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ABSTRACT 
 

Aim: The study aimed at modeling the aerial extent of snow cover of an ungauged mountainous 
Himalayan region using the temperature index-based method of ArcSWAT model. 
Study Design: 20 year precipitation and temperature data along with elevation information were 
used in the simulation of accumulated snow. 
Place and Duration of Study: Department of Civil Engineering, Indian Institute of Technology 
Delhi, India from January 2014 to June 2014. 
Methodology: The basin was divided into 3 elevation bands and daily snow accumulation depths 
were obtained for each of the elevation zones. To account for the lack of measured snow depths, 
satellite imagery was used to calibrate the model. LandsatLook imagery taken on different dates in 
a year was visually interpreted for the presence of snow cover in the different elevation zones. In 
addition, image classification was used to identify snow covered region in each elevation band and 
to determine the percent area under snow cover.  Temperature and precipitation lapse rates were 
alternately adjusted till the simulated results were in agreement with the results obtained from the 
imagery. Simulation was deemed to be acceptable whenever a non-zero snow depth was 
simulated by the ArcSWAT model for above 5 percent area under snow determined from the 
satellite imagery. 
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Results: Calibration resulted in a temperature lapse rate of -6°C/km and a precipitation lapse rate 
of 5mm/km for the region. Snow accumulation depths obtained from the calibrated model for all 
elevation zones agreed reasonably well with the results obtained from image classification. 
Conclusion: ArcSWAT could be suitably used to model the snow cover of ungauged hilly 
catchments. Satellite imagery/remote sensing data can be a suitable aid to calibrate the snow 
model for ungauged regions. Division into greater number of elevation zones is expected to 
improve the calibration process. 
 

 
Keywords: Snow modeling; snow coverage; orographic variation; elevation bands; ArcSWAT; 

Himalayan catchment. 
 

1. INTRODUCTION 
 
Snow is an essential component of hydrological 
water balance in cold regions. It greatly affects 
the hydrological behaviour of regions where a 
significant proportion of precipitation is in the 
form of snow and/or a large area of land remains 
under snow for a considerable part of the year. 
Occurrence of precipitation in the form of snow 
affects its redistribution. Snow neither contributes 
to immediate surface runoff, nor does it percolate 
down the soil or recharge the groundwater within 
the same temporal scale as rain. Moreover, the 
presence of snow cover on the land surface also 
alters the catchment behaviour towards 
generating a hydrological response to other 
forms of precipitation as snowpack essentially 
presents a modified land cover to the incoming 
precipitation.  Relevant snowpack parameters 
essential for accurate modeling of catchment 
hydrology of snowy regions include the areal 
extent and depth of the snow pack, density of the 
snow pack and temperature of the snow pack. 
Snowpack equates to a water reservoir. 
Temperature of the snowpack affects its melting 
rate and thus its contribution to surface and 
subsurface flows. The amount of snowmelt 
depends upon its depth and aerial extent. Snow 
is a porous medium. Accumulated snow acts as 
a secondary storage medium to the incoming 
precipitation as it allows for the infiltration of 
precipitation occurring as rain. This feature 
depends on depth, aerial extent and density of 
the snow pack. 
 

Snow accumulation and melting is conventionally 
modeled using either conceptual (temperature 
index-based) models [1,2,3] or physical (energy 
balance) models [4,5,6,7,8,9,10]. Energy balance 
models simulate the physical processes affecting 
the energy content of the snowpack. These are 
based on the assessment of energy fluxes to and 
from the surface of the snow pack [11]. Point 
models of energy balance assess the energy 
budget at one location [12,13] whereas the 

