﬁg
use of remote]y sensed data. As the scale of hydrological h?odels increasés to
.provide'interaction With general circulation models and regional clirnaté models,
hydro‘logists must turn to the Wofld-wide coverage- pfovided by satellites.
~ Precipitation is undoubtedly the most important input data fo? hydro’légfcal models"
and yet; at the moment, it can bé estimated from satellite data only in special
‘ circumstaﬁces with limited accuracy. In cold regions, the areal extent of snow cover
* 1s measured relativeij easily at visible énd infrared freciuencies. Areal extent -fnay be
1ﬁ¢qsured to w’ithiﬁ 20-30m using IRS, Landsat TM or SPOT images- altﬁqﬂgh fhis is
at restri_cted _-returﬁ ;p%:riods and in clOud—free conditjons only. HydrologiCal pfo'césses
sﬁch as interceptioﬁ; inﬁltrétion ét_nd— runoff depend uponi distributeda ;céi:chrﬁent'
characteristics such as elevation, slope, aspect, Qegetétion cov‘e'rA and soil ._’type. Land
co’ver is a useful surrogate for many of these characteristics and can be abcufa;cely
‘éstirna;ted by classiﬁ‘cation of -data frém optical sensors. Techniqu'es”are now
becoming avéilablc 'to use satel]ite data to prqvidé areal estimat'esv of skin
temp:erétur'e, véloud cover/éunshiﬁe .duration and surface albedov and to compute
evapétranspiration from different lglnd covers. |
| The "folev of fem;)te seﬁsing in runoff calculation is ger;érally to provide a
source - of input data or as an ‘aici, fpr \estirnating equation cde’fﬁcients. and model
parameters. Experiane has shown that sateilite data can ‘i:e interpreted to derive-

thematic infoirmation on land usc,' soil, vegetation, drainage, etc which, combined
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with conventionally measured climatic parameters (precipitation, temperature etc)
anci topographic pararﬁeters height, contour, slope, provide the necessary inputs to
the hydrological rﬁodels;‘ The system provides efficient tools for data input into. - -
database, retfieval of selected data items for further processing. The use of remote.
sensing and GIS is applicable in rainfall runoff, soil erosion, snowmelt runoff and .
groundwater modeling. The land cover maps derived by remote sensing are the basis‘

of hydrologic response units for modelling units.
1.5 OBJECTIVES AND SCOPE OF THE PRESENT STUDY

- The foremost objective of the study is
1. Generation 6f .geb‘—data base of Chenab river basin.
2. Procéssin_g of rgmote sensing data to derive snow cover.
3. Assessm'ent. of Lapse rate us1ng land surface temp_efature maps.
4. Snowm'elt‘rﬁiloff fnodeling using SNOWMOb model.

5. Assessment of stream flow.

13



REVIEW OF LITERATURE
CHAPTER 2

' The main objective of the present work is application of snowmelt runoff
model for a Himalayan basin. This chapter presents a review of relevant literature
for snowmelt/rainfall modeling. A section is also devoted to the application of
remote sensing in snow studies. ‘Snowmelt studies carried out for the Himalayan

basins have been reviewed and presented.
2.1 MODELING OF SNOWMELT RUNOFF

Hydrologic sirhulation models that include snow are generally divided into
three basic components namely the snow cover, a precipitation-runoff relaﬁonship
and a runoff distribuﬁon and routing pqucedure. Snowmelt' runoff ‘sin.aula‘tivon quelé
:generally cqnsist of a snowmelt .r.nodel and a transformation model (WMO, 1996). '
The snowmelt model generates. liquid Qater from the snowpack tha.t is éVe-liléblé for

_runoff. The transformation model is an al gOrithJﬁ that converts thé liquid output at
“the ground sufface to runoff qt the ba;in optlet. The sﬁowmelt and transforma_tioﬁ
models can be lumped or distributed in nature. Lumped models consider whole
catchment as a singe unit and ﬁs’e Qﬁé é_et of parameter values to define the physical.
and hydrological éharacteristiés. DiStri‘t;uted models attempt: to account fo: the
spatial variability by dividing the basin- or catchment into sub-areas ané computing
snowmelt runoff fqr each sub: area independently with a set of paramefgrs
corresponding to each of the sub-éireas. Generally distributed models use one of the

following general ap-proaches‘to sub-divide a basin:
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@) Elevation zone or band
(i) Basin characteristics such as slope, aspect, _éoil, vegetation etc. and
(1) A fixed or variable 1eng£h, two or three-dimensional gnd
Lumped and distﬁbuted modeis are classi_ﬁgd further By their use of
energy - balance approach or 'temp‘erature index approach to simulate the

snowmelt process.
2.1.1 Operational snowmelt models

'Mény models have been created around the world over four decades to
describe snowmelt runoff. List Qf Snpwmelt models is elaborated in Table 2..I.These‘
can hbe ,divid‘ed into twé categories, statistical and physical. In turn, these models can
be applied in a lumped or diétributed mannér. The 'Lwo most common ways of sub
dividing an area 6f interest fo; s-nowmelt modeling is into elevation zones, or into
grid équfes.

When precipitation falls as _sridw' it accumulates in the-basin and sriowpack is
developed. Conceptually snowmelt ruﬁoff models are rainfall—rﬁnbff— hiqde;ls with -
additional component or foutines édded to sfore and éubsequéntly ‘rﬁelt- precipitation

“that fallis- as‘s}n'.ow. Some snowmélt ruﬁoff mbdels are purpése built and are not.
intended for uée in nén SNOWY .environments, though they have t6 make ‘som‘e
allowance for precipifaﬁpn which falls as rain during thé melt season. In g'eneral,- the

part of the model which deals with snowmelt has to achieve three operations at each

time step.

e Extrapolate available meteorological data to the snowpack at different

altitude ZOones
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Table 2.1: LIST OF SNOWMELT MODELS

-| Model Name

Hydrology)

- Country of Origin Reference
| | NWSRFS (National Weather Service River USA | Anderson
. Forecast System)~ (1973)
HBYV (Conceptual Runoff Model for Swediéh Sweden Bergstréom ‘
Cafchrnents) (1 975)
SRM (Snowfnelt Runoff Model) | Switzerland Martinec (1975)
| Point Energy/Mass Balance Model _ USA Anderson
| | (1976)
MOEHYDRO2 (Comprehensive Watershed Canada ‘Logan (1976)
‘Model)
| ‘GAWSER (Guelph Agricultural Watershed = | Canada Ghate and
' _Storm—Evént Runoff Modei) | - {“Whiteley (1977)
. UBC _(Uni?érsity of British Columbia Canada i Quiék and Pipes »
Watershed Model) | (1977
| WRB (Water Resources Brancithodel) - Canada Kite (1978)
: -SHE (Systems Hydrologiciué Eurbpean Snow Fra-lnce: Moﬁ_‘is' aI";d
| Model) | Godrey (1978)
- IHDM (Institute of Hydrology Distributed { UK vMon‘is (1983)
‘ quei) | .
: P,I:{MS (Precipitation-Runoff Modeling USA v' ' Leaveéley e;t al.
| System) (1983). |
HSP-F (Hydrologic Simulatibn Program- USA Johanson et al.
F;)nraﬁ) | ' | (1984) |
| "USDAHL-74 (Revised Model of Watershed | USA WMO (lv986) '
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["SCS(SCS Snowmelt Model) USA TWMO (1986)
SWMM (Storm Water Managemeﬁt Model) USA WMO (1986)
USGS (U.S. Geological Survey Model) USA WMO (1986)
QFORECAST (Continuous Simulation and Canada WMO (198.6)
Real-Time Forecast Modei)

- [[CEQUEAU Canada WMO (1986)
ERM (Empirical Regressive Model) Czechoslovakia WMO (1986) |
"NEDBOR-AFSSSTROMNIN GSMODEL Denmark WMO (1986)
(Rainfall -Runoff Model v. II)
TANK (Tank Model with Snow Model) Japan | WMO (1986). ‘
YETI Czechoslovakia | WMO (1986)
SCHNEE GDR WMO (1986)
WSRM (Winter Season RuanfMoqei) | Poland WMO (1986)

| HRO (Hydro Res’_opfces Optimization) { USA WMO (1986)

i GMTS_—-I (Model of Showmélt Formation of | USSR | ‘ WMQ'(198‘6) —

| Lowland Rivers) | - N -
GMTs-2 (Model of Snowmelt Fogﬁation ina _' USSR WMO '(1986) .
Mountainous Basin) V ;
GMTs-3 (Model of Snowmelt-Rainfall TSSR WMO (1986)
Runoff F omi_ation) |

I "HEC-1 (Hydrologic Engiﬁeering-Cent'er-.l) USA | USACE (1990) |

| SSARR (Streamflow Simulation and _ USA USACE (1991)
\Réservoir Regulation) | |

[ SLURP(Simple Lumped Reservoir USA Kite(1995)

Parametric Model) ‘ | A
SWAT(Soil Water Assessment Tool) "I GSA | Amold et
| al.(1998)
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] . Calculate rates of snowmelt at different points, and
. 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 ;)f changes in snow-covered area
because there is general depletion of snow covered area with time. A snowmelt
runoff model has been developéd at NIH fqr a Himalayan basin. The strucfure of the

model and algorithms used are discussed in brief in the following sections.
22 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?snoizvpack governs the production of
meltwater. This method involves accounting of the incoming energy, outgoing
eﬂergy, and the change in energy storage for a snowpack for a given pel“iod‘ of time.
The het energy is then expressed as equivalent of snowmelt. The énergy balaﬁce

equation can be written in the form (Anderson, 1973).
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AQ=Qu+ Qe+ Qu+ Qg+ Qum 4 (2.1)

where:
Qn = net radiation (long and short wave)
Qe = latent heat transfer
Qn = sensible heat transfer
Qg = - ground snow interface heat transfer '
Qm = heét transfer by mass changes (advected heat)
AQ = change in heat storage. |

In the above energy balance equation, different compdnents of energy are
considered in the form of energy ﬂuﬁ, which is defined as the amount of energy
received ona horizontal snow surface of unit area over unit time. The positive value
of Qm will result in the melting of snow. The relative iihportaqce of the various heat
transfer processes involved in melting of 2 sﬂowpack’ depends on time and local
conditions. For example radiatién melting dominates the wea_ther conditions when.
wind is ce_llm. 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 = Qu/ [Pw.L.B] 22)
where,

M = depth of meltwater (m/day)
L = latent heat of fusion (333.5 kJ/kg) -
pw = density of water (1000 kg/m?)

