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Abstract

Various remote sensing products are used to identify spatial-temporal trends in snow cover in the upper Indus basin 
from 1999 to 2008. It is shown that remote sensing allows detection of spatial-temporal patterns of snow cover across 
large areas in inaccessible terrain, providing useful information on a critical component of the hydrological cycle.  The 
upper Indus basin is, for its water resources, most dependent on snow and ice melt and large parts are snow covered 
for prolonged periods of the year. A signifi cant negative winter snow cover trend was identifi ed for the upper Indus 
basin. A hydrological model is used and forced with remotely sensed derived precipitation and snow cover. The model 
is calibrated using daily discharges from 2000 to 2005 and stream fl ow in the upper Indus basin can be predicted with 
a high degree of accuracy. From the analysis it is concluded that there are indications that climate change is affecting 
the hydrology of the upper Indus basin due to accelerated glacial melting. This conclusion is primarily based on the 
observation that the average annual precipitation over a fi ve year period is less than the observed stream fl ow. 
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1. Introduction

The Himalayas and the adjacent Tibetan-Qinghai plateau 
are the source of the major Asian rivers amongst which 
are the Indus, Ganges, Brahmaputra, Irrawaddy, Salween, 
Mekong, Yellow and Yangtze rivers. Discharge from the-
se rivers sustains the lives of hundreds millions of people 
living downstream and preservation of these water re-
sources is crucial (Immerzeel 2008a). The precipitation in 
the upstream parts of the basins falls partly in the form 
of snow, causing a natural delay of river discharge. Snow 
cover dynamics on the Eurasian plateau therefore infl u-
ence the water availability downstream in the major river 
basins of Asia, specifi cally in spring at the onset of the (ir-
rigation) growing season (Barnett  et al. 2005; Immerzeel 
2008b). 
The recently published fourth assessment report of the 
International Panel on Climate Change  (IPCC, 2007a) con-
cludes that warming of the global  climate system is une-
quivocal, as is now evident from observations of increases 
in global average air and ocean temperatures, widespread 
melting of snow and ice, and rising global average sea le-
vel. The IPCC (2007a) report also concludes that the war-
ming is expected to be greatest over land and at most 
high northern latitudes, where snow cover is projected to 
contract, and that it is very likely that hot extremes, heat 
waves, and heavy precipitation events will continue to be-
come more frequent. The spatial variation in observed and 
projected climate change is large and mountain ranges 
and their downstream areas are particularly vulnerable 
for several reasons. Firstly, the rate of warming in the lo-
wer troposphere increases with altitude, i.e. temperatures 
will increase more in high mountains than at low altitu-
des (Bradley et al. 2004). Secondly, mountain areas exhibit 
a large spatial variation in climate zones due to large dif-
ferences in altitude over small horizontal distances. The-
se conditions make mountain areas more vulnerable to 
climate change (Beniston et al. 1997).  Finally, mountains 
play an important role in the water supply of downstream 
areas. More than one sixth of the global population de-
pends on water supplied by mountains and changes in hy-
drology and water availability are expected to be large in 
mountain basins (Barnett et al. 2005; Viviroli et al. 2007). 
Especially the diminishing role of snow and ice as a natu-
ral store for water supply will have a tremendous impact.  
For all of these reasons knowledge on snow cover dyna-
mics and how it infl uences water availability is of great 
importance and surprisingly regional studies on this topic 
are largely lacking. The focus of this study is on the upper 
Indus basin, where snowmelt is a major determinant in 
water supply. First the spatial patterns of snow cover are 
explored in the basin using remote sensing. Using a cali-
brated snowmelt runoff model the relationship between 

air temperature, precipitation, snow cover and rain, snow 
and glacial runoff is then analyzed.  The model is forced 
with different remote sensing data products.