distributed models estimate energy budget over 
an area [14,15]. These models use a multitude of 
meteorological variables (net radiation, global 
radiation, albedo, long wave radiation, turbulent 
and other heat fluxes) as input to quantify 
sensible heat, latent heat and ground heat fluxes. 
On the other hand, conceptual models such as 
SWAT relate snow melting and accumulation to 
readily available data such as air temperature 
and precipitation [16]. These models are based 
on temperature index method for calculation of 
snowmelt, in which, above a threshold or melt 
temperature, the amount of snowmelt on any day 
is a function of the temperature on that day. 
Studies have shown that temperature-based 
snowmelt models perform equally well as energy 
balance snowmelt models under most conditions, 
in addition to being simpler models [17,18,19]. 
The success of temperature index models is 
attributed to the high correlation of temperature 
with energy balance components [18]. 
Temperature index-based models are widely 
used in flood forecasting and runoff modelling 
[20], glacier mass balance modelling [21] and in 
modelling response of snow and ice under 
climate change scenarios [22]. Many researchers 
have evaluated the performance of conceptual 
snow process models using either measured 
snow depth or stream flow data [3,23,24].  
Remote sensing data has also been used 
together with in-situ measurements to validate 
the performance of snow models [25,26]. The 
high reflectance of snow makes it differentiable 
from other land covers in satellite imagery which 
enables identification of snow covered area. 
Moreover, satellite data is available at a range of 
spatial and temporal resolutions making it 
suitable for mapping of snow cover [27]. Snow 
covered areas can be identified from satellite 
imagery by various techniques such as manual 
delineation [28], using spectral ratios [29,30,31], 
spectral indices, the most common of which is 
the Normalized Difference Snow Index (NDSI) 
[32,33,34] or digital image classification, which 
can be supervised [35,36] or unsupervised [37]. 
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In the present study, an attempt has been made 
to model the aerial spread of snow cover over an 
ungauged catchment using the temperature 
index-based method of ArcSWAT model, 
calibrated with the help of snow cover 
information extracted from satellite imagery by 
supervised classification technique. 
 

ArcSWAT is the GUI version of the Soil Water 
Assessment Tool (Texas A & M University) that 
works within the ArcGIS environment. SWAT 
classifies precipitation as snow or rain on the 
basis of average daily temperature (Tav) using a 
user defined threshold temperature (Ts-r) below 
which precipitation is considered as snow. The 
amount of snow in the snowpack on ground is 
defined by the mass balance given in Equation 1. 
 

��� = ��� + �� − ���� − �������             (1) 
 

SNO is the water equivalent of the snow pack on 
a given day, Ps is the precipitation in the form of 
snow, Esub is the water lost from the snow pack 
by sublimation taken from the evaporation value 
for the given day at the given location, and 
SNOmelt is the amount of snowmelt on the given 
day, all in mmH2O. SWAT uses areal depletion 
curve [38] to model the variable snow coverage 
of an area. It correlates growth and recession of 
snow pack over a region with the amount of 
snow present in the region as expressed by 
Equation 2. 
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where snocov is the snow covered fraction of an 
area, SNO100 is the threshold snow depth above 
which 100 per cent of the area is covered with 
snow, cov1 and cov2 are coefficients defining the 
slope of the areal depletion curve. Snow melt 
(SNOmelt) in Equation 1 is modeled as a linear 
function of difference between arithmetic mean of 
maximum air temperature (Tmx, °C) and snow 
pack temperature (Tsnow, °C) and the temperature 
at which the snow melts (Tmlt, °C). The amount of 
snow melt generated depends on the areal 
coverage of snow and the melt factor (bmlt, 
mmH2O/day-

 o
C) of the region (Equation 3). 
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Temperature in the snow pack on a given day 
(Tsnow,d, 

 °C)  is calculated as a function of mean 
of the snow pack temperature in the preceding 

days (Tsnow,d-1, °C) and the air temperature in 
which the influence of each is controlled by 
means of a lagging factor (lsno) as given in 
equation 4.  
 
�����,� = �����,���(1 − ����) + ���. ����   (4) 

 
The melt factor bmlt is a seasonal factor which is 
maximum for summer solstice and minimum for 
winter solstice. 
 