B = thermal quality of snow
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The thermal quality of snow depends on the amount of free water content
(generally 3 — 5 %) and temperature of the snowpack. For a snow that is thermally
ripened for melting and contains about 3% of frce water content, the value of B is

0.97. For such cases cquation (2.2) reduces to,
M=Q,, /[1000*333.5%0.97] (2.3)
which leads to a simple relationship,

M=0.0031*Q,,(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 watershéds.
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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 cérrﬁng out the snowmelt studies. This -is particularly true for thé
Himalayan basins where the network for d.\ata collection is poor. The commonly -
available data in the Himalayan basins are daily maximum and minimum
temperatures, humidity measurements a:nd surface wind speed. This is why the
témpe’rature indices are widely used in the | snowmelt estimation. It is gehefaIly
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 é broad sense is a unit expressing the amount of heat in terms of
pérsistence of a -tempel;ature‘ for 24-hour period of one:degree .centigrade departure
from a’ ;eference temperature. The simplest and the most common expression

relating daily snowmelt to the temperature index is,

M=D(T—Ts) | | | | 2.5)
Where, o o o

M =melt prodﬁced in mm of water in a unit time.

D = degree-day factor (mm° C'Id>ay'l)

T; = index air temperatlilre °O)

Tb, = base temperature (usually 0 °C)

Daily mean temperature is the most commonly used’ index temperature for.

snowmelt.
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The mean temperature is computed by,

There are severél 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 :to4use the temperature as they are recorded and calculate the
' averége daily temperaturé. It was reported that sometimes the degree-days from ‘t.he '
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 dail}"
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~ ﬁndue
emphasis to this effect. On the othgr ﬂénd the use of maximﬁm temperature only
excludes this effect entirely. In order to counteract such problems, alternatives have
been suggested in which unequal weight to the maximum and miﬁimum temperature
are. given. U.S. Army ~Cor§s of -E.ngineers (1956), used :the following --index

temperatures,
Ti=(2TmaxtTmin)/3 - 2.7
Another approach is given by,

Ti=T maxH{ Trmin-Tinax /b '  (2.8)
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where,
b is a coefficient less than 2.
‘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.,

T;~8(h-h) ' “ | (2.9)
where,

T:;= degree-day of the elevatioﬂ zone

&= temperature lapse rate in °C per 100 m

h= zonal hypsometric mean élevation- in m.

hg = 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 féund 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 . SATELLITE REMOTE SENSING OF SNOW COVER

Dishjibuted hydroic; gical models, which can account for the spatial variability
of basin physiography and meteorological inputs, have. the potential to exploitI
detailed SNOW cover data, including dist_ributed SCA. Conventional snow cox}er data,
such as snow surveys, provide detailed information on such snow pack propertiés
but their site specific nature and infrequént occurrence limit their potential for use in

distributed models. In order to provide distn'bi;ted information characterizing the

snow cover of a watershed, snow survey measurements must be extended to regions
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Whefe no snow survey data are avaiIable. Remote sensing offers a significant
- potential for collecting this data in cost effective manner. Because of difficult -acce.ssv
and expensive operation of hydrological stations, rader 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
»esefui in mapping snow lines. The wealth of observational material obtained by
remote sensing can be integrafed into rriddels, 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. Since then, the potential
for operational satellite based snow cover mapping has been improved by the
- developmient of higher temporal frequency sateilites sech as GOES (Geostationary
Operational Environmental Satellite), Landsat, SPOT and ‘IRS' series, and NOAA-
AVHRR, NIMBUS-SMMR and DMSP SSM/I satellites. |
SneW has a high albedo in the visible region of the electromagnetic spectrum
eompered to most natural surface cover. For this peasen snow covered area maps
were one of the first satellite remote sensing applications. The technology has
developed to the point wherenlmage processmg systeﬁls are Wldely avallable
(Baumgartner and Rango 1991) and percent SCA estimates on a watershed basis
can be obtalned in near real-time for most of North America (Ca:'rrol_l, 1990; NOAA,
1992).

. The net radiation balance is usually the most important factor in the snow
pack energy budget and snow covered erea_ (SCA) estimates can provide a means to
estimate the net radiation flux over a discontinuous snow peck. However, few
hydrological models make use of SCA, partly because data are ,di-fﬁcult to obtain.

Exceptions are the U.S.  National Weather Service River ‘Forecast Simulation

=
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(NWSRFS) model (Anderson, 1973) and the Snowmelt Runoff Model (SRM) In the
WSMS model SDC's are used to reiate basin water equivalent to basin SCA in
order to apportion the energy balance and melt. The SDC's-are basin dependent énd
are generally developed as part of calibrating the model to a particular wateréhed. In
the SRM, the SCA is used directly in tﬁe rcgression_-‘based dégree,—day inelt equation, .
incqrporating a procedure to lipda;te the SCA using Landsat imagery. Eie\;ation _
bands are used in addition to sﬁow cover depletion curves to'account for the SCA.
Both the NWSRFS énd SRM models have worked particularly well in alpine
watersheds, which typically have 'lqng ablation periods and SNOW covef depletion
patterns that are similar from year to year.
| The network of" geostationary meteorological satellites allows mapping of
both snow and ice fr(;m several high mountainous regions of the world, and allows a
comparison to be made of large-scale seasonal changes. However, the spatial 'aﬁd.‘
, si)ectral resolutioﬁ of the sensors on board these satellites is too coarse fo_r Snow
cover mapping. The high—;esolution sétellites, such as Landsat, SPO’I‘, IRS and
JERS and the medium resolution satéllités such as NOAA are widely used for
mapping. Snow cover (Baum.gartner et al., 1986). However, the répéat cover perio&
~for high resolution satellites such'.as Léndsat is 16 days, which is not adequate for
mapping shallow snow cover that can completely melt between consecu_ti.ve
ovefpass. Also, clouds oﬂen_obscure visible imagery of the eaﬁh's surface and thus
estimates -of wétershed state parameters using yisible imagery are not a reliable
source of data. However, mapping of shallow snow cover would be useful if
‘providedv z;t the daily repeat coverage intervals of meteoroloéical sensors such as
GOES or NOAA. GOES and NOAA imagery hav¢ an approximate spatial resolution

of 1 km.
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Another possible source for snow cover information is microwave satellite
imagery. The regular and frequent mapping of snow cover is possible using a 'sens;)r
independen'; of time and weather. Depending on wavelength, microwave radiation
will penetrate clouds and most precipitation, thus providing an .all-wéat‘he_r
observational capability, which is very significant in snow regions where clouds
frequently obscure the surface. There are two types of microwave sensors: active
and passive. Active satellite sensors contain synthetic aperture radar (SAR) and emit
microwave radiation at a specific frequency and polarization and measure ’;he return
backscatter in the form of the backscatter cqefﬁcient. Passive radiometers include
NII\JBUS-7 Scanning Multi-channel MiqroWéve Radiorﬁeter (SMMR) and the
DMSP SS/I. Satellites and measure surface brightness temperatures
Microwaves have unique capabilities for snow cover modeling:

1. They can penetrate cloud cover providing reliable data;

2. They can penetrate through various snow depths depending on wavelength
therefore potentially capable of determining internal sn;)wpack properties such _
as snow deptﬁ and water equivalent. |

Mic_x'owa\}e sensors have been sfudied as potential sources for snoiwcovc;,r‘
information. of interest in the studies is measurement of the snovsf cox./er areal extent,
dept.h' and water equivalent.

Active microwave sensor was there én the First Europeén Remote Sensing
Satellite (ERS-1) and Caqadian 'RADARSAT offer the possibility to observe
seasonal snow cover characteristicé in detail over the entire snow-cover season. In
one simulation of RADARSAT data, snow-cover claésiﬁcatio_n accuracy was 80%,
comparable to aircraft Synthetic Aperture Radar (SAR). Comparing a classification

of snow-covered area based on SAR with that done using TM suggests that a SAR-
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based classification is sufficiently accurate to substitute for visible-and-near-IR
‘ based estimates when such data are not available, for example due fo cloudiness.
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 Ihiérowave signals to snow wetness aids in determining the onset of
spring melt aﬁd the occurrence of multiple melt events during the winter. In passive
mode, microwave emission is -strongly dependent on the condition of the snow in
terms of humidity, Iﬁetamomhism and water equivalence. Microwave penetration
depth of dry snow is much larger and dry snow cover less than 2.5 cm depth is -
transparent te the microwaves and ignored even though it is thick enough to reflect - -
incoming short-wave raciiation. The interaction of microwaves with snow strongly
depends on the snow wetness, size and étructure of snow grains. The dieiectric
constants of water and snow are so drasticélly differe;nt that even a little melﬁng will
cause a strong microwave response It is found good agreement between aircraft and |
microwave depth estimates for an Alaskan snonack; but they aléo noted that the
radiometric correction for the effect of a&noépheﬁc absorpﬁon 1s important at all
. wavelengths used for a reliabie estimatic;n 6f -snow depth. Experimental snow
mapping with satellite derived passive microwave radiometer data show the high
potential of mapping for dry. Howeyer, the poor spatial resolution of the satellite
micrdwave sensors, typically of the order of 25km, has restricted the use of snow
cover values estimated from passive remote sensing for snowmelt run-off |
detefmination_ in high mountainous catchments

~ Several researchers flave reported on efforts to incorporéte remote-sénsing
data into snowmelt-runoff modeling. Researchers reviewed the progress that has

been made for incorporating remote-sensing data into regional hydrologic models of
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snowmelt runoff. The National Oceanic and Atmospheric AdminiStratiori_‘s (N bAA) =
- Advanced Very High-Resolution Radiometer (AVHRR) sensor prbvides daily views' |
over large areas (1000-km swath) and é_‘.n(_)w—cover maps aré produced operat'ionall-y.
In large basins (>10° km?) AVHRR or other medium resolution sensors pr'ovi(-le-
» daily coverage in vcloud free weather and are used for o_perational SNOW SNOW maps
by the_ US NWS and in some applications of SRM (e.g., Baumgartner et al., 1986).
Estimates of snow-covered area based on remote sensing data can sigxﬁﬁcantl.y
improve the performance of even simi)le snpwmelt models in alpine terrain. For
operational purposes, empirical approaches ﬁsing combination of remote sensing
~ data to est:ima‘teAsnov\‘f—cove‘:er area, aﬁd snow-depth networks to estimate SWE are
cohtinuiﬁg to improve (Martinec et al;,- 1991). If SCA observations can bé provided
at intervals of a week or two, SRM can be used for forecasting without any historical
data on sﬂow cover depletion.

