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The snow and glacier melt run-off is one of the most
important sources of freshwater for the perennial
Himalayan rivers. The water from these rivers sustains
billions of people in South Asia, especially during lean
season. The study has been done to integrate temporal
snow cover area (SCA) and digital elevation model
(DEM) derived from satellite re mote sensing data with
Geographic Information System (GIS) and finally into
temperature index-based snowmelt run-off estimation
model. The study area for snowmelt run-off estima-
tion is part of head reach sub-basins of Ganga river,
i.e. Alakhnanda and Bhagirathi river basins up to
Joshimath and Uttarkashi respectively. The temporal
SCA (2002—-07 for Bhagirathi river and 2000, 2008 for
Alakhnanda river) was derived from remote sensing
data and DEM was used to find elevation zones and
aspect maps. Snowmelt run-off model (SRM) is a tem-
perature index-based snowmelt run-off simulation
model, which has been used in this study for simulat-
ing snowmelt run-off. The daily hydro meteorological
data from India Meteorological Department and
Central Water Commission were used for estimating
snowmelt. Overall accuracy of SRM for Alakhnanda
river in terms of coefficient of correlation (Rz) is 0.84—
0.90 for years 2000 and 2008, and 0.74-0.84 in Bhagi-
rathi river for 2002-2007.

Keywords: Remote sensing, snowmelt run-off, snow
cover area, temperature index model.

THE Himalayan region is now popularly known as the
‘third pole’, as the seasonal snow cover and permanent
ice fields of its glaciers are the largest outside the polar
region. The region contains the world’s highest moun-
tains, including all 14 peaks above 8000 m. This area is
the source of 10 major rivers which are fed by the melt-
ing of snow and glaciers of this region and more than 3
billion people are benefitted by the food and energy pro-
duced in these river basins (http://www.icimod.org/?
q=3487). During the last 100 years, this area has under-
gone many changes in land use and land cover, including
climate change. The changes in climatic conditions of
this region have a direct effect on snowmelt run-off
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(SMR) and glacier mass balance'. In India, the perennial
Himalayan rivers are fed by snowmelt and glacier melt
run-off’. The regular mapping and monitoring of snow
cover and glaciers remain a challenge in these hilly areas
due to inaccessibility and few ground observation sites.
Therefore, considering the importance of seasonal snow
cover, glaciers and their associated melt run-off of this
region, the present study has been made to achieve the
objective of integrating temperature index model® for
SMR estimation with remote sensing and Geographic
Information System (GIS).

Remote sensing for snow cover mapping and
SMR modelling

Satellite imagery has been successfully used for snow
cover area (SCA) mapping and is employed in many
studies to improve the performance of numerical models
that predict SMR*. Snow cover is one of the most easily
recognized features in the visible spectrum of the satellite
image as it can be distinguished from other objects on the
Earth’s surface due to its relative high albedo and reflec-
tance (Figure 1). As a result, determination of the extent
of the snow cover was one of the early accomplishments
of satellite data interpretation. In 1960 Singer and
Popham® had observed snow in the first image obtained
from the TIROS-1 satellite. With the help of remote sensing
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Figure 1. Reflectance spectra for snow and clouds (http://nsidc.org/

data/docs/daac/nsidc0066 avhrr Skm.gd.html).
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data, various types of snow classes’ (fresh dry snow, old
wet snow, etc.) can easily be mapped and monitored.
Optical remote sensing, which works in the visible to
infrared region of the electromagnetic (EM) spectrum,
has been used effectively to map the SCA'*"’, and these
SCA maps have been used in SMR studies”* .