Spatial distribution of snow is affected by a 
number of factors such as elevation, slope, 
radiation loading, wind and vegetation cover [39]. 
Variation in elevation has a strong effect on the 
spatial variation of snow depth [40,41]. Variability 
in snow cover due to differences in elevation is 
far more pronounced than the variability due to 
other factors [42], especially in mountainous 
terrain. The most common approach to allow for 
this variability is to spatially discretize the region 
into elevation bands. ArcSWAT allows dividing a 
region into elevation bands to account for 
orographic variations in temperature and 
precipitation, thus enabling modeling of elevation 
effects on the distribution of snow. The gauge 
values of precipitation and temperature are 
adjusted to give the values of these variables in 
any elevation band (Pband, mmH2O and Tband, °C) 
by means of precipitation lapse rate (plaps, 
mmH2O/km) and temperature lapse rate (tlaps, 
°C/km), respectively (Equations 5 and 6). 
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ELband (m) is the mean elevation of the band and 
ELgage (m) is the elevation of the rain gauge or 
the temperature gauge. dayspcp.yr is the average 
number of wet days in a year. Thus, snow 
accumulation and melting can be obtained for 
each elevation band separately. 
 

2. STUDY AREA DESCRIPTION 
 
The study area is situated in the Himalayan 
mountain ranges between 34°5'4.4088" and 
34°14'3.624"n latitudes and 74°49'21.094" and 
75°9'2.722" e longitudes (Fig. 1). The region has 
a mountainous relief extending between 
elevations 1576 and 4360 meters above sea 
level. The basin having an area of about 250 
square kilometers forms a part of the catchment 



of the world famous Dal Lake in India. It drains 
into the lake through a number of streams, most 
of which join a deep, dark channel locally known 
as the Telbal Nallah. 
 
The region has a sub-Mediterranean type of 
climate with an average annual pr
870 mm. Most of the precipitation occurs from 
December to March. The mean monthly 
maximum temperature is 30°C and the mean 
monthly minimum temperature is -
winter months, the temperature drops to below 
freezing point causing precipitation to occur as 
snow. Thawing starts around February in the 
lower reaches. However, the upper reaches 
remain covered with snow for nearly half of the 
year. 
 

 

 

Fig. 2. Division of study region into elevation bands 1. 1576 m to 2504 m 2. 2504 m to 3432 m 
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of the world famous Dal Lake in India. It drains 
into the lake through a number of streams, most 
of which join a deep, dark channel locally known 

Mediterranean type of 
climate with an average annual precipitation of 
870 mm. Most of the precipitation occurs from 
December to March. The mean monthly 

C and the mean 
-11°C. During 

winter months, the temperature drops to below 
ipitation to occur as 

snow. Thawing starts around February in the 
lower reaches. However, the upper reaches 
remain covered with snow for nearly half of the 

3. METHODOLOGY 
 
In the present study, 20 year precipitation and 
temperature data for the years 1991 to 2010 
recorded at Sher e Kashmir University of 
Agricultural Sciences and Technology (SKUAST) 
Kashmir gauging station were used to model 
daily snow accumulation in the study area. The 
gauging station is located within the study 
domain at an elevation of 1606 meter above sea 
level. The study domain presents a hilly 
topography with rapidly increasing elevations. 
Hence the elevation effects on both temperature 
and precipitation were considered. The region 
was divided into 3 elevation bands viz. 157
2504 m (1), 2504 m to 3432 m (2) and 3432 m to 
4360 m (3) as shown in Fig. 2. 
 

Fig. 1. Study area location 

 
 

Division of study region into elevation bands 1. 1576 m to 2504 m 2. 2504 m to 3432 m 
3. 3432 m to 4360 m 

 
 
 
 

194, 2017; Article no.BJECC.2017.014 
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Initially a precipitation lapse rate of 1 mm/km and 
temperature lapse rate of -1°C/km were         
applied. Since the catchment is ungauged,        
snow depth measurements are not available. 
Thus, LandsatLook imagery (downloaded from 
http://landsatlook.usgs.gov/) of the region taken 
on different dates during the year 2000 was 
interpreted for areal extent of snow cover. These 
imagery, as per USGS guidelines are suitable for 
visual interpretation of land cover. Contours 
representing 2500 m and 3500 m elevations 
were generated using 30m x 30m ASTER DEM 
and overlaid on these imagery so that the 

regions delineated by these contours would 
closely correspond to the modeled elevation 
bands.  For each elevation band, presence or 
absence of snow cover was visually interpreted 
from the imagery taken on different dates of a 
year. Image classification technique was used to 
identify snow in the study domain. The classified 
image was split into elevation zones defined            
by the above contours (Fig. 3a, 3b, 3c). For      
each elevation band, pixel count for snow             
was compared against the total pixel                  
count to determine the percent area under snow 
cover. 