'

24 SNOWMELT STUDIES FOR HIMALAYAN BASINS

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. -
-2.4.1 Development of regression relationships

In the regression analysis-category, regression was carried out to co-relate
the snow cover area with the runoff. Efforts were also made to co-telate the winter

snowfall and snowmelt runoff. The satellite imageries were used for finding the

28



snow covered areas during early Ap;'il over the Indus river and the Kabul river in
Pakistan which was regressed with the flows of Apﬁl to July for the years 1969-73.
The early spring snow covered area was significantly related to April through July
31 streamflow, in regression analysis for each watershed. Predictions of the seasonél
ﬂows for 1974 using the regrgsse(i equations obtained weré found to be within 7%
of the actual flow. The -relatioﬁship betwéeﬁ snow cover area and runoff of the Beas
basin ﬁas been studied by quta et al., (1982). Snow cover area was mapped from
Landsat imageries and the snow cover area and the subsequent‘runoff 1n different
sub-basins 'ans found to be vf;ell co-related. It has been interpretéd that.th‘e‘re have
been years ‘of uniformly ileavier and lighter snowfall all over the basin and snowmelt
‘discharges have systematically varied.

Bagchi, (1981), estimated the snowline altitude and the snow cover using
Landsat imageﬁes f;)r Tons river basin in Himalayas. A relationship was observed
between the s"ndwline of éeas, Ravi and Tons; Lean season discharge of Sainj river
has been studied in reference to winter 'sﬁowfall and dischérge, to establish the -
relationship between two variables. AThe studies have revealed »that both these
parameters have ar high éo-relation .coefﬁc'ient of 0.91. Baéed on this study, a simi:le
linear regreésion model was evolved to foréc_as’t (th_reé to four months in advance),
the lean season disch-érge" of Sainj river sqlely on the basis of winter snowfall.

"Dey and Goswami, (1983), have preSented results of studies -in;rolving
utilizaﬁon of satellite snow cdver 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
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Ferguson, (1985)'. A study was carried out for the giacierized mountains (Upper |
Indus in Pakistan) and_a.model was developed for annual variation of runioff and its
forecasting. The approach is based on identification of a number of glaciological and :
climatological factors other than snow covered area. The information about extent of
snbw cover obtained from the Landsat MSS imageﬁes for the months of March to
June with the snowmelt runoff assumed as total flow minus béseﬂow for different
sub-basins of Chenab river was related A general linear relationship was obtained. A
study to ,dgvelép ‘a regression relationship between temperature of Kaza and
snowmelt runoff collected at a proposed dam.across Spiti river, about 4 km upstreém
of'Kaza at an elevation of about 3639 m, in the- Satluj basin.
A regression model using percentage of snow coveréd area of Satluj basin up
' to Bhakra dam and seasonal snowmelt runofff (Apﬁi - Jﬁne) for the years 1975-78
was attempted.The model was used to forecast the seasonal snowmelt runoff in
Satluj for 1980. At the end of June ‘1-980 it was found that the difference 'betweeﬁ the

forecast quantity and observed flows was about 9%. o

2.4.2 Application of empirical rel‘ations.llips.

Several snoxxr-fnelt studies using empirical relationships between temperature
and snowmelt mnoff have been made. Such empirical relations are generally a
function of degree-day factor and snow cover a'rea-.S-nowmelt was estimated by
bpnsidering the melt due to influence of temperature and rainfall in the snow
covered area for Beas basin up to Larji. The relationship ‘between Snow cover
acquired with the ilelp of satellite imageries and the cumulative dischafges of tﬁe

months of March, April and May for the year 1973, 1975, 1976 and. 1977 was
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studied. Due to availability of limited meteorological -and hydrological data, the
estimation of snowmelt runoff has been limited to the sub-basin upstream of Manali.
Bagchi, (198i), carried out a study of snowmelt runoff in Beas basin using
satellite images. Temperature index method was employed using a lapse rate of
0.65°C/100m. The value of de;gree-day factor was considered as 2.1 mm Clday™.
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 pi'esented as a
function of degree-day factor. Upadhyay et al., (1983), also analyzed the various
-cémpone;nts of energy input to a snow cover and monthly budget for net energy
available for snowmelt have been worked out for a number of staﬁiéns in Himalayas.
The snowmelt runoff generation for a sub-c_étchment of Beas basin was rﬁade
using point energy and mass balance approach. The contribution of ‘Va-ri.(‘)us energy
: _souh%es in differem conditions was also worked out. Snowmelt runoff was estimated
using -.the degree—dasr method. Snowmelt thus | érrived was compared with the
. observed discharge. The study was based ,-on_Athe dafta for the yéar 1981-92 collected
| frorri 'thé snow,_coufses loéated in the su;t)-catchment. Results indicate that althoﬁgh
~ net radiation balance remains the dominant source of melt energy, yet sensiblg and
latent heat cqnﬁibute in the range of 46% to 60% of the total energy for the altitudes
below 3000 m in the open area during clear and p-artly cloudy days 1n the active
snowmelt period. The inﬂuencé of radiation on cloudy (‘lays ranges from 20% to
34%. Upadhyay et al., (1985), have shown fhat for Beas and Satluj 'b"'é‘zsin, 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
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results obtained by the degree-day abproach varied significantly from the results

obtained by energy balance approach.
. 24.3 Application of simulation models

Only limited studies have been carried out either fo develop or to test the
“existing models for simulation of snowmelt runoff in the Himalayas. A snow melt
runoff model was"develbpéd and verified using 1977, 1978 and 1979 data of Beas -
river basin up to Ma,naﬁ Thg model_ uses the information regarding, the aerial extent
of permanent and temporary snow cover qbtained through satellite imageries,
observed data of precipitation for November to May and daily ;[emperature for the
pre-monsoon season. The model considers the.' altitudnal effect on temperatures, the
orographic effect on precipitation, meltwater effect of rain falling on the snow-
covered area. Simple routing relation was used for pbtaiping the daily sfreaﬁ flow at
the catchment outlet. It was found that thé results generally improved by incréasing
the numbér of e-levati-oni zonéé. Singh, (1989), tested the snowmelt rqnoff model for —
Beas basin up to Manali for a hmlted p-enod The results of the model Qére found
satlsfactory with a goodness of fit as 0.83 and 0.61 for the years-1978 and 1979
respectively. Dey et al,, (128_9) employed th‘e SRM to simulate mnoff during the \
snowme_lt 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 of climate sta'gions 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.
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SRM model was applied 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 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.
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THE STUDY AREA AND DATA USED

CHAPTER 3

3.1 , THE STUDY AREA
In this study, Chenab River up to Premnagar has been seleated and location of the
same is»show'n in Figure 3.1 and drainage map of the study area is shown in Figure 3.2.
The Chenab'R»iver is one of the five main rivers of the great Indus System. The major part
-of the Chenab catchment lies in India; its lower réach including the confluence with the
Indus River is in Pakistan. It spreads over me two states of India, namely, Himachal
_ P_radesh and Jammu & Kashmir which comprise the extreme Westam sector of |
Himalayas. Upper half of this basin is located between the Zanskar and the Pir-Panjal
~ranges whereas the ‘lovx;er half is located between the Pif-Panjal and the Dhauladhar
ranges. In this ‘way, this basin covers outer, middle and .greater Himalayaé. |
The Chandra and the Bhaga rivers _]0111 together to form the Chandrabhaga or the
Chenab. The Chandra starts from a large ‘snowbed on the: south—eastern side of Baralacha
Pass at an elevation of 5,639 m and after ﬂowmg (south-east) through snow clad barren
area for about 90 km, it swe_e;ps round the basin of mid Himalayas and joina the Bhaga at
Tandi after a course of about 185 km. The combined stream, known as the Chenab, -ﬂo.ws
‘in north-west direction through the Paagi valley of Himachal Prad_eésh and enters
Kishtwar area in J amﬁlu,\& Kashmir. It receives its major tributary, the Marqsudai‘ River
and then flows in southern direction for about 25 km. Thereafter, it flows almost in "

westerly direction up to the Salal Dam site. From this place, the river takes a southerly
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turn and emerges out into plains near Akhnoor. A littlie further, the river enters in
Pakistan, The total length of the Chenab River up to Premnagar is about 473 km and the

catchment area is 16963 km”.

Figure 3.1 Location map of the study area

3.2 DATAUSED

3.2.1 Topographic data

The Chenab basin up to Premnagar in India falls in toposheet nos. 43 N,O,P

and 52 B,C,D,F,G,H at a scale of 1:250,000.

3.2.2 Hydrometerological data

In the Chenab basin, up to Premnagar, rain is observed at 9 locations. Data

has been collected from 1999 to 2007. The location of raingauge in Chenab basin is
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shown in Figure 3.3. In the present study, raingauge data of Darabsala, Sirshi,
Bhadarwah, Hawal, Mau, Tandi and Koksar have been used.

To monitor the river flows, there are 10 discharges sites. Data has been collected
from 1989-90 to 2006-07.

There is not temperature data. Therefore temperature data of neighboring

catchment i.e. Beas basin have been used. The temperature considered at the same

altitude for which it was available.

z7°4%"

3z°
75730

Figure 3.2: Drainage map of the study area
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Figure 3.3: Chenab basin with raingauge locations

3.2.3 Remote sensing data

In this study, MODIS data have been used for preparation of snow cover maps
and for topography, SRTM DEM has been used. The maximum and minimum

(permanent) snow covered areas are determined using remote sensing data (MODIS)

for all the months .

The description of both the data sets is given in the following sections.

3.2.3.1 MODIS Data

The Moderate Resolution Imaging Spectroradiometer (MODIS), flown on board

the Terra Earth Observing System (EOS) platform launched in December 1999, produces
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a snow-covered area (SCA) product. This product is expected to be of better quality than
SCA products based on operational satellites (notably GOES and AVHRR), due both to
improved spectral resolution and higher spatial resolution of the MODIS instrument.

MODIS is an environmental satellite operating in visible, near and short wave
infrared and thermal portions of the electromagnetic spectrum and acquires image in 36
spectral bands. It has spatial resolution of 250, 500 and 1000 m depending on the spectral
Band and has a swath width of 2330 km enabling to view the entire surface of the earth
every 2 days. MODIS image have a potential to provide quantitative measures of
numerous geophysical parameters including snow cover.