The most common method for SCA mapping using
optical multi-spectral images is to use the band ratio
method. This method uses a spectral band in the visible
part of the spectrum, plus one centred near 1.65 pm in the
middle infrared (MIR)'>*"%°. These bands are selected as
the spectral reflectance of snow cover and cloud are simi-
lar at wavelengths below about 1 pm, and they diverge in
the near infrared (NIR) and achieve a maximum differ-
ence (as cloud is more reflective than snow) at wave-
lengths between about 1.55 and 1.75 pm. For the
discrimination of snow, this band ratio index is called the
normalized difference snow index (NDSI), which was
originally defined in terms of the spectral bands of
Landsat Thematic Mapper (TM) and Enhanced Thematic
Mapper (ETM+) as

NDSI = (R, — R5)/(Ry + R5), €))

where R, and Rs are the reflectances in bands 2 and 5
(centre wavelengths 0.57 and 1.65 pm) respectively'>".
Snow is normally assumed to be present if the NDSI
exceeds a value of 0.4 (refs 14, 16), although recent studies
have suggested that the optimum value of the threshold
varies seasonally’’. The regular mapping and monitoring
of snow cover in the Indian Himalayas has been done
using optical remote sensing data of Indian Remote Sens-
ing Satellite (IRS), Resourcesat-1 and Moderate Resolu-
tion Imaging Spectroradiometer (MODIS)'”'®",

Macchiavello ef al.** have classified the snow-covered
areas from multi-spectral images (MODIS and LANDSAT).
This study was based on integration of decision tree clas-
sifier and a Bayesian unsupervised thresholding algo-
rithm in order to automatically choose an optimal
threshold to be applied to NDSI. Roshani et al.* classi-
fied glaciers using IRS-LISS (III) and LANDSAT data.
Distinguishing of snowy and no-snowy zones was done
using NDSI index with a value of 0.3 as threshold. To ob-
tain new snow, scatter plot of bands 2, 4 of LANDSAT
was used as fresh snow has high reflectance in these
bands, while for old snow extraction, bands 4, 5 were
used as old snow has low reflectance in these bands. In
the context of the Indian Himalayas, remote sensing-
based snow cover has been used in estimating the SMR
for few river basins and other snow hydrology-related
studies™ 2,

Snowmelt run-off model

Hydrological models used for simulation or forecasting of
stream flow are generally categorized as simple regres-
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sion models, black-box models, conceptual models and
physically based models®. In general, snowmelt models
can be divided into two types, namely energy balance
models and temperature index models®~”®. The other
method of SMR estimation, which is based on isotope
analysis, has been used in recent studies in parts of West-
ern Himalayas®"*,

The energy balance or the heat budget of a snowpack
governs the production of melt water. This method in-
volves accounting for a given period of time, the net in-
coming and outgoing energy in short wave and long
wave, and the changes in the energy storage for a snow-
pack. The net energy is then expressed as the heat equiva-
lent of snowmelt. The presence of cloud cover and
vegetation cover significantly affects the energy balance
of a snow surface. The energy balance models require a
large amount of well-distributed hydrometeorological
data to set up the model and simulate the SMR. As well-
distributed hydrometeorological data in the Indian Hima-
layas are scanty, only few studies have been done in India
for estimating SMR using energy balance approach®®*.

In the temperature index models, mainly daily air tempe-
rature data are used along with degree day factor and
snow cover information to simulate the daily SMR. These
have been used extensively and with fair degree of accu-
racy in data-scarce Indian Himalayan catchments®>%*',
As the study area of Ganga Basin has less hydrometeo-
rological data, the present study has used temperature
index modelling approach for estimating SMR. Details
of the model used and its structure are given in the next
section.

Temperature index model for SMR: The most popular
temperature index method used is SRM by Martinec’ in
1975. This was developed in small European basins
originally and has been used in many parts of the world
in mountain basins of almost any size and any elevation
range™. The structure of the model is as follows:

Qn+1 = [CSnan(Tn + ATH)SH + CR,,Pn] * A
*(10000/86400) * (1 — K,+1) + 0, K11,

where O is the average daily discharge [m’s™'], C the
run-off coefficient expressing the losses as a ratio (run-
off/precipitation), with Cs referring to snowmelt and Cg
to rainfall, a the degree-day factor [cm °C ' d”'] indicat-
ing the snowmelt depth resulting from 1 degree-day, T
the number of degree-days [°C d], AT the adjustment by
temperature lapse rate when extrapolating the tempera-
ture from the station to the average hypsometric elevation
of the basin or zone [°C d], S the ratio of the snow
covered area to the total area and P the precipitation con-
tributing to run-off (cm). A pre-selected threshold tem-
perature, Tcgrr, determines whether this contribution is
from rainfall or snowfall. If precipitation is determined
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by Tcrir to be new snow, it is kept on storage over the
hitherto snow-free area until melting conditions occur. In
the above equation, A is the area of the basin or zone
(kmz), K.+ the recession coefficient indicating the decline
of discharge in a period without snowmelt or rainfall:
K=0,/0, (n, n+ 1 are the sequence of days during a
true recession flow period), n the 130 sequence of days
during the discharge computation period and 10000/86400
is the conversion from cmkm®d ' to m’s ', The well-
known watershed models, viz. hydrological modelling
system (HMS), precipitation run-off modelling system
(PRMS), and soil and water assessment tool (SWAT)
have similar or modified temperature index options®.
This temperature index model-based SMR method has
been used in Himalayan river basins such as Beas Basin up
to Pandoh?’, up to Manali?®***? and other rivers basins of
the Himalaya™**,

Study area

The study area is the upper Ganga catchment with main
emphasis on Alakhnanda and Bhagirathi basins.
Alakhnanda up to Joshimath and Bhagirathi up to Uttar-
kashi have been considered in this study (Figure 2 a—c).
The Alakhnanda Basin extends between 30°0'-31°0'N
and 78°45'—80°0'E covering an area of about 4533.32 km?,
with elevation ranging from 1450 to 7771 mamsl and
represents the eastern part of Garhwal Himalaya. About
433 km® of the total area of the basin is under glacier
landscape and 288 km® is under fluvial landscape. The
Bhagirathi river basin is situated in Uttarakhand, within
geographical coordinates 30°38'-31°24' N lat. and 78°29'—
79°22" E long. with area of 4495.52 km? up to Uttarkashi.
The altitude variation is from 1121 to 7000 m amsl. The
Alakhnanda and Bhagirathi river basins are characterized
predominantly by hilly terrain, deep gorges and river
valleys. The region broadly falls under four major divi-
sions: (i) the Great Himalayan Ranges (snow-covered
regions), (ii) Alpine and pasture land (covered by snow
during four months of the winter season), (iii) Middle
Himalaya (characterized by highest population) and (iv)
river valleys (characterized by service centres and institu-
tions). Among the major rivers of India, the Alakhnanda
and its tributaries (Dhauli Ganga, Vishnu Ganga, Nanda-
kini, Pindar, Mandakini and other numerous perennial
streams) originate and flow in this river basin®. The
highest mountain peaks of the Himalayan ranges such as
Nandadevi, Kamet, Trisul and Chaukhamba are located in
the Alakhnanda river basin®.

The headwaters of the Bhagirathi are formed at
Gaumukh (elevation 3892 m), at the foot of the Gangotri
and Khatling in the Garhwal Himalaya (http:/en.
wikipedia.org/wiki/Bhagirathi_River). It is then joined by
its tributaries; these are, in order from the source: Kedar
Ganga at Gangotri (elevation 3049 m), Jadh Ganga at
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Bhaironghati (elevation 2650 m), Kakora Gadand Jaland-
hari Gad near Harsil (elevation 2745 m), Siyan Gad near
Jhala (elevation 2575 m), Asi Ganga near Uttarkashi (ele-
vation 1158 m) and Bhilangna River near old Tehri (ele-
vation 755 m). The Bhilangna itself rises at the foot of
the Khatling glacier (elevation 3717 m), approximately
50 km south of Gaumukh (http://en.wikipedia.org/wiki/
Bhagirathi_River). The river flows from its source for
205 km before meeting the Alakhnanda river at an ele-
vation of 475 m in the town of Devprayag After
Devprayag, the river is known as the Ganga or Ganges
river (http://en.-wikipedia.org/wiki/Bhagirathi River).