2. Study area

The study area is the upper Indus basin upstream of the 
Tarbela dam (Fig. 1), which is a major dam and regulates 
water supply to the Indus irrigated areas together with 
the Mangla dam as part of the Indus Basin project. The 
total basin area is 200677 km2 and the length of the river 
upstream the dam is approximately 1125 km. The upper 
Indus basin includes the Hunza, Gilgit, Shigar and Shyok 
sub-basins. The altitude of the basin ranges from 335 m 
to 8238 m (Fig. 2) and as a result, the climate within the 
basin varies greatly. The largest part of the basin (90%) 
is in the rain shadow of the Himalayas and not effected 
by the summer monsoon. Low intensity winter and spring 
precipitation originating from western low pressure sy-
stems are the primary source of water. A small part of 
the basin (10%) directly upstream of the Tarbela dam is 
unprotected by mountain ranges and subject to summer 
monsoon rainfall. Average annual precipitation is around 
340 mm with a peak in February and in July. Stream fl ow 
is a combination of fast rain runoff in the lower part of the 
basin and slow snow and glacier runoff of the higher parts 
of the basin (Archer 2003; Ali and de Boer 2007). The melt 
water component is extremely important and the primary 
source for irrigation of the entire Indus basin.

3. Methodology

3.1. Datasets

Various datasets are used in this study and described be-
low.

3.1.1. MODIS snow cover

The Moderate Resolution Imaging Spectroradiometer 
(MODIS) snow products are provided as a sequence of 
products beginning with a swath product, and progres-
sing, through spatial and temporal transformations, to an 
8-day global-gridded product. Given the extent of the stu-
dy area the MOD10C2 product is used. The MOD10C2 is a 
climate modelling grid product at a 0.05o  resolution with 
global coverage and 8-day availability. Pixel values depict 
the percentage of snow cover (Hall et al. 2002). For the pe-
riod March 2000 to December 2006 the algorithm version 
4 is used and from January 2007 to July 2008 version 5 of 
the algorithm is used.
Snow cover products derived from MODIS are based on a 
band rationing of MODIS band 4 (green) (0.545–0.565 μm) 
and band 6 (near-infrared) (1.628–1.652 μm). These bands 
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Figure 1: The location of the upper Indus basin, the elevation and the location of meteorological stations

are used to calculate the Normalized Difference Snow In-
dex (NDSI) defi ned as

In non-forested areas a pixel with an NDSI ≥ 0.4 is iden-
tifi ed as snow if the refl ectance in band 2 (0.841–0.876 
μm) ≥ 11% and the refl ectance in band 4 ≥ 10%. (Hall et 
al. 1995). In forested areas an alternative algorithm is used 
that includes the Normalized Difference Vegetation Index 
(NDVI) (Klein et al. 1998). Using a threshold on the NDVI it 
is possible that a forested pixel is classifi ed as snow even 
if the NDSI is lower than 0.4. The NDSI has been effectively 
used in snow cover mapping using various sensors (Dan-
kers and de Jong 2004)

3.1.2. TRMM precipitation

The Tropical Rainfall Measuring Mission (TRMM) provides 
precipitation estimates at fi ne spatial scales using a cali-
bration based sequential scheme and data from multiple 
satellites as well as gauge analysis. In this study the 3B43 
product is used (Hufmann et al. 2007). This is a monthly 
product spanning a global belt from 50o N to 50o S with 
a spatial resolution of 0.25o. The original processing oc-
curs at a time interval of three hours. Firstly, a number of 
passive microwave sensors aboard TRMM and other satel-
lites are converted to a precipitation estimate.  Secondly, 
an infrared (IR) estimate is generated using the calibrated 
microwave estimate. Thirdly, the microwave and IR esti-
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mates are combined to provide the best estimate at each 
grid box at each three hour period. The fi nal step in gene-
rating 3B43 is the inclusion of rain gauge data. It is highly 
advantageous to include rain gauge data in combination 
data sets. All 3-hourly combined microwave and IR esti-
mates are then summed over a calendar month to create 
a monthly multi-satellite product. Using the gridded pre-
cipitation gauge based product of the Global Precipitati-
on Climatological Centre (Rudolf 1993) a bias correction is 
performed in similar way as described in Hufmann et al. 
(1997).

3.1.3. Meteorological data

Daily meteorological data for six different stations in Paki-
stan from the Pakistan Meteorological Department were 
used to force the runoff model and to verify the TRMM 
data that were used. The location of the meteorological 
stations is shown in Fig. 1.

3.2. Runoff modelling

The runoff modelling in the upper Indus basin is based on 
the Snowmelt Runoff Model (SRM). The model was origi-
nally develop by Martinec (1975) and has been applied in 
over 100 basins ranging in surface area from 0.8 km2 to 
917444 km2 in 29 different countries (Martinec et al. 2007) 
and results are published in about 80 scientifi c journals 
(Seidel and Martinec 2004). SRM is a conceptual, determi-
nistic, degree day hydrologic model used to simulate daily 
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runoff resulting from snowmelt and rainfall in mountai-
nous regions. SRM requires daily temperature, precipita-
tion and daily snow-covered area values as input parame-
ters. Stream fl ow is calculated according to Eq. (1).