The MODIS snow-mapping algorithm utilizes seven MODIS bands designed
especially to image the land surface. This algorithm is a fully automated and
computationally frugal approach to snow detection. It is based on a series of tests for
snow detection including Normalized Difference Snow Index (NDSI) and other criteria
tests. Currently, a suite of snow cover products is being produced from MODIS data and
is distributed by the Distributed Active Archive Center (DAAC) located at the National
Snow and Ice Data Center (NSIDC). The snow product is the MODIS/Terra Snow Cover
5-Min L2 Swath 500 m (MOD10_L2) product. It is so named because it represents snow
cover acquired in approximately 5 min of MODIS scans. It has a nominal spatial
resolution of 500 m and a swath width of 1354 km across track and 2030 km along track
length. MOD10A1 data product is the spatial composite of individual snow observations
from all daily MOD10_L2 products covering a particular area (Klein et al., 2003). A set
of five MODIS snow cover products is currently being distributed to the user community

through the NSIDC DAAC (http://LPDAAC.usgs.govfdataproducts.asp). This suite of
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snow products represents a progression of prdducts ranging from snow cover maps
produced from individual MODIS swaths (scenes) to spatial and temporal gompoéites
covering 8-day periods at spatial resolutions of 0.05x 0.05 degree. The MODIS Snow
Products Users’ Guide contains detailed informaﬁbn pertaining to the structure of and
information contained in all MODIS snow products ‘(Riggs et alf, 2003). 'The' summary of

MOD10A1 data is listed in Table 3.1.

Table 3.1: Summary of the MOD10A1 product

Earl:h scieﬁce Product | Nominal ‘data | Spatial | Temporal Map‘
|l data type‘ level array | resoluti-on | resolution projection
| (ESDT) dimensions. |
MOD10A1 | L3 ‘ 1'206km * | 500m R daily GCTP |
| | 1200km | | | Sinusoidal

(Source Riggs et al. 2003). -
3.2.3.2 SRTM 90m Digital Elevation Data

On February 19, 2000, the space shuttle carried onboard, for the first time, a space
borne, single_-.pass interferometer. The mission was referred to as the Shuttle Radar
- Topographic Mission (SRTM). SRTM succe'ssfulljf mépped the topographic features of
Earth’s landmassesv using radar interferométry (Leblahc ét al., 2006j. A radar
interferogram is produced by measuring the radar phase difference between two spatially

separated antennas, Al and A2 (Zebker et al., 1994). The near global coverage DEM was

39



produced from the C-band data and processed by NASA’s JPL and the X-band data
provided slightly higher resolution and were processed by the German space agency’s
aerospace center (DLR). This method requires no ground com:rol,_ and hence is very
useful for inaccessible regions. The overall absolute horizontal and vertical accuracy of
these 1 arc second data is estimated to be significantly better than the original mission
requirements of 20 m and 16 m respectively (Rosen et al., 2001; Sun et al., 2003). The
spatial reéolution of the SRTM DEM is 3-arc sec (approximately 90 m). Vertical
reference of the SRTM DEMs is the WGS84 EGM96 geoid. This data is currently
distributed free of charge by USGS and is available for download from the National Map
Seamless !i)ata Distribution | System, or the jUSGS fip site
(http://edcsns17.cr.usgs.gov/srtm/index.html). The DEM files have been mosaiced into a
seamless global coverage, and are available for download as 5° x 5° tiles, in geographic
coordinate system - WGS84 datum. These files are available for download in both Arc-
Info ASCII format, and as GeoTiff, for easy use in most GIS and Remote Sensing

software applications. The DEM of the study area is shown in Figure 3.4.
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METHODOLOGY

CHAPTER 4

41 SNOWMELT RUNOFF MODELING

In most part of the world the seasonal short-term variation in streamflow reflects
the variation in rainfall. But in higher latitude and altitudes where snowfall is
predominant, runoff depends on heat -supplied for snowmelt rather than the timing of
precipitation. Hence, to understand the hydrological behé.v’ior and simuléte the
streamflow it is very important to modei the snowmelt runoff. One of the objectives of

this study is to simulate the snowmelt runoff in Chenab basin.

In the last few decades a wide range of hydrological models were proposed fqr ,
-different application from purely statistical methods which neglects the physics of
snowmelt _procéss to the complicated energy budget equations. But the most ‘popular
among them are the conceptual models, which represent a compromise between
scientifically realistic complexity and practically realistic simplicity because of the

difficulties in obtaining input data varying in time and space (Sorman, 2005).

The conversion of snow and ice into water is called snowmelf, which needs input
of energy (heat). Hence the process of snowmelt is linked to the flow and storage of
energy into-and through the snowpack (USACE, 1998). The data required to run an
energy balance model for snowmelt runoff éstimation needs information on air
temperature, albedo, solar radie;tion,. wind speed and vapour pressure. The main

difficulties faced are to obtain such data in basin scale and extrapolate the point data in
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areal values. Another difficulty is to obtain such data for highly rugged terrain like
Himalaya. Hence application of energy balance equation is limited to small and well- .

networked watersheds.

- The conceptual model fully employs the concept of an “index,” where a known
variable is used to explain a phenomehon in a statistical rather than in a physical sense.
The most commonly available data for any basin is air temperature and it 'is cbnsiderea.
the best indcx of heat transfer processes associated with snowmelt. This is why
temperature indices are most widely used in snowmelt estimation. There are several
temperature index based snowmelt models like SNOWMOD, the -SSARR Model, the
HEC-1 and HEC-1F Models, the NWSRFS Model, the PRMS Model, the SRM, the
GAWSER Modei. The SRM model is widely used for snowmelt ‘modeling in Himalayan
Basin. The sﬂowmeit ‘ruﬁoff modél uses snow-covered area as input instéad‘ of snowfall
data, but it does not simulate the baseﬂqw component of runoff. In other words, SRM
does not consider the contributioﬁ to the groundWate: reservoif from snowmelt or
fainfall, nor its delayed contribution to the st.rgamﬂpw in the form of baéeﬂow, whi’chA can
be an important component of runoff in the Himalayan rivers, and plays an important role
in making these rivers perennial. Almost all the. streamflow during winter, when no
rainfall or snowmelt occurs, is gel\lerated from the baseflow (Singh and Jain, 2003). The
V' SNOWMOD model (Jain, 2001) is unique in this aspect as it simulates all éomponents of

runoff, i.e. snowmelt runoff, rainfall-induced runoff and baseflow, using limited data.
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4.2 SNOWMELT MODEL (SNOWMOD)

The snowmelt model (SNOWMOD) has been developed at NIH for a Himalayan
gl ord Joun (2003) . a

basin. (Jain, 2001), | The SNOWMOD is a temperature ind_ex model, which is designed
to simulate daily streamflow for mount'a.inous basins having contribution from both
snowmelt and rainfall. The generation of streamflow from such basins involves with the
determi'na'tion of the input derived from snowmelt and rain, and its transformation into
runoff. It is‘a distributed model and fér simulating the streamflow, the basin is divided
inté a nuﬁber (;f elevation zones and various hydrologica‘liprocess‘es felevant to sﬁowmelt
and rainfall runoff are evaluated for each zqne.'

The model performs three operations at each time steps. At first the available
.meteorological data are extrapolated at different altitude zones. Than the rates of -
snowmelt is calculated at each time stebs. Finally, the snowmelt runoff fr‘ofu S;IOW Cover
 Area (SCA) and rainfall runoff from snow-free area (SFA) are integrated, and these
components are routed separately \.?Vith :pfopef accounting of baseflow to the.outlet of the-
basin.

The model optimizes the parameters used in routing of the snowmelt runoff and
rainfall runoff. In this model seasonal lapse rate of air temperature as estimated by the
technique discussed in section 4.3 is used. Figure 4.1 sc‘hematiéally shows the different

steps involved with in the model. Besides, SCA estimated from MODIS snow product is

used in snowmelt modeling.-
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Figure 4.1: Steps involved in SNOWMELT model

Details of computation of melt runoff and generation of streamflow from the

basin are discussed below:

4.2.1 Input Data

In order to execute this SNOWMOD model, the following input data are required:

> 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.

» Time variable data include precipitation, air temperatures, snow-covered area,

streamflow data, and other parameters determining the distribution of temperature

and precipitation.
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> Information on the initial soil moisture status of the basin
> Miscellaneous job control and time control data, which specify such items as total

computation period, routing intervals etc.

In application of SNOWMOD meodel, two important inputs are snow covered area
and temperature lapse rate. In this study, these two inputs have been prepared using
remote sensing data and the methodology is described in the fol’loWing sections. After -

this, other inputs parameters/variables have been described.
" 43 SNOW COVERED AREA

Snow-covered area -(SCA)»has long been recognized as an important. hydrologic_ :
variable for streamflow predictién (e.g. Martineé_, 1975; Hall and Manine_é, 1985). The
presence bf snow in a basin strongly affects moisture that is stored at the squface-and is :
available for ﬁltufe~ runoff. For hydrological applications, SCA estimates are of primary
iinportance ‘Where Winter snow accumulation substantially affécts spriné runoff.
Currently, a suite of satellite snow ‘COVﬁ_bli products is available through the National Snow
and Ice Data Center (NSIDC). These include global daily and 8-day composite products
at a spatial resolution of 500m derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrﬁment imagery. The MODIS sndw—mapping algorithms
are.automated, which means that a consistent data setv may be generated for long term
climate studies that require snow-cover information (Hall et al., 2002). For climate and

hydrological studies, the accuracy to which these products represent the actual snow
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cover is critically important as it is the main determinant of their uéefulness. Several
studies have been conducted to evaluate the accuracy of MODIS snow products, either
based on comparisons with other satellite-derived i)roducts or based on comparisons with
point ground based (in situ) snow depth measurements. |

' Bitner et al. (2002) quantified the differenc‘:es between. the snow prqducts of the
National Operational ﬁydrologic Remote Se;nsing Center (NOHRSC), the. National
Environmental Satelﬁte Data and Information Service (NESDIS) and MODIS for a fe\.N
“days in 2001. They compared the snow cover products with daily surface snow.depth
observations at almost 2000 meteorological stations across Canada and found that the
MODIS and NOAA products have similar levels of agreement with ground data, ranging
from ;ccurac;ies of 80% to almost 100% on a monthly basis. The lowest accuracies were
- found for the snowmelt periods in forested areas. Tekeli et al. (2005) validated the
MODIS ._sno'w cover maps against ground-based snow courses in and around the upper .
| Euphrates River in Turkey, using'ciata from the 2002/03 and 2003/04 winter seasons. The
| accuracy obtained by comparing synchronous MODIS and ground data was 62% and
increased fo 82% wﬁen allowing for a 2 day time shift. Cloud covef was considéred to be
the main reason for the relatively low classification accuraci.es. Receﬁtly, Zhou et al.-
(2005) statistically evaluated two MODIS snow products: the daily and 8-day composite
images, for a period from February 2000 to June 2004, psing streamflow and SNOTEL
measurements as constraints. The inter-comparison of these two prqducts over thé Upper .
Rio Grande River Basin indicated that the MODIS 'S—day product has higher classification
_accuracies for both snow and land, but slightly higher errors of misclassifying land as

snow than the MODIS daily product. They concluded that for clear days, the MODIS
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daily algorithm works as well or better than the MODIS 8-day algorithm. As is clear from
this review, most of the validation studies used short periods of MODIS data and were
carried outlin North America. A lack of such studies for the Himalayan basin was the

motivation for us to take up a study in a typical Himalayan basin having snow cover.
4.3.1 Methodology