Data used and methodology

The main remote sensing and digital elevation data used
in this study are given in Table 1. Details of each data
type are given in subsequent sections. Details on the
hydrometeorological data are given later in the text. The
overall methodology flowchart is given in Figure 3.

Remote sensing data

The SCA in the Bhagirathi river basin was determined
during the period 2002—-07 using MODIS, and also using
Landsat data for the year 2000 and Advanced Wide Field
Sensor (AWiFS) data for the year 2008 in Alakhnanda
river basin. MODIS is a key instrument aboard the Terra
(EOS AM) and Aqua (EOS PM) satellites. The orbit of
these satellites around the Earth is timed so that Terra
passes from north to south across the equator in the morn-
ing, while Aqua passes from south to north over the equa-
tor in the afternoon. The MODIS instrument provides
high radiometric sensitivity (12 bit) in 36 spectral bands
ranging in wavelength from 0.4 to 14.4 pum (http://modis.
gsfc.nasa.gov/about/). The eight-day climate-modelling
grid (CMG) snow cover data product is generated by
merging all the MOD10C2 products for an eight-day pe-
riod and binning that 500 m data to 1/20°, or about
5.6 km resolution to create a global CMG map of snow
cover (http://modis-snow-ice.gsfc.nasa.gov/?c=MOD10C2).
The size of the arrays is 3600 rows by 7200 columns.
Snow cover, cloud cover and quality assurance informa-
tion are included in the product.

The cloud-free time series of IRS-P6 or AWiFS of Re-
sourecsat-1 (http://www.isro.org/satellites/irspéresource-
sat-1.aspx) and Landsat Enhanced Thematic Mapper
(ETM+) (http://landsat.usgs.gov/about_landsat7.php) data
have been used to estimate SCA for Alakhnanda basin.
Selection of optimal date of AWiFS and Landsat imagery
was done taking into consideration the months with maxi-
mum (February—March) and minimum (September—
December) snow cover and availability of cloud-free im-
agery. All images were registered to the UTM projection
in WGS 84 North datum with zone 44. All full SCA data
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Table 1. Summary of data used in the study
Spatial
Satellite Sensor Data type Time-period resolution (m)
IRS-P6 AWIFS Multispectral image 2007-2008 56
TERRA MODIS Multispectral image 2002-2007 500
LANDSAT TM/ETM Multispectral image 1999-2001 30
ASTER ASTER DEM 2008 30

were extracted by basin boundary shape file. Also, radio-
metric calibration of AWiFS and Landsat data was done
to get proper and high-quality data. All radiometric cali-
bration steps are described later in the text.

Advanced Space-borne Thermal Emission and Reflec-
tion Radiometer (ASTER) sensor is one of the five re-
mote sensory devices on-board the Terra satellite launched
into the Earth’s orbit by NASA in 1999. ASTER GDEM
(Global Digital Elevation Model)*’ is the global DEM
created using ASTER (http://gdem.ersdac.jspacesystems.

or.jp/).

Hydrometeorological data

Hydrometeorological data requirement for the study area
include: maximum, minimum and average temperature,
precipitation and run-off (discharge). Discharge and
meteorological data for time-period 2000-09 have been
collected. Meteorological data were available from Auto-
matic Weather Station (AWS) of Indian Space Research
Organisation (ISRO) located near Harsil, Uttarkashi and
near Joshimath. All other data have been provided by
India Meteorological Department (IMD), New Delhi;
National Institute of Hydrology (NIH), Roorkee, and
Central Water Commission (CWC), Dehradun.