Qn+1 = [Csn • an (Tn + ΔTn) Sn+ Crn Pn] . A . (10000/86400) . 
(1-kn+1) + Qn . kn+1                         (1)

Where Qn+1 (m3/s) is the discharge at day n+1, Csn (-) is the 
snow runoff coeffi cient, an is the degree day factor on day 
n (cm °C-1 d-1), Tn + ΔTn (°C) are the degree days, Sn (-) is the 
fractional snow cover, Crn (-) is the rain runoff factor, Pn 
(cm) is the rain on day n, A is total area (km2) and kn+1 is the 
discharge recession coeffi cient. 
The original SRM model has been extended to model the 
effects of climate change and include glacial melt, which 
is an important component of total runoff in the upper In-
dus basin (Archer 2003). The glacier area is derived from 
the remotely sensed snow cover depletion curve by taking 
the 5% percentile value of the time series as a representa-
tive value of the permanent snow and ice cover. A glacial 
degree day factor is then used to calculate glacial melt 
similar to snow melt. To capture the spatial climate he-
terogeneity typical for mountain basins, the upper Indus 
basin has been stratifi ed in three different elevation zones 
according to the area elevation curve (Fig. 2). The zonal re-
ference elevations are 2000 m, 4700 m and 5000 m and 
the respective areas are 30497 km2, 83778 km2 and 86402 
km2. For each zone daily temperature data (Tn) are derived 
from a nearby meteorological station and temperatures 
are lapsed to the zonal reference elevation (ΔTn). For each 
zone the model is forced with TRMM precipitation (3B43) 
which is disaggregated to daily values using precipitation 
gauge data and snow cover is derived using the MOD10C2 
product. Eq. (1) is applied for each zone and the results are 
aggregated and provide the discharge at the outlet of the 
basin. The model is run from 2001 to 2005 and calibrated 
using daily discharge data at Besham Qila, a gauging sta-
tion just upstream the Tarbela reservoir. The model is cali-
brated on a number of critical parameter such as the snow 
runoff coeffi cient (Csn), the rainfall runoff coeffi cient (Crn), 
the critical temperature below which precipitation falls 
in the form of snow (Tc) and the temperature lapse rate 
that is used to lapse the observed temperature to the zo-
nal reference elevation (λ). Model results are assessed on 
the Pearson correlation coeffi cient, bias, root mean square 
error and the Nash Sutcliffe criterion. 
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Figure 2: Area-elevation curve for the upper Indus basin. The dot-
ted boxes show the elevation zones used in the runoff modelling. 
The reference elevation equals the median elevation of the eleva-
tion distribution within each box.

4. Results and discussion

4.1. Snow cover trends

The seasonal evolution of snow cover from 2000 to 2008 
is shown in Fig. 3. The average annual snow cover for the 
upper Indus basin is high at 33.9% of the total area. Snow 
cover obviously is persistent in the upper Indus basin com-
pared to other basins, and the snow cover peak is general-
ly found during spring.
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Figure 3: Seasonal snow cover from 2000 to 2008 based on MO-
DIS MOD10C2 product for the upper Indus basin.

It was also investigated whether any seasonal trends 
could be observed in this dataset. The Pearson correlation 
coeffi cient was calculated for each season for the entire 
domain, for the upper Indus basin and for the three ele-
vation zones in the basin. The signifi cance of the correla-
tions was tested at the 0.05 probability level assuming a 
t-distribution.  Table 1 shows that a signifi cant negative 
trend is found for winter snow cover in the upper Indus 
basin and in zone 2 (4700 m) and zone 3 (5000 m). The 
negative trend is strongest in zone 3 (2.2 % y-1), followed by 
zone 2 (1.4 % y-1) and the entire basin (1.3 % y-1). For all other 
seasons and areas no signifi cant trends were identifi ed. It 
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should be noted though that the time series used for this 
analysis is relatively short (nine years), but it is currently 
the most reliable dataset available. Construction of a re-
liable long term snow cover record for this area would be 
highly recommendable.