 

 
 

(a) 
 

 
 

(b) 

 
 

(c) 
 

Fig. 3. Steps in image processing (a) LandsatLook image (b) Classified image clipped to 
domain (c) Classified image split into elevation zones 

Red line is the study domain boundary and yellow lines are 2500 m and 3500 m contours 
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4. RESULTS AND DISCUSSION 
 
A threshold of 8 percent area under snow in the 
classified images was used to indicate the 
presence of snow in any elevation band. 
Temperature and precipitation lapse rates used 
by the ArcSWAT model were alternately adjusted 
till the model results agreed with those 
interpreted by image processing. Simulation 
results were considered acceptable whenever 
the ArcSWAT model resulted in a non-zero snow 
depth for all the tested instances for which more 
than 5 percent area under snow was obtained by 
image classification. The calibrated values for 
precipitation and temperature lapse rates         
were respectively chosen to be 5 mm/km and          
-6°C/km. 
 

Fig. 4(a) shows LandsatLook images of the study 
domain taken on different dates of the year 2000. 

According to the guidelines of the USGS, snow 
cover is represented by light blue color reflection 
in these images. Fig. 4(b) shows the respective 
classified images obtained by applying the above 
guideline in image classification process. 
 
Fig. 5 shows a plot of accumulated snow depths 
in the 3 elevation bands of the study region over 
the year 2000 that were obtained using the 
calibrated ArcSWAT snow model. A summary of 
the comparison of model simulated occurrence of 
snow cover and that interpreted from the 
classification of the LandsatLook imagery for all 
the 3 elevation bands is given in Table 1. Model 
prediction was considered to be agreeable for all 
cases where non-zero snow depth is predicted 
for area under snow exceeding 8 percent. No 
conclusions were made for the cases where 
cloud cover exceeded 30 percent and the visible 
region showed some snow. 
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19 March, 2000 
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12 April, 2000 

 

 

 
  
28 April, 2000 

 

 

 
  

6 May, 2000 

 

 

 
  

14 May, 2000 

 

 

 
  

26 August, 2000 

 

 

 



11 September, 2000 

 

13 October, 2000 

 

30 November,2000 

(a) 
 

Fig. 4. (a) LandsatLook images and (b) digitally classified images of the study domain
Red line is the study domain boundary and 

 

Table 1 indicates that the model results after 
calibration agree with the actual situation in most 
of the cases, with 2 cases of mismatch and 4 
cases where no conclusions could be drawn due 
to cloud cover, out of a total of 33 tested cases. 
Thus, it can be inferred that the snow modeling 
equations of ArcSWAT can be efficiently used 
with any hydrological model for reliable 
simulation of hydrological behaviour of an 
ungauged region. 
 

Fig. 6 shows a plot of accumulated snow depths 
in the different elevation bands of the study 
domain for the years 2005 to 2008 obtained at 
the calibrated values of precipitation and 
temperature lapse rates. Results indicate that the 
higher elevation zone of the region of interest 
which includes mountain peaks remains covered 
with snow for nearly half of the year, the 
intermediate zone remains under snow cover for 
about a quarter of the year whereas in the lower 
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(b) 

(a) LandsatLook images and (b) digitally classified images of the study domain
Red line is the study domain boundary and yellow lines are 2500 m and 3500 m contours

Table 1 indicates that the model results after 
calibration agree with the actual situation in most 
of the cases, with 2 cases of mismatch and 4 
cases where no conclusions could be drawn due 

cloud cover, out of a total of 33 tested cases. 
Thus, it can be inferred that the snow modeling 
equations of ArcSWAT can be efficiently used 
with any hydrological model for reliable 
simulation of hydrological behaviour of an 