Methodology

The overall methodology flowchart is given in Figure 3.
As part of remote sensing data preprocessing, digital
number to top-of-atmosphere (TOA) reflectance was also
calculated. Calculation of at-sensor spectral radiance is
the fundamental step for converting image data into a
meaningful common radiometric scale. During radiometric
calibration, pixel values are converted to units of absolute
spectral radiance using 32-bit floating-point calculations
and this radiance is converted to at-sensor spectral reflec-
tance or TOA reflectance. This is required to reduce
scene-to-scene variability and is done using standard pro-
cedure given in the literature™.

For mapping and monitoring of temporal snow cover,
the NDSI method was used'>". NDSI uses the high and
low reflectance of snow in visible (green) and short-wave
infrared (SWIR) respectively, and it can also delineate
the snow in mountain shadows. After NDSI is calculated,
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the threshold is found by visual inspection of the image
and sampling NDSI values. In our study the NDSI thresh-
old values for AWiFS and LANDSAT were taken in the
range 0.4-0.5. MODIS-based SCA is also based on
the NDSI method'®.

The ASTER GDEM was used to create the elevation
bands or zones (Figure 4 a and b) for the selected river
basin of the study area. For simulation of SMR, the
Bhagirathi basin was divided into seven elevation zones
ranging from 1200 to 7500 m. Most of the area
belongs to the fifth elevation zone (4500-5500 m) and
consists of 43.67% of total area (1966.52 km?), whereas
minimum area 0.39% (17.58 km®) is in the seventh ele-
vation zone with elevation ranging from 6500 to 7500 m.
Similarly, six elevations zones ranging from 1450 to
7771 m were created for Alakhnanda basin using ASTER
GDEM (Figure 4 b).

In Alakhnanda river basin, a large part of the area be-
longs to fourth and fifth elevation zones (4000—5000 m
and 5000—-6000 m) and consists of 36.80% and 39.50% of
total area (1667.55 and 1791.11 km?) respectively, whereas
the minimum area 0.6% (26.02 km®) is in the first ele-
vation zone with elevation ranging from 1450 to 2000 m.
These elevation zone maps are used in zonal statistics
tool of GIS for estimation of fractional SCA in each zone,
as well as the maximum and minimum temperature and
rainfall (IMD’s meteorological data up to 2005 was
available in grid format).

Results and discussion
Snow cover area mapping

Figure 5 shows fractional (0 to 1) SCA from 2001 to
2009 for the Bhagirathi river basin. After delineating
boundary of the study area, snow cover fraction was
calculated by interpolating weekly data of MODIS to
daily snow cover data.

Figure 5 shows that accumulation is maximum from
December to March due to low temperature and snow fall
in higher altitude areas. Similarly, SCA is minimum from
July to September because of monsoon and high tempera-
ture and follows the same trend from 2001 to 2009. Dur-
ing the period from October to December, snow cover is
optimum. Sample images of Landsat FCC with snow
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Figure 5. Snow cover area fractions of Bhagirathi river basin.

cover seen in white colour are shown in Figure 6.
Similarly, SCA for Alakhnanda river basin has been
calculated using AWiFS and Landsat data. The areal ex-
tent of seasonal snow cover gradually decreases during
the snowmelt season. Figure 7 shows the snow depletion
curves in the Alakhnanda basin from Landsat and AWiFS
datasets. For SRM, full year 2000 and 2008 data were
used for calibration and validation. Elevation zone-wise
SCA fractions®' were calculated for river basins as SRM
takes this information for SMR simulation.