The methodology followed in this study consisted of preparing the DEM of the
study area, preparing snow cover map and then preparing snow depletion curves. Details

of the methodology follow:
4.3.1.1 Preparation of Snow Cover Map .

o Terra MODIS snow cover maps are.used és inputs for mapping seasonal snow _
cover. Terra MODIS snow cover daily L3 global 500 m Grid (MOD10A1) data from
March to September between 2000 and 2005 were acquired. | | -
'The Normalized Difference énow Indexp (ND SI) uses the spectral characteristics of snow
and is })as;ed on the concept of Normalized Difference Vegétation Index (NDVI)vused in
vegetation mapping from remote sensing data (Doziell, 1989: Hall et al., 1995, Gupta et
al., 2005). The NDSI is defined as the difference of reflectance observed in a visible band
and the short-wave infrared band divided by the sum of the two reflectance (Gupta et al.,
2005). It can be computed by:

Visible Band — SWIR Band.
Visible Band + SWIR Band

NDSI =
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The MODIS snow cover product is a classified image. Thé pixel values of tﬁe
MOD10A1 data in the study érea include 1 (No decision), 25 (snoW free land), 50 (Cloud
obscured), 200(Snow) and 254 (Detector saturated) (Riggs et al., 2006; Hall and Riggs,
_ 2007). The surface land cover on pixels denoted “No decision’ and Detector saturated can
not be detérmined, so these pixels are with those of ‘Cloud obscured’. Thus, the surface
land cd“;fer of snow cover maps are recoded into three classes in this study: snow, cloud-.
obscured land and snow-free land. According to fhe statistics in 'the study area, the
pgrcentages of ‘No decision’ pixels or ‘Detector saturated’ pixels on most Snow maps are
less than 1%. Therefore, the impact of tﬁeSe two kinds of pixels on seasonal snow cover
mapping will be limited in this study. Usipg the classified snow maps, the total
'percentage of snow cover in the study area was estimated for different dates.

Using the Indian tile of the global SRTM-DEM, the DEM of the study area was
esitracted. It was in geogfaphic coordinate system and WGS 84 datum plane. MODIOAI
data produ;:ts were registered by taking the DEM as the master image and rest of the
images as slave imagés-. More than 30 ground control points were selected for each image
. in suéh a way that they were well bspread thr;oughout- the study area to échieve higher
accuracy ‘in geo-referencjng. The 2™ order transfor;nation and nearest neighbour re-
sampling technique was adopted. The root mean square error was within :apixe,l size. One

set of SRTM DEM was re-sampled to 500 m pixel size to match with the MODIS data.
4.3.1;2 Depletion Curves

In the present study, the SCA was computed for different elevation zones. For this
purpose, DEM and SCA maps were processed for all the dates. The basin was divided

into 9 elevation bahds with an altitude difference of 600 m for convenience: These bands
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are >5400 m, 4800-5400 m, 4200-4800 m, 3600-4200 m, 3006—3600 m, 2400—3060 m, |
_ 1806—2400 m, 1200-1800 m, and 600-1200 m. These 9 elevation zones are called as band
1, band Z.Band 9. The SCA in each elevation bands were piotted against the eiapsed time
to construct the depletion curves for all the various élevafion bands in the basin for all the
years. -The SNOW cover f:lépletion curves vary significantly from year to year and hence
‘separate curves have been drawn for each year under consideration. In order to simulate
runoff on d.;clily scalehi.‘rom the basin, daily SCA for each band was used as input to the

model.

The analyses for each band were carried out. It was observed that the SCA in
‘bands 1 remains 100% thﬁﬁghout the year while bands 7, 8 and 9 remain snow-free
throughout tile years. Melting of snow starts from the month of March and there is
reduction in snow cover in band 4-to 8 from -March onwards till September. Therefore,
‘ mamly there is variation m the bands 4, 5, 6, 7 and 8. Band -8'is almost snow free in the

months of April to September.

4.4 TEMPERATURE LAPSE RATE

In various spowmelt runoff studies, temperature lapse rate (TLR) is one of the
important variables. It is defined as the rate of change' of temperature with elevation.
Several studies conducted in past using air temperature and station height has shown that
temperature changes linearly with change in elevation (Singh, 1991; Aber and Federer,
1992). Temperature is considered to be a relatively straightforward' meteorological

variable to extrapolate or interpolate on climatic time scales, because temperature fields
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are continuoué and horizontal temperature gradients are typically low for long-term
climatology, in which the effects of weather syétems and fronts-average out. Vertical
temperature gradients are much higher, and the _common practice when extrapolating
temperature fields to higher or lower elevations is to assume a constant atmospheric lapse

rate.

The main-pfeblem faced- for calculation of '[;LR is limited numbers of ground
stations spread in the studies area, which is not representative for the whele terrain.
Especially in the case of hilly terrain like Himalaya, where climate is very.’sensitive to the
ruggedness of the terrain, limited number of ground stations possesses a challenge to the

TLR -estimation.

Hence, a truly fepresenfative TLR is difficult to \estimate. Due to this, in several -
past studies a fixed ;I‘LR value (0.65 © C/100 m) was used for Himalayaﬁ .condition. In
.feality, TLR varies with season and region. A study of deScally (1997) frem Punjab
Himalaya, Pakistan suggests that the iapee rate in this regien Is- generally hlgher than ﬂle
va'lues feporte_d from othér studies 'Which range from 0.48 to 0.78°C per 100m. -
Researchers have used wicie raﬁging lapse rate ranging from 0.65 to 0.§8°C per 100 m for
runoff mocielin-g studies (Bagchi, 1982, Dey et al., 1989, Upadhyay, 1995). Many other
.snowmelt runoff models from various regions used range of yalues close to the

- environmental lapse rate ranging from 0.55 to 0.65°C per 100m (Martinec, 1975,

Kayastha et al., 1999).

To overcome the difﬂcul’ty of sparse network of air temperature, use of land

~ surface temperature (LST) is an alternative. The temperature lapse rate estimation using
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. LST can be used in snowmelt runoff studies. LST data derived from satellite dat‘a are '
continubus datasets with better spatial and temporal resolution. It combines the resulfs of
surface-atmosphere interactions and energy fluxes between the atmosphere and the
ground (Sellers et al., 1988). LST estimated from satellite data are ﬂ1e energy received in
thermal -sensors (10.5 - 12.5 p.m) wavelength region emitted by the land surface. It
depends on latitude of the location and Surface properties, specifically surface albedo and
specific heét of the~surface. The satellite sensor measures the infrafed rad{anée leaving
the top of the atmosphere towards the satellite; this ra&iance is corrected with respect to
the inﬂuénce of a clear'(i.é. nearly non-scattering) ‘atmosphgre, the resulting radiance is
.converted to a temperature according to Planck’s law and it-is called Land Surface
Temperature. The thermai infrared signafuré received by satellite ,sensors. is determined
by surface temperature, surface: emissivity / teflectivity, and atmospheric émission-, :
zi‘bsorption and scattering actioﬁs updn thermal radiation from the surfice, and the solar

radiation in daytime.

.'I;he difference between air temperature and LéT varies particularly with the
surface water status, the roughness length and the wind speed. However, the seasonal
trend of the .two \-fa.riabl'es' is correlated. Kawashima et al..(2000) obsel-'ved thai the two
variables have a -'good correlation coefficient with stanaard erro; of 1.4to 1.8 ° C. In the
-central Arctic, the clirnatolo_g‘ical mean difference betweeﬁ air temperature and the
éufface temperature for'all skies is within 1.5 °K, varying from —6.2 °K in September and
June to 1.5 °K in February, and averages approximately 0.5 °K during winter (Key et al.,

1994).
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4.4.1 LST Map generation from NOAA-AVHRR Images

LST is a key parameter in snowmelt runoff studies. It is generally defined as the
skin temperature of the ground. For thé bare soil, LST is the soil surface temperafure and
for snow surface, it is snov-v surface femperature. Satellite remote sensing provides an
alternative to map this parameter in large scale. Many .efforts were made to retrieve this
information from .satellite data. These methods are based on variety of split window
algorithm deveipped to retrieve LST from National Oceanic and Atrﬁospheric
Admini)stration / Advanced Very High Resolution Radiometer (NOAA-AVHRR),

Geostationary Operational Environmental Satellite (GOES) or Meteosat systems.

The theoretical basis for the remote sg:né‘ih‘g éf LST is that fhe total radiative
energy emitted by a groﬁnd_ surface increases rapicily with temperature. The spectral
distribution of the energy emitted by a ground object also varies with temperature. The
thermal energy in relation to the physical temperature of the ground surface can be
remotely observed by using sensors operating at ~the atmospheric window in the thermal
infrared area of the electromagnetic spectrum (8-12 pm). The obtained temperaturé of tile

" ground surface on the satellite level is called the brightness temperature.

Ever since the remotely sensed data in thermal band data became available,
several approaches have been developed to determine the land surface temperature using
this data. ;In this effort the first problém to be solved is to translate the satellﬁte radiance
_into iéurface brightness temperature. To retﬁeve brightness temperature, the thennal
channels have to be calib.rated. The detailed procedure for calibration of the NOAA-

AVHRR'thermal channels is available at http://www?2.ncdc.noaa. gov/docs/podug.
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Brightness temperature can be obtaineri from the thermal bands of channels 4 and
5 ‘of NOAA—AVHRR images using inverse Planck’s equation. Startirlg from NOAA-15
satellites, NESDIS (National Environmental Satellite, Data and Information Service)
incorporates the non-linear radiance corrections for AVHRR thermal -channels 4 and 5.
Hence, the radiance measured by tlre _eensor (E:) was cemputed as a non-linear function -

of the input data values as follows (NCDC, 2003):
E =A,+AC, +A,C? S o @1

‘Where, Ao, Ai, and A,, (for channels 4 and 5) are constants and C; is the input

- data value (Digital Number) for channels 4 and 5 (i =4, 5).