6 shows a plot of accumulated snow depths 
in the different elevation bands of the study 
domain for the years 2005 to 2008 obtained at 
the calibrated values of precipitation and 
temperature lapse rates. Results indicate that the 

e region of interest 
which includes mountain peaks remains covered 
with snow for nearly half of the year, the 
intermediate zone remains under snow cover for 
about a quarter of the year whereas in the lower 

zone, snow is present for a period of 1 to 2 
months. This is also true to the natural 
observations since at low elevations, 
temperatures are higher than those at higher 
elevations and precipitation is in lesser amounts 
and mostly in the form of rain. 
 

 

Fig. 5. Snow depth simulated in 3 elevation 
bands (1576-2504 m, 2504-

3432-4360 m) for the year 2000
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Table 1. Comparison of model results with classified LandsatLook imagery 
 

Date Model 
simulated 
snow depth  

Visual 
interpretation 
from imagery 

Pixel 
count of 
snow 

Percent 
area 
under 
snow 

Cloud 
cover 
(pixels, 
percent) 

Remarks 
about model 
performance 

      Elevation band Total pixels = 111446  
 1576 m to 

2504 m 
Below   
2500 m 

    

23 Jan, 2000 42 mm Cloudy, not 
clear 

2881 2.59 107692, 
96.63 

Uncertain 

3 Mar, 2000 Zero Negligible 
snow 

507 0.45 832, 
0.75 

Agreeable 

19 Mar, 2000 4 mm Cloudy, snow 
pockets visible 

527 0.47 60145, 
53.97 

Uncertain 

12 Apr, 2000 Zero No snow 0 0 0,0 Agreeable 
28 Apr, 2000 Zero No snow 0 0 0,0 Agreeable 
6 May, 2000 Zero No snow 0 0 314,0.28 Agreeable 
14 May, 2000 Zero No snow 3 0 8691,7.8 Agreeable 
26 Aug, 2000 Zero No snow 0 0 64,0.06 Agreeable 
11 Sep, 2000 Zero No snow 0 0 683,0.61 Agreeable 
13 Oct, 2000 Zero No snow 1 0 497,0.45 Agreeable 
30 Nov,2000 Zero No snow 0 0 415,0.37 Agreeable 
        Elevation band Total pixels = 109021  
 2504 m to 

3432 m 
2500 m to 
3500 m 

    

23 Jan, 2000 82 mm Little snow in 
visible region 

29122 26.71 56831, 
52.13 

Uncertain 

3 Mar, 2000 140 mm Partly snow 
covered 

33161 30.42 25273, 
23.18 

Agreeable 

19 Mar, 2000 191 mm Partly snow 
covered 

37310 34.22 38522, 
35.33 

Uncertain 

12 Apr, 2000 Zero Very little 
snow 

21012 19.27 0,0 Mismatch 

28 Apr, 2000 Zero Negligible 
snow 

8288 7.60 2150, 
1.97 

Agreeable 

6 May, 2000 Zero No snow 2200 2.02 12508, 
11.47 

Agreeable 

14 May, 2000 Zero No snow 106 0 37842, 
34.71 

Agreeable 

26 Aug, 2000 Zero No snow 0 0 10318, 
9.46 

Agreeable 

11 Sep, 2000 Zero No snow 0 0 1113, 
1.02 

Agreeable 

13 Oct, 2000 Zero No snow 0 0 8196, 
7.52 

Agreeable 

30 Nov,2000 16 mm Little snow 22234 20.39 10349, 
9.49 

Agreeable 

      Elevation band Total pixels = 56607  
 3432 m to 

4360 m 
Above  
3500 m 

    