The altitude up to 2000 m is not under snow. During
2008, SCA decreased from January to November and in
December due to heavy snowfall it increased again. Most
of the snow is concentrated at high altitudes, i.e. higher
than 5 km. During 2000, SCA increased from the begin-
ning of the year up to April and decreased subsequently
up to November. Temperature and precipitation along
with depletion curves are used in SRM to simulate SMR.
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The SCA depletion curves vary significantly from year
to year and therefore, the snow cover depletion curve has
to be drawn separately for each year. As a result of SCA
mapping in Alakhnanda river basin, maximum snow
accumulation was on 26 February 2008 (3106 km®) and
10 April 2008 (2733 km?). The minimum snow cover was
on 11 November 2008 (272 km?). In 2000, maximum ac-
cumulation was in April (3766 km®). As SRM needs daily
SCA, the available eight-day or monthly SCA was used
with linear interpolation method to get the daily SCA.
This method can sometimes over- or underestimate SCA
as fresh snowfall before or after satellite pass may not be
represented accurately in the method. Overall trend of
SCA at seasonal timescale is maintained. For Bhagirathi
basin during the study period of 2002-2007, maximum
snow accumulation was observed in March 2002, i.e.
4200 km® and minimum in September 2007. During the
period from October to December snow cover was about
16001800 km’.

Result of snowmelt run-off

Bhagirathi basin: In SRM, many parameters need to be
parameterized for calibration and validation of SMR. The
calculated and calibrated parameters are lapse rate, criti-
cal temperature (7cgri7), degree-day factors (a,), lag time,
snow run-off coefficient (Cs), rainfall run-off coefficient
(CR), rainfall contribution area (RCA), X coefficient and
Y coefficient as part of recession coefficients. The value
of lapse rate varies from 0.65 to 0.75, critical temperature
is 2.0°C, degree-day factors from 0.35 to 0.65, lag time is
18.0 h, Cs and Cy vary from 0.10 to 0.80, RCA from 0 to
1, X coefficient from 0.90 to 1.02 and Y coefficient from
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Table 2. Sample snowmelt run-off model parameters used for the year 2004
Date Lapse rate Tcrir a, Lag time Cs Cr RCA KXeoett Yeoeft
January 2004 0.65 2.00 0.35 18.00 0.10 0.10 0.00 0.90 0.80
February 2004 0.65 2.00 0.35 18.00 0.10 0.10 0.00 0.90 0.80
March 2004 0.65 2.00 0.35 18.00 0.10 0.10 0.00 0.90 0.80
April 2004 0.65 2.00 0.45 18.00 0.10 0.10 1.00 0.90 0.80
May 2004 0.65 2.00 0.55 18.00 0.20 0.20 1.00 0.90 0.80
June 2004 0.65 2.00 0.55 18.00 0.30 0.30 1.00 0.90 0.80
July 2004 0.65 2.00 0.55 18.00 0.55 0.60 1.00 0.90 0.80
August 2004 0.65 2.00 0.65 18.00 0.80 0.80 1.00 0.90 0.80
September 2004 0.65 2.00 0.45 18.00 0.40 0.50 1.00 0.90 0.80
October 2004 0.65 2.00 0.35 18.00 0.20 0.30 0.00 0.90 0.80
November 2004 0.65 2.00 0.35 18.00 0.10 0.10 0.00 0.90 0.80
December 2004 0.65 2.00 0.35 18.00 0.10 0.10 0.00 0.90 0.80

14 October 2002
(cloudy) y

30 October 2002

Figure 6.
2002-2003.

Bhagirathi snow as seen in Landsat FCC for the period

0.80 to 0.88. The sample parameters of SRM are given in
Table 2 for the year 2004. The period 2002-2004 was
used for calibration and 2005-2007 for validation of
SRM.

SRM uses two well-established accuracy criteria,
namely the coefficient of determination (R?) and the vol-
ume difference (D,), which are automatically computed
and displayed after each run of SRM. Table 3 shows the
results of SRM-based snowmelt.

From the table we can see that R” for snowmelt season
for 2002-2007 varied from 0.84 to 0.74. Measured run-
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off for melt season is about 2751.60-4139.83 (10° m’),
average run-off is 87.01-131.27 (m’/s), computed run-off
is 2737.50-4119.16 (10° m’), and computed run-off aver-
age 86.57-130.62 (m’/s). Volume difference varies from
7.54% for 2006 to 0.05% for 2002. Figure 8 shows that
SMR started increasing from the spring—summer (April—
May) season, mainly due to increase in air temperature,
whereas maximum run-off was observed in August,
mainly due to monsoonal rains. Snowmelt is low from
October to February.