Following the Planck’s equation, for the central wavelength V¢; for channele 4
and 5, an effective brightness temperature (TE,*) was calculated for each channel. Fmally,

the bnghtness temperature for each Channel was calculated using the (Tg;*) as follows:
Ty, =B, +B,T. ‘ ; : : 4.2) -

The values of By and B, (for-channels 4 and 5) are constant and can be found in
NOAA-KLM heeder of the HRPT (or Level Ib) images. The ‘value of the central wave
number of each channel can be also found there, as well as the satellite height (and other

parameters) that are needed to correct AVHRR panoramic distortion:

These brightness temperatures are then converted to LST using split-window
method. Many studies were conducted to retrieve LST using thermal infrared radiation

emitted from the surfaces using split-window algorithm (Becker and Li, 1990; Coll and
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Caselles, 195;7; Sobn'no ‘and Raissouni, 2000). ;Tile split-window algorithm ‘uses two
adjacent thermal infrared channelsi, centered at 11 yum and 12 pm, for AVHRR to retrieve
surface temperatures because of their different atmospheric transmittances. The split
window LST method corrects the atmospheric-effce;cts t;ased on the differential absorption
in inﬁared bands. The accuracy of the split-window 'algor’i'thm depends on the magnitude
of difference between th¢ emissivities of the surface in the two bands. The generél form

of the split-window equation can be written as
T =T,+A(T,-T,)+B | | . 4.3)

Where, T represents the land surface temperature, A and B are the coefficients
ciefermined by the impact of atmospheric conditions and other related factors on the
thermal spectral radiance and its -traﬁsmission in channels 4~and 5. T4 and Ts are the
brightness temperatures in channels 4 and 5 -respective;ly. Apart from the general form of
fhe equation 3, different authors have proposed other forms of tﬁe split window algorithm

for the retrieval of LST from AVHRR data (Vogt 1996).

4.4.2 Température Lapse' Rate Estimation

As discussed earlier,. the visual inspection of LST map and DEM clearly shows
that the temperature follows similar pattern as elevation. To better understand the
mathematical relation between the LST (dependent variable) and elevation (independent

-variable), regression analysis was performed.
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In this study, NOAA LST and MODIS LST maps were extracted from the
- MODI11A1 and MOD11A2 data products. Using this LST map and SRTM DEM, TLR

was determined for different periods during the years 2000 to 2005.

The first step involved was to plot the two variablgs in two dimensions as a scattg:r
plot. The scatter plot allows us to visually inspect thé data prior to running a regression
analysis. The graphs were drawn between LST values obtained from MODIS datasets
and air temperafure, The scatter piots clearly sh;)w that temperature decreases with
increase in elevation in a linear manner. The equations of the regression line or the best-
fit line were obtained using least squafe method. The equatioh of the best-fit line dr the

‘regression equation can be generalized as follows:
Y =—aX+b 4
Wheré,

‘X’ are the elevation values and.“Y’ are fhe temperature values. The coefficient —

‘a’ is the slope of the straight line.

Since; the slope of the line is negative; it iﬁdicates that the temperature and LST

values are inversely related to e‘ach other. The values of coefficient of determination (R?)

were also computed for the scatter plots. R® represents the fraction of initial variance

| accounted for the relationship and it van;es between zero and one. If the Valué is zero then
it indicates that the two variaBles are not related fo each other. In the present study, R?

values between 0.62 and 0.80 were obtained in case of LST estimation from MODIS-

LST maps, which indicates that the model is working reasonably well.
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4.5 - MODEL VARIABLES AND PARAMETERS

4.5.1 Division of catchment into elevation bands

There are two approaches for defining a computer modél of a watershed; a
lumped model, which does not take into account spatial varigbility of processes, and a
distributed mpdel, which consider these. Luﬁiped model is a simple approach and can be
applied for basins that have a wide variety of physical .features. However, the major
Jimitation with this model is that it does not run beyond .a single event (USACE, 1998).
Distributed model on the other hand can be run for continuous simulation. In such
models, the watershe.d is divided into subunits with variables being computed separately
- for each. This method of subdividing the basin is logical one, éince in mountainous areas

-hydrold gical and meteorological conditions are typically related to elevation.

SNOWMOD is a distributed hydrological model, which allows .the basin to be
divided into number 6f bands. ’_l“he number depends upon the topographic relief of the_
basin, There is no specified range of altitude for sliéing the basin in the bands, but an
altitude difference of about 500 to 600 m is considered appropriatg for dividing the basin
into elevation bands. Moisture input for Ieach 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 obtained by summing the runoff
synthesized for all eleva’;ion bands. The program stores a value for each component of
flow and each routing increment for every elevation band. It méintains an invegtory of
snow cover area, soil moisture, snow accumulation, and all other values Ijequir'ed for

making the computation for the next period.
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4.5.2 Precipitation data and distribution

The most phallenging object of hydrological simulation of a rﬁountain basin is the
- measurement of meteorological variables. The majqr problems posed in high mountain
areas are the accessibility to the mountains on a continuous basis, the accuracy of-
measured meteorological Vaﬂﬁbles, and the areal representativeness of measurements
(Panagoulia, 1992). It has been p-bserved that the most important factor in accurate
estimation of snowmelt runoff is the assumptions of the spatial distrfbution and form of
precipitation. In a distributed model, it is very essential to distinguish between rain and
snow in each elevation band because these two form of precipitation. behaves very
differently in terms of contribution to the streamflow. Rainfall is Aco_ntn'butcd faster to the
,stréamﬂow whereas snowfall is stored in the basin until it melts. Tﬁe form - of
'precipit‘ation 1s influenced by .two factors; =meteorological and topographical.
" Meteorological factor includes air temperature, lapse rate, wind etc and topographical
'faétors include elevation, slope, aspect, vegetation cover etc. Snow falling ;through
warmer atmosphere or melting leyel air tc;,'mperatﬁre melts and falis as rain. Similarly,

snow falls at elevation above melting level and rain falls at elevation below melting level.

‘For the present study, the daily precipitation data were available for six stations
within the study area namely Darabshal, Sirshi, Bhadarwah, Hawal, Mau and Koksar as
shown in (Table 4.1). The basin is divided into 9 elevation bands with an altitude .

difference of 600 m for.convenience.
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Table 4.1: Raingauge stations used for different bands

Elevation . Raingauge Temperature
Band -
range(m) - station (From Beas basin)
> 1 | 600-1200 Darabshal | Pandoh
> | 1200-1800 | Sirshi I Bhunter
3 1800-2400 "~ Bhadarwah T lag
4 2400-3000 Hawal ~ Manali
5 | 30003600 Mau Manali
6 i 3600—4200‘ Koksar ' Manali |
7 . 4200-4800 . Koksar ‘Manali
E 48005400 Koksar , Manali
9 - >5400 T Kol-<sar. Manali

" The rain gauge has been assigned to the different bands based on its proximity to
the respective bgnd according to altitude of the station. A critical temperature, T;, is
specified in the model to determine whether the measured precipitation is rain or snow. In
the present study, T is considered to be 2°C as suggested .by Singh and Jain, 2003. The

algorithm used in the model to determine the form of precipitation is as follows:

If Tm = T, all precipitation is -considered as rain
IfTyh < O°C, all precipitation is considered as snow
Where,
T is mean air temperature. In the cases Ty, = 0°C and Ty, < T, th e precipitation is

considered as a mixture of rain and snow and their proportion is determined as follows:
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Rain = +m_x P : ‘ (4.5)

Snow. = P - Rain . (4.6)
Where,

P is the total observed precipitation.

453 Degree days .

Degree-days are the departures of temperature above or belbw a particular
threshold value.- Generally a threshold temperature of 0°C is used, with snowmelt
considefed to have occurred if the daiiy mean temperature is above 0°C. This follows
from the idea that most snowmelt results directly from the transfer of heat from the air in
excess of 0°C. The difference between the daily méan temperature and this threshold
value is calculated as the degree-day. Snowmelt—runoff models, which incorporate a
degreé—day or temperature index, routine are the most cc;mmonly used in operational
hydrology and have been successfully, _{/eriﬁed world-wide over a range of catchment
B sizes, physical characteristics and climates (WMO, 1986; Bel;gstrom, 1992; Rango, 1992,
Davies, 1997). An early application of a degree—day approach was made by Finsterwalder
a.nd. Schunic (1 887) in the Alps and since then this approacﬁ has been used ;Nid‘ely all over
the world for the estimation of snowmelt (Martinec et al., 1994; Quick and P-ipés, 1995).

The basic form of the degree-day approach is:
M =D (Tair - Tmelt ) (4‘7)

Where,

M = daily snowmelt (mm/day)
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D = degree-day factor (mm ° C ' day™)
Tair = index air temperature (°C)

Tmerr = threshold melt temperature (usually, 0°C)

Although air temperature and other hydrological variables vary continuously
throughout the day, the daily mean air temperature is the most commonly used index
temperature. When daily maximum (Tpax) and minimum (Tp;,) air temperature is

a_vailable, daily mean air temperature is calculated as

T. =T '_(Tmax+Tmin)

ar — 'mean —
2

(4.8)

4.54 Degree Day Factor

The degree-day method is popular because temperature is a reasonably good
measure of energy flux, aﬁd, at the same time, it is a reasonably easy variable to measure,
.extrapolate, and forecast (Martinee and Rango, i986). The degree—day féctbr, D, is an
important parameter for snowmielt computai;ion_'and converts the degree-days to snow
melt expressed in depth of water. D is influenced by the physical propérties of snowpack
and because these properties change with time, therefore, this factor also changes with
time. The seasonal variation in melt factor\ ié well illustrated by the results obtained from
the study reported by Andgyson (1973); the lower value being in the beginning of melt
season and higher towards the end melt season. A wide range of a values has been
reported in the literature with a generally increasi_a as the snowpack ripens. 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 thé western Himalayan\
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region in the summer. The mean daily value of the D was computed to be 5.94 mm °C-1
day-1, while for a dusted block it increased to 6.6‘2‘vmm °C-1 day-1. In glacierized basins,
the degree-day factor usually exceeds 6 mm °C-1 d-1 towards the end of summer when
‘ice- becomes exbosed. As di;cussed above that D changes with season, therefore, when
-using degree-day approach, changes iﬂ D with season sh(;uld be taken into account. In the
-present study in the starting of melt season for every month low value of degree-day
factor h;as been taken and it go on increasing till the end of melt season i.e. the month of
September. The range of the values of degree-day factors used in this study is given

Table 4.2.