Upper Indus Zone 1 Zone 2 Zone 3

spring 0.10 -0.13 -0.02 0.20

summer 0.22 0.17 0.22 0.21

autumn -0.47 -0.44 -0.56 -0.16

winter -0.68 0.29 -0.64 -0.78

annual -0.30 -0.14 -0.47 -0.19

Table 1: Pearson correlation coeffi cients for seasonal trends in 
snow cover for the entire domain, the upper Indus basin and the 
three elevation zones. Bold numbers are signifi cant at the 0.05 
probability level.

Fig. 4 shows the seasonal extent and variation of snow 
cover in for the entire spatial domain. Values indicate the 
percentage of time that a pixel was snow covered during 
the indicated seasons within the entire time series from 
March 2000 to July 2008. There is an obvious relation with 
the elevation and especially in the upstream part of the 
upper Indus basin where there are large areas which are 
snow covered more than 90% of the time during winter 
and spring. The snow ablation peaks at the end of spring 
and in the beginning of summer, while winter precipitati-
on provides new snow.

Using the Shuttle Radar Topographic Mission (SRTM) di-
gital elevation model (Werner, 2001) in combination with 
the MOD10C2 time series seasonal snowline heights were 
determined. To avoid undesired effects of potential false 
classifi ed snow pixels the snowline was defi ned as the 5% 
percentile of the elevation distribution of snow covered 
pixels in the basin. In the Indus basin the snow line varies 
from 2336 meter in winter to 3035 in spring to 3712 meter 
in autumn to 4109 meter in summer. 
To what extent basin hydrology is really affected by snow 
and ice melt not only depends on snow cover patterns, 
but also on the temporal behaviour of precipitation. To 
quantify the relative importance of snow and ice melt to 
the annual stream fl ow the relative contribution of winter 
precipitation to spring precipitation and relative to total 
annual precipitation has been plotted in Fig. 5. The up-
stream part of the Indus basin receives most winter pre-
cipitation of the whole area. In combination with relative 
small amounts of precipitation during the summer the 
importance of snow and ice melt to total annual stream 
fl ow is much larger than in any other Himalayan basin. 
This becomes evident from the bottom two fi gures in Fig. 
5. There are large areas in the Indus basins where winter 
precipitation is over 80 % of total spring precipitation and 
over 30 % of total annual precipitation. In the other ba-
sins these percentages are much lower and stream fl ow 
is mainly rain fed. From these results we conclude that 
stream fl ow in the Indus basin is for large part fed by snow 

Figure 4: Seasonal snow cover (winter (top), spring, summer, autumn (bottom)) based on MOD10C2 snow cover time series from March 
2000 to February 2008.  The values show the percentage of time that a pixel was snow covered during the specifi ed season within the 
entire time series.
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and glacial melt in clear contrast to other Himalayan ori-
ginating basins. This is further quantifi ed by the snow and 
ice runoff modelling in the remainder of this paper.

Figure 5: Sum of the average October to February (1998-2006) precipitation based on the TRMM 3B43 product (top fi gure), fraction of 
spring rainfall (middle fi gure) and fraction of annual rainfall (bottom fi gure).
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4.2. Runoff modelling

An SRM based runoff model was set up for the upper Indus 
basin to improve the understanding of the contribution of 
snow melt, glacial melt and rain to total stream fl ow. The 
model is driven by remotely sensed snow cover and preci-
pitation data. The model is calibrated on daily discharges 
from 2001 to 2005. Fig. 6 shows that the simulated stream 
fl ow matches the observed stream fl ow very well. Based 
on these time series a number of calibration assessment 
criteria were calculated. The Pearson correlation coeffi ci-
ent equalled 0.88, which is proof of an excellent correla-
tion between observed and simulated daily stream fl ow.  
The bias is 0.02 which shows that the average observed 
stream fl ow is 2% higher than the simulated stream fl ow. 
The RMSE equals 1157 m3/s, while the Nash-Sutcliffe cri-
terion equals 0.78. From these criteria it is concluded that 
stream fl ow at Besham Qila is realistically simulated using 
the SRM based approach.
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Figure 6: Modelled and observed daily stream fl ow at Besham Qila 
from 2001 to 2005.