Run-off simulation has been carried out for the Bhagi-
rathi catchment as illustrated. The simulation confirms
SMR as the main source of freshwater in the region
throughout the year, except during monsoon, when rain
on snow and normal rainfall-run-off contribution is much
higher than normal SMR due to increase in temperature.
The catchment SCA mainly melts in summer and this has
caused the computed run-off to increase in these months,
similar to that of measured run-off during this period.
During winter, especially in December—February, snow-
melt is low as a result of low air temperature and degree-
days.

In the monsoon season from mid-June to July, rainfall
is high and hence computed and measured run-off values
are also high. The SRM results are not accurate during
monsoon period. As SRM is based on the concept of run-
off coefficients of snow and rainfall along with degree-
day factor’>**, run-off is directly proportional to rainfall,
with run-off coefficients deciding the amount of rainfall
being converted to run-off. The main mismatch is bet-
ween the peaks of measured and computed discharge and
time when these peaks occur. To adjust and reduce these
errors, recession coefficient is used, which is an important
feature of SRM, since (/ — K) is the proportion of the daily
melt water production which immediately appears as the
run-off >**, Values of 0, and O, were plotted against each
other in order to determine the K value®’. For estimating
the K values for this study area, the discharge data of
Uttarkashi station were used for the period 2002-2007.
More calibration is required for X and Y coefficients during
monsoon period as the number of peak flows is
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Table 3. Results of model simulation for the period 2002-2007 for Bhagirathi basin

Period 2002 2003 2004 2005 2006 2007

Measured run-off volume (10° m’) 4102.93 4139.83 2751.60 3647.82 3647.33 3326.63
Average measured run-off (m’/s) 130.10 131.27 87.01 115.67 115.66 105.49
Computed run-off volume (10° m?) 4100.97 4119.16 2737.50 3566.63 3372.16 3302.83
Average computed run-off (m’/s) 130.04 130.62 86.57 113.10 106.93 104.73
Volume difference, D, (%) 0.05 0.50 0.51 2.23 7.54 0.72
Coefficient of determination, R> 0.84 0.82 0.76 0.84 0.81 0.74
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Figure 7. Snow depletion curves for different elevation zones in 2000
and 2008.

more due to many intense rainfall events. Peak discharge
values of computed and measured run-off change directly
with run-off coefficient and location of flow peaks is
mainly governed by X and Y coefficients.

Results of Alakhnanda basin: For calibration and vali-
dation of SRM simulation, the years 2000 and 2008
respectively were used. The calibration parameters for
this basin are the same as those used in Bhagirathi basin,
as the same SRM has been used in both the river basins.
For this basin degree day factor was taken from 0.40 to
0.64 cm°C ' d™'. A critical temperature of 0.75°C was
assumed and kept constant during the year. If temperature
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stations at different altitudes are available, the lapse rate
can be predetermined from historical data. Otherwise, it
must be estimated by comparison from other basins or
with similar climatic conditions®. In SRM simulations, a
lapse rate of 0.65°C per 100 m is usually employed. In
this study, a lapse rate of 0.67°C per 100 m was calculated
from IMD data. The run-off coefficients correspond to the
ratio of the measured precipitation to the measured run-off.
Coefficients are usually different for snowmelt and for
rainfall run-off. The run-off coefficients Cs and Cy along
with other parameters used by SRM are given in Table 4.

Using the above hydrological and meteorological
parameters and daily snow cover estimated from digital
image processing of satellite remote sensing data for the
given basin, the discharge hydrographs were computed
for the Alakhnanda river basin for the entire years 2000
and 2008. The sample observed versus estimated dis-
charges with regression analysis for year 2000 are shown
in Figure 9. To analyse the performance of the model,
linear regression analysis was performed. R* of 0.86 with
volume difference of 0.14% was achieved for the year
2000. For validation, the year 2008 was used with the
same parameters as those used in the year 2000 simula-
tion. R* of 0.84 was achieved for the year 2008, which
indicates the existence of a high degree of correlation be-
tween measured and computed discharge.