Table 4.2:Parameter values used in calibration of model

S. No. ' _ Parameter Symbol Value

1. | " Degree-day factor | D 1.0 -4.0 mm.°C" .day™
2. : Runoff coefficient for rain . C, 040 - 0.7-0

3. Runoff c;efﬁcient for snow Cs : . :_0.5 0-0.80

4, : Temﬁerature lapsg rate & - Seasonally varying
5. ‘ Critical temperatu're' _ 'I"c | 2°C

Number of linear reservoirs

for snow free area

Number of linear reservoirs

for show covered area

Number of linear reservoirs

for subsurface flow
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4.5.5 Rain on snow

Rain-on—_sﬁow event is hydrologically an important phenomenon as most of the
floods in British Columbia, Washington, Oregén and California were reported tov have
occurred due to this event (Colbeck, 1975; Kattelmann 71987; Brunengo, 1990;'Berg et
al., 1991; Archér et al., 1994). Further, this event is one of the .prime causes of avalanches
as rain falling over snow weakeﬁs the bond between the snowpacks thereby réducing the
mechanicél strength of the snowpﬁck (Conway et. al, 1988; Heywood, 1988; Conway and
Raymond, 1993). When rain falls on snowpack it is cooled to the temperature of snow.
The heat transferred to the snow By rainwater is the differencé 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 of heat ‘resul-ts in snovlvmelt,
while for tile co}der snowpack this heat tends to raise tl;e snowpécic temperature to 0°C.
Iﬂ case the snowpack is isothermal at 0°C, the melt occurring due to rain is computed by
(Jain, 2001) |

=42IR'

I'\AI'
325

4.9
Where,

M; = melt caused by the energy supplied by rain (mm/day)
T = temperature of the rain (°C)

P; = depth of rain (min day™)
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Only high rainfall events occurring at. higher temperatures would cause the
melting due to rain, otherwise this component would not be significant (Singh et al.,

1997).

4.5.6 Computation of different runoff components

The streamﬂo;;v from a snowfed river has three components namely,

> runoff from the snow-covered area,

>. runoff from snovn} free-area and

> Dbaseflow

The runoff contributed from all the three components are computed separately for
each gleyation band and the output from all the baﬁds are iptegrated to provide the total

- runoff from the basin. -

4.5.6.1 Surface runoff from snow covered area

Runoff coqtfil;uted from snow—covgred area coﬁsists of
> Snowmeit triggered by the increase in air temperature above melting temi)eratulhre
» Under rainy conditions, melt caused by the heat transferred to the snow surface by
the rain

» Runoff from the rain itself falling over snowlcovered_ area

(a) Snowmelt caused by the increase in air temperature has been estimated by degree-

day approach. In this éppro'ach degree-day factor is used to convert degree-day into snow

expressed in depth of water.

S kj “hjr i

M,,, =C,;D,T,S | (4.10)
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Where,
M;;; = snowmelt on i day for j band (mm)
Cs,i,j = coefficient of runoff for snow on i™ day for j‘h-band
Dx;; = degree-day factor on i"’-day for j® band (mm.°C'd?)
Tij = temperaturg on i™ day for j" band °O) |

S¢ij = Ratio of snow covered area to the total area of jth band on i® day

(b) Runoff depth from the snowmelt contributed by the heat transferred from rain

félling over a snow pack is given by the equation described in section 6.5.7

42T,JP|]SC,J |
= C(4.11)
- 325

where,
M;,,;; = snowmelt due to rain on snow on it day for j® j band (mm)

P;;; = rainfall on snow on i™ day for j* band (mm)

(c)  Runoff depth from rain itself falling over the snow-covered area, Rs, is given by

R,, =C.,P,S, ~ - L (412)

R Y ¥
.For the computauonvof runoff from rain, the coefﬁciént C; is used (not the rainfall runoff
coefficient, C;), because the runoff from the rain falling on th-e SCA behaves like the
runoff from the melting of snow. »
The daily total discharge from the SCA is computed by adding the contribution from each

elevation zone. Thus, discharge from the SCA, Qsca, for all the zones are given by:

Qg = aZ(Msi M+ Rs.i.j)ASCA.i.j (4.13)

j=1
Where,
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n= total number of zonés;

Agca= snow—covéred area (kmz) in the jﬂ‘ zone on the i day

a=fa¢tor (1000/86400 or 0.0116) used to convert the runoff depth (mm day™) into
discharge (m3 s). |

This discharge is routed to the 'outlef of the basin‘ following the procedure

described in the next section.

4.5.6.2 Surface runoff from snow-free area

The only source of surface runoff from snow-free area (SFA) is rainfall. Like
snowmelt runoff computations, runoff from the SFA was computed for each zone using
the following expression:

65 S gt #5

Ry =C,,P,S (4.14)

where,
C:;j = coefficient of runoff for rain on i day for jth ‘band
P; j = rainfall on sn,ov;/ on i day for j™ band (mm)
Seij = ‘Rati(; of sﬁow .free area to ﬂle'total area of jth_.band on i™ day.
Because SCA and SFA are complimehtad to each o;;her, Stij can be direbtiy calculated as '_

1— S, ;. The total runoff from SFA, Qsra for all the zones is thus given by:

Qga = az Rf.i,jASFA,i.j ‘ 4.15)

j=1
Where, Asraj,j = snow-free area in the j‘h'zone on the i™ day |
The discharge from the SFA was also routed to the outlet of the basin before adding it to

the other components of discharge.
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4.5.6.3Subsurface runoff_

Thé subsurface _ﬂo§v orfbaseﬂovs} represents the runoff from the unsaturated zone
of the basin to the streamflow. After accounting for the' direct surface runoff from
snoxivmelt and rainfall, the reméining water contributes '-to ‘the groundwater storage
throug}_i infiltration and appears at the outlet of the b.asin with much delay as subsurface
flow or baseflow. Depletion of this groundwatt_:r storage also result;; from evapo-
transpiration and percolation of water to the deep .gfouridwater zone. It is assumed that
half of the water percolates doWn to shallow groundwater and éonﬁibutes to baseflow,
while the rest 1s accounted for by the loss frdm the basin in the from of evapo-.
transpiratibn and percolation to the deep groundwater aquifer, which may appear further
déwnstream or become part c;f Qeep inactive groundwater storage. The depth o'f runoff

contributing to baseflow from each zohe is given by:

Roi = BI(1- Coyp)Reyy +(1-Coyy My ] | (416
Where, : | | |

Myij = Ms,ij + Mei; + R i aﬁd B is 0.50.

The béseﬂow, Qp, is computed by multiplying the depth of runoff by the

conversion factor o and area, and is given as:
n .
Q, = az RoiAj : 4.17)
=1

Where,
A is the total area (km?) and represents the sum of Asca and Agpa. This

component is also routed separately.
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4.5.6.4 Total runoff

The daily total streamflow from the basin is calculated by adding the three -

different routed components of discharge for each day.

Q=Q,,+Q,+Q, . @.18)

As discussed above, the direct runpff results from overland or near surface ﬂow,
while baseflow is regarded as being a result of groundwater -Qontribution into the stream.
Infact, the contribution to baseflow starts only after the topsoil is saturated. In order to
consider the soil moisture deﬁéit, soil mc')isture. index (SMI) has beén considered in the
present study. The routing of surface and subsurface runoff has been carried out

separately and described in the following sections.
4.5.7Routing of different components of runoff

4.5.7.1Routing of surface runoff

s

The catchment routing is the .t‘ransformation of ini)ut to tile basin either in the -
fonn‘ of rainfall, snowmelt or bageﬂ:)w to the outflow from the basin. Since the
hydrological reéponse of SCA and SFA are different, routing of runoff from these areas
was done separately. The linear cascade réservoir approach was used for routing. In case,
the inflow is.passe(i through a series of linear reservoirs with equa_l storage coefficient, an
iﬁtegrate;d' 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 n™ reservoir represents the response
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"of catchment in terms of outflow. 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 case of cascade of reservoirs, the

outflow from the n™ reservoir is expressed as: -

‘ Q01 = CoQpjus +CQ, + CZQn+1,j ' N ‘ . (4.19)
Where, |
n - number of reservoirs and
j = time index
For a linear reservoir, Co = C;, and therefore the equétioh representing the outflow from

the n™ reservoir is simplified as:

Qn+1,j+1 =2C, njel T ‘Can+1,j (4.20)
Where,
— Qn g F Qn. -
e 4.21)
Where,
Ay o |
_ . /K :
C, = 5 +~Atk (4.22)
C, =G, _ ‘ (4.23)
2.A8 S -
C, = /k ' (4.24)
2 At .
2+ k :

Here, Co, Cy, Cyare the routing coefficients and the sum of these coefficients equal unity,

1.€.
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C,+C,+C, =1

" The routing of different components of streamflow is done separately by using the
equation 6.17. The total outbut from the basin was computed by summing the different
rc;uted components of runoff. Since snowmelt and rain has different response in SCA -and
SFA and varies with time, both the components wére separately routed considering their
respective areas, namely SCA and SFA. Each part of the.basin i; conceptualized as a

cascade of linear reservoirs.

- 4.5.7.2 Routing of subsurface runoff

Subsurface runoff to channel is a very slow movement of water compared to the
direct runoff. The source of subsurface flow is soil water in excess of field capacity. This
excess water percolates to shallow groundwater zones or moves down slope at shallow
depths from point of infiltration to some point of discharge above the wat;ar table. The
subsurface runoff is routed’in the same way as surface runoff with a given value of
subsurface storage co_efﬁéient, kb-, which is determined using streamflow record~of the
receésion period. The recessionl' of baseflow was represented in the model by the

exponential method given below:
Q)= Q™ R (4.25)
Where,
~ Qp=discharge at time t
Qo = discharge at time t =0

ky, = recession constant or the depletion factor
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This equation can be written in logarithmic form as:
Lt
INnQ=InQ, - K - (4.26) .

In order to determine the storage coefficient, ky, for the baseﬂow, the streamflow
of the re;:ession period was plotted against time on semi-log péper and a best fit line was
drawn, the slope of which gives the value of kp. In the present st{ldy, to compute k;, the
recession trends of flow, the streamflow records were examined for a number of years. It
was found that the minimum flow in the Chenab River was observed during the winter
period. There was continuous recessi(;n of flow from the basin during this period, except
for some anomalous change in the flow due to local rain events. The average value of ky,
i.e. 110 days, Was ﬁnally adopted. for the routing. of the baseflow. Due to the slow

response of subsurface flow, it is routed through a single linear reservoir.

4.5.8 Efficiency criteria of the model

Numerous statistical criteria are available for numerical ve\.raluations 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 snowme!t ﬁlodels, thé quld Meteorological Organization (WMO,
1986) suggests several efficiency criteria that are particularly uéeﬁll for snowmelt
modeling. The most important criteria for model evé-luation ic:leﬁtiﬁe’d in the WMO study
are thé 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 ‘R** value (Nash and Sutcliffe, 1970) as given by the

equation,

{}": @ —09)2}
R2=1-

t=1

{Z": (@, - )2}

t=1

(4.27)

Where,

R2= Nash-Sutcliffe coefficient of goodness of fit

0, = daily observed discharge from the basin

Q, = daily estimated discharge from the basin

éo = 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.