23 Jan, 2000 142 mm Full snow 
cover 

56290 99.44 197,0.35 Agreeable 

3 Mar, 2000 223 mm Full snow 
cover 

50431 89.09 6078, 
10.74 

Agreeable 

19 Mar, 2000 254 mm Full snow 
cover 

53652 94.78 1569, 
2.77 

Agreeable 



Date Model 
simulated 
snow depth  

Visual 
interpretation 
from imagery

12 Apr, 2000 267 mm Full snow 
cover

28 Apr, 2000 217 mm Partly snow 
covered

6 May, 2000 18 mm Partly snow 
covered

14 May, 2000 Zero Little snow

26 Aug, 2000 Zero No snow

11 Sep, 2000 Zero Negligible 
snow

13 Oct, 2000 Zero Negligible 
snow under 
cloud 

30 Nov,2000 19 mm Nearly full 
snow cover

 

Fig. 6. Accumulated snow depths simulated by calibrated model
 

5. CONCLUSION   
 
The temperature index-based snow model of 
ArcSWAT is a simple and efficient tool that can 
be used with hydrological models to simulate 
snow accumulation and melting of ungauged 
regions. The model includes very few parameters 
that are very easy for interpre
adjustment. For ungauged regions with hilly 
topography, division into elevation bands for 
modeling snow cover is an efficient method 
which enables to account for the effect of altitude 
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Visual 
interpretation 
from imagery 

Pixel 
count of 
snow 

Percent 
area 
under 
snow 

Cloud 
cover 
(pixels, 
percent) 

Remarks 
about model 
performance

Full snow 
cover 

55194 97.50 0,0 Agreeable

Partly snow 
covered 

47728 84.31 3377, 
5.97 

Agreeable

Partly snow 
covered 

36925 65.23 14102, 
24.91 

Agreeable

Little snow 23726 41.91 13649, 
24.11 

Mismatch

No snow 0 0 11528, 
20.36 

Agreeable

Negligible 
snow 

947 1.67 3389, 
5.99 

Agreeable

Negligible 
snow under 
cloud cover 

59 0.10 20700, 
36.56 

Agreeable

Nearly full 
snow cover 

41579 73.45 13913, 
24.58 

Agreeable

 

Fig. 6. Accumulated snow depths simulated by calibrated model 

based snow model of 
ArcSWAT is a simple and efficient tool that can 
be used with hydrological models to simulate 
snow accumulation and melting of ungauged 
regions. The model includes very few parameters 
that are very easy for interpretation and 
adjustment. For ungauged regions with hilly 
topography, division into elevation bands for 
modeling snow cover is an efficient method 
which enables to account for the effect of altitude 

on meteorological variables. Where measured 
data is lacking, information extracted from 
satellite imagery can be reliably used to calibrate 
the model. Complex analysis of remote sensing 
data to estimate snow depths to aid in calibration 
may not always be necessary in this regard. 
Sufficient agreement between realit
simulated results can be obtained by simply 
comparing the presence or absence of snow in 
any elevation zone respectively with non
zero accumulated snow depth being simulated 
by the model. A finer division into greater number 
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about model 
performance 

Agreeable 

Agreeable 

Agreeable 

Mismatch 

Agreeable 

Agreeable 
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Agreeable 

 

on meteorological variables. Where measured 
information extracted from 

satellite imagery can be reliably used to calibrate 
the model. Complex analysis of remote sensing 
data to estimate snow depths to aid in calibration 
may not always be necessary in this regard. 
Sufficient agreement between reality and 
simulated results can be obtained by simply 
comparing the presence or absence of snow in 
any elevation zone respectively with non-zero or 
zero accumulated snow depth being simulated 
by the model. A finer division into greater number 
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of elevation zones is expected to improve model 
performance as it will allow for a more precise 
calibration of the model. 
 
The modeling activity revealed that orographic 
effects are predominant in the study region. Both 
the temperature and amount of precipitation are 
significantly dependent on elevation. The amount 
of precipitation increases with altitude which can 
also be concluded from the greater depths of 
accumulated snow at higher elevations. 
Calibration of the model for temperature and 
precipitation lapse rates indicates that the 
temperature in the study region falls by about 
6°C for every 1 kilometer rise in elevation, 
whereas the precipitation increases by nearly 5 
mm for the same increase in altitude. As can be 
inferred from Table 1, not only the areal extent of 
snow cover but also the depth of accumulated 
snow shows a strong correlation with elevation, 
for different seasons. 
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