According to the regression between measured and
computed run-off values for 2000, R* is 0.86. The catch-
ment in the years 2008 and 2000 has less SCA in summer
and heavy rainfall has caused the computed run-off to
settle a little lower than measured run-off in this period.
In 2008 during winter period computed run-off was
slightly higher than measured run-off and this can be due
to the intense precipitation events in January and March.
The model simulates the run-off peaks with correct delay
related to the causing event, but the simulated run-off
peaks in 2008 and 2000 are smaller than the measured
run-off. This is most probably attributed to the change of
run-off coefficient and recession coefficient with time,
which could not be accounted for without proper field
data. Overall snowmelt simulation for both years is good,
with R* = 0.84 in 2008 and 0.86 in 2000. In spite of these
differences, both simulations can be used for SMR calcu-
lation, snowmelt forecasting and changed climate scenar-
ios for this area.
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Table 4.

Model parameters for 2000 and 2008

Model parameter/year

2000 2008

Temperature lapse rate, y

Critical temperature, 7crir

Degree-day factor, a

Lag time, L

Rainfall contributing area (RCA)

Run-off coefficients (Cs for snow, Cr for rainfall)
Coefficient, X

Recession coefficient, Y

0.67°C/100 m

0.75°C

0.40 t0 0.64 cm°C ™' d'

24 h

March to September = 1; else 0
Cs=10.15-0.75; Cr = 0.20-0.75
1.039

0.06

0.67°C/100 m

1.039
0.01

120.0
——IMD Grid based Rainfall for part of Bhagirathi basin (2004)
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Figure 8. IMD grid-based rainfall for part of Alakhnanda and Bhagirathi basins.
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Figure 9. Measured and simulated discharge of the Alakhnanda river for the year 2000.

Conclusions

Snowmelt run-off modelling for data-scarce Alakhnanda
and Bhagirathi river basins is done effectively by
integrating remote sensing-based SCA and DEM data,
traditional hydrometeorological data in temperature index-

CURRENT SCIENCE, VOL. 106, NO. 3, 10 FEBRUARY 2014

based SRM. The elevation zone approach along with
aspect map of the basin improves the quality of SRM
simulations as it gives elevation zone-wise input para-
meters and output SMR. The most sensitive calibration
parameters in SRM are degree-day factor, run-off coeffi-
cients and recession coefficients.

405



RESEARCH ARTICLES

The dominant SMR is from 15 March to 15 June of a
given year, as air temperature gradually increases during
this time, which affects SMR’’. Maximum discharge
(snowmelt plus rainfall-run-off) for the period of study is
during monsoon season (July and August) and in winter
season from October to February snowmelt decreases.
The average coefficient of determination for snowmelt
season in Bhagirathi basin for the time-period 2002-2007
is 0.80, measurement run-off is about 3602.69 (10° m?),
average run-off 114.20 m’, computed run-off 3533.21
(10° m%), average computed run-off 112.00 (m’/s) and
volume difference is 1.93. Similarly, for Alakhnanda
river basin, overall snowmelt simulation for both years is
good, with R* = 0.84 in 2008 and 0.86 in 2000.

Based on this study further improvement can be made
for achieving better results using high repeatability of
cloud-free optical images along with SCA mapping with
SAR**® images during cloudy conditions, as it has great
potential and advantage over optical data during cloud
cover and in case of areas under shadow. Incorporating
accurate and daily hydrometeorological data in different
elevation zones, the SRM results can be compared with
other SRMs. As SRM needs only basic meteorological
and SCA information and has the capability to simulate
changed climate scenarios, the effect of climate change on
SMR can be simulated in future studies. Finally, the cur-
rent approach can be used to operationalize the SMR
forecasting in this area using daily SCA data derived
from upcoming new sensors (Www.isro.org).
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