Table 2 shows the average monthly model results for the 
period 2001-2005. The most striking feature of these re-
sults is the fact that the total TRMM 3B43 precipitation for 
the entire basin based equals 311 mm y-1, while the total 
modelled stream fl ow at Besham Qila equals 359 mm y-1.  
The modelled discharges match the observed discharge 
and it is concluded that there must be an additional sour-
ce of water to explain the reported stream fl ow, especially 
considering that actual evapotranspiration is not accoun-
ted for. There are two possibilities. Firstly, precipitation is 
signifi cantly underestimated, but this seams unlikely, be-
cause a recent study that assessed TRMM 3B43 satellite 
biases on the Tibetan plateau concluded that the TRMM 
3B43 consistently overestimates observed precipitation 
(Yin et al. 2008). This would yield the opposite namely that 
the difference between basin precipitation and observed 
discharge would even be larger.
A second possible explanation is an increased glacial ru-
noff due to global warming. The scientifi c literature is con-
tradicting in this respect. Fowler and Archer (2006) report 
a thickening and expansion of Karakoram glaciers due to 

increased winter precipitation and decreasing summer 
temperatures. However, the IPCC reports that glaciers in 
the Himalaya are receding faster than in any other part 
of the world and that the receding and thinning of Hima-
layan glaciers can be attributed primarily to the global 
warming due to increase in anthropogenic emission of 
greenhouse gases (IPCC 2007b). The global land ice mea-
surements from space (GLIMS) project also report a consi-
stent decrease of glacier extent in the upper Indus basin 
in particular (Kargel et al. 2005). The fi ndings of this study 
support the latter because we identify positive tempera-
ture trends in all seasons and an unexplained difference 
between basin precipitation and observed stream fl ow. 
Question remains if the additional source of water that is 
required to close the water balance can realistically be su-
stained by the ice reserves in the basin. If we assume that 
a minimum of 100 mm is required the volume of ice that 
is required approximately equals 22 km3 of glacial ice with 
a density of 900 kg m-3. A previous study revealed that the 
glacier coverage in the entire upper Indus basin is appro-
ximately 10% (Kulkarni et al. 2007). This is in good agree-
ment with the value derived in this study using the 5% 
percentile of the MODIS based snow depletion curve (9.9 
%). The average glacier thickness is reported to be around 
100 meter (Kulkarni et al. 2007) and therefore the total ice 
reserve in the upper Indus basin is estimated to be 1982 
km3. Therefore it is concluded that 100 mm roughly equals 
1% of the total ice reserve and is plausible. However more 
research is required to further substantiate these fi ndings.
Fig. 7 shows that a large part of the precipitation indeed 
falls in the form of snow (60% on average). Figure 7 also 
reveals that on average 40% of the annual stream fl ow is 
generated by snow melt with a peak in June. Glacial melt 
contributes on average 32% with a peak in July and rain 
comprises 28% of total annual stream fl ow with a similar 
temporal pattern as glacial runoff. The majority of stream 
fl ow in the upper Indus (72%) is therefore a direct result of 
melting of snow and ice, and therefore highly susceptible 
to changes in temperature. The anticipated effects of cli-
mate changes are:
• Accelerated melt of glacier resulting in an increase in 

glacial runoff.
• Less precipitation will fall in the form of snow causing 

an increase in rain runoff on the expense of snow ru-
noff.

• Snow will melt faster causing a shift in the hydro-
graph towards spring.
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5. Conclusions

This study investigated the spatial and temporal coverage 
of snow and used a hydrological model to simulate rain, 
snow and glacial runoff in the upper Indus basin. A number 
of major conclusions can be drawn based on this study:
• Remote sensing allows detection of spatial-temporal 

patterns of snow cover across large areas in inacces-
sible terrain and provides useful information on a 
critical component of the hydrological cycle. Forcing 
a hydrological model with remotely sensed TRMM 
derived precipitation and MODIS based snow cover 
shows promising results and stream fl ow in the up-
per Indus basin can be predicted with a high degree 
of accuracy.

• The upper Indus basin is, for its water resources, high-
ly dependent on snow and ice melt and large parts are 
snow covered for prolonged periods of the year. The-
re is a signifi cant negative snow cover trend found in 
winter in the upper Indus basins.

• There are indications that climate change is affecting 
the hydrology of the upper Indus basins due to the 
accelerated glacial melting. This conclusion is prima-
rily based on the observation that the average annual 
precipitation over a fi ve year period is less than the 
observed stream fl ow. The annual melting rate is con-
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