The modél performance on a seasonal basis can also be determined by computing
the percentage volume difference between the measured and cofnputed- seasonal runoff

as’
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RESULTS AND DISCUSSIONS

CHAPTERS

The main objective of the present study is application of sﬁowmelt mnoff :
model for estimation of stream flow in Chenab basin up to Premnagar. For ap?lication
of snowmelt runoff model, two main _input'aire snow cover area and temperature-lapse
rate. These two inputs have been prepared from satellite data. The meﬁhodology for
obtaining these two inputs has been described in the previous chapter. The resﬁlts

obtained are discussed below. After this simulation results of the model are presented.

5.1 DIVISION OF CATCHMENT INTO ELEVATION BANDS

In the present study, the basin is divided into 9 elevation bands with an
altitude difference of 600 m for convenience. The area covered in each elevation zone
of the basin is given in Table 5.1. Digital Elevation Model of the study area is used

for the preparation of the area-elevation curve, shown in Figure 5.1.

-

5.2 SNOW COVER AREA

SCA between Fébruary 2000 - December 2005 was estimated from MODIS ’
data. The snow covered area maps in different years are shown in Figures 5.2 t-o 5.6.
Using the classified snow maps, the total percentage of snowcover in the study area
was estimated for different dates. On the basis of _this information Snow cover
depletion cﬁrve's have been drawn. The snow depletion curves for the months of April -

to August for years (2000-01, 2001-02, 2002-03 and 2003-04) are shown in Figure

5.7.
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" 4000

Area in sqgkm

“‘Table 5.1: Chenab basin area covered in different elevation band

Zones Elevation range (m) Area (kmz)_ Percentage
1 - 600-1200 : 48.69 0.28
2 1200-1800 | 335.92 . 1.98
3 1800-2400 | 81 5.51 4.81
4 2400-3000 1481.07 8.73
5 3000-3600 219570 T 12.94
6 3600-4200 3268.78 19.27
7 4200-4800 - . A 3988.58 23.51
8 | 4800-5400 3769.03 ’ 2222
9 >5400 [ 105961 | 6.25

4500

3500 {

3000 1

2500

2000

1500 A

1000 -

500 4

5400-6000 4800-5400 4200-4800 . 3600-4200 3000-3600 2400-3000 1800-2400 1200-1800 600-1200

HElevation range (m)

Figure 5.1: Area covered in each elevation zone of the Chenab river basin
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Figure 5.6 Snowcover area for the year 2005
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Figure 5.7: Snow cover depletion curves for Chenab basin
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In the present study, the SCA has been used for different elevation zones for
further application in the model. For this purpose, DEM and SCA maps have been

processed for all the dates.

As discussed earlier the basin is divid;:d into nine elevation zones. The SCA in
each elevation bands were plotted against the elapsed time to construct the depletion
curves for the various elevation bands in the bgsin for all the years. The snow cover
depletion curves vary significantly from year to year and hence it has been made
separately for each year under consideration. In order to simulate runoff on daily scale
from the basin, daily SCA for each band was used as input to the model. The snow

covered depletion in bands 4,5,6 and 7 is shown in Figure 5.8.

1.2

0.8

Snow cover area
o
o

160

Days (Starting from March 1)

Kigure 5.8 Snow covered depletion in bands 4, 5, 6 and 7
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Land Surface Temperature (°C )l

3.3

LAND SURFACE TEMPERATURE

The present study clearly demonstrates an inverse linear correlation between

LST and elevation as shown in Figure 5.9.

y = -0.0072x + 23.714
R’ = 0.9467

-
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Figure 5.9: Lapse rate estimation from MODIS LST maps

The slope of the equations is the lapse rate which equals the change in LST for

each unit change in elevation. Since the best fit line slope is negative, LST decreases

with increase in elevation.

The results show that TLR, estimated for the study area from LST and DEM.

varies between 0.40 to 0.79. The results of different months are shown in Figure 5.10.

TLR is not a constant phenomena but changes with region and season. According to

Bolstad et al., (1998), TLR estimated from air temperature data shows slightly

80



Lapse rate

seasonal trends and averaged 4 to 10°C/km when maximum temperature is

considered.

There are many advantages in estimating lapse rate using LST maps and
DEM. The LST, being a continuous data, is well representative of the terrain. Being
mapped by the satellite sensors, LST is readily available throughout the year except

for the cloudy period. Besides, the technique of estimating the lapse rate is less time

consuming.
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FigureS.10: Temperature Lapse rate for Chenab basin
S.4 APPLICATION OF MODEL

5.4.1 Calibration of model

The hydrological models are generally calibrated using observed- and

simulated results. The available data set is split into two parts; one is used for
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calibration purpose and the next for validation to check how affectively th.e'm..odel
" perforins in simulation mode. The calibrated parameter values were computed
considering the overall performance of the model and reproduction of the flow
hydrograph. For calibration three years have been considered. The results of daily
streamflow simulated for the calibrated period is shown in figure 5.11,'5.12 and 5.13.
In the figure five components are shpwn namely observed discharge, simulated
discﬂarge, contribution from snowﬁlelt, contribution from rai;lfall and contribution of
baéeﬂow. From the figures 5.11 to 5.13, it can be seen that the estimated hydrograph

~ match very well for all the years. The peaks in the inflow hydrograph are reproduced

within reasonable limit.
The efficiency of the modél for the calibration period is given in Table 5.2.

Table 5.2: Model efficiency during calibration period of three years

Period considered R® Volume Root mean square
; difference (%) error (RMSE)
2000-2001 0.91 2.13 - 0.55
2001-2002 - 0.84 7.26 0.31
2002-2003 0.92 1.57 ) 0.46

It is noticed that for all the three years the daily discharge simulated with
efficiency ranging from 0.84 to 0.92 and difference in volume ranging from 1.57% to

7.26%, which indicates good performance of the model for all the years.
5.4.2 Simulation of Streamflow

After successful calibration of the model, it was used for simulation for two

independent sets of the data.consisting of two years, i.e., for the year 2003-2004 and
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2004-2005. The parameter estim;dtes obtained in the calibration stage were used to
-simulate the runoff hydrograph for the period as ﬁeﬁtioned above.

The simulation accuracy is determined by checking how well ‘the .model
simulates the actual flow conditions. For this observed and estimated values of runoff
were plotted as shown in Figures 5.14 to 5.15. From this figure it can be seen that the

observed and estimated flow is correlated well and R? is high for both the data sets.

5.5 EFFICIENCY CRITERIA OF THE MODEL

The efficiency criteria used for comparison of model performance during
simulations are given in Table 5.3 dei)icting difference in voiume between the
_observed and computed flows, efficiency or coefﬁcieﬁt of determination and root
mean square errors (rmse) the model. For the two sets of period for which the
simulation was perf“ormed the value of efficiency is in between 0.81-0.91 for the
--pério& 2003-2004 and 2004-2005. The difference. in volume>is less for all the yea;rs |
'--indicating a good rﬁatch between the 'obs.erved' and estimated vaiues for two

indepéndent data sets.

Table 5.3: Model efficiency during validation peﬁod of two years

Period considered - R* ‘ " Volume Root mean square
: : difference (%) ' error (RMSE)
2003-2004 0.81 7.10 0.31
2004-2005 . - 091 1.92 , 0.42

In all the figures, different components of total streamflow, i.e., runoff due to-
snowmelt, runoff due to rainfall and baseflow are shown sei)arately. The observed and
estimated hydrograph for all the yeéfs indicate very good reproductfon of the flows.

From the figures, it is clear that all the peaks in the outflow hydrographs are due to
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rainfall. In géneral, 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
baséﬂo_w 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 the1;e is increase in recharge due to rainfall, the
trend of baseflow is also increasing.

From all the figures, it is clear thét the volumes and peaks of streamflow were
reproduced well by the model for all the years. The study shows that SNOWMOD a
temperature index based snowmelt runoff model worked well in the study bésin where
limited data are available. The seasonal lapse rate was used for the first time in the
model and significant improv;ement was observed in the efficiency of the model to
_ simulate streamflow. The SéA estimated for the missing dates using regression
method were used in the model for simulation and the efﬁciency of .the model

improved.
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SUMMARY AND CONCLUSIONS

CHAPTER 6

The present study has been carried out to estimate snowmelt runoff for Chenab
Basin up t;> Premmagar. For sﬁmilation of énowmelt runoff from study catchment,
SNOWMOD model is used. The model réq;uires estimates for snow covered area (SCA)
and température lapse rate (TLR) derivable from land surface temperature (LST)
estimates oﬂ daily basis. A methodology to produce daily SCA directly from Terra
MODIS snows cover map products (MODIOAI) is. presented. The study catéhment is
divided into nine elevation zones and snow cover has been computed for these ele\./ation
zones using MODIS data. On the basis of SCA, snow cover depletion curves have been
- prepared. It was observed that. the snowmelt starts in the month of March while aftér
August snow cover accumulation starts. The upper part of the basin remains snow covered

and lower part remains snow free throughout the year. Snow covered area varies between

10% and 80% in the whole basin depending on time of the year.

In this study, LST was estimated for the Chenab river basin using split—vs.;indow _
algori_thm and lapse rate of LST was compﬁted for five years from 2000 to 2005. The
lapse'rate in case of LST varies from 0.40° C/100 m to 0.79° C/100 m. The lapse rate is
maximum during winter period and is I_ninimum during monsoon period. The':refore,' the
range of lapse rate obtained from the present study can be used with confidence in
snowmelt runoff and other studies. This approach can be used for estimation of seasonal
variation in TLR of LST. The NOAA-AVHRR images and MODIS-LST maps are freely i

available on Internet which makes it economically more suitable. Using available data,
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the snowmelt runoff simulation is carried out for five years. Parameters of the model
were calibrated using observed data for first three years and validation has been carried

out for rest two years, Based on this study, following conclusions cab be drawn:

1. Snow cover depletion curves vary significantly from year to year.
2.. - There exits an inverse linear correlation between LST and elevation.

3. SNOWMOD a temperature index based snowmelt runoff model worked well in
the study basin where limited data are available. |

4, During caiibration period for the years 2000-2001, 2001-2002 and 2002-2003, the
model efficiency obtained vary from 0.84 to 0.92 and difference in volume varied
from1.57% to 7.26% indicating good to very good pérformance of the model for
all the years. |

5; Durmg validation period the efficiency of the model varies between 0. 81 0.91,
whlch is comparable to that achleved during calibration indicating the model can
“produce good simulgtion results on indepenc}ent data sets. ‘

6.  Difference in volume is less for all the years indicating a good match between the

observed and estimated values.
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