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Abstract. A major proportion of flow in the Indus Riveris 1 Introduction and background

contributed by its snow- and glacier-fed river catchments sit-

uated in the Himalaya, Karakoram and Hindukush ranges. ItAn agricultural country, Pakistan is highly dependent on the
is therefore essential to understand the cryosphere dynamidadus irrigation system, one of the largest irrigation networks
in this area for water resource management. The MODISn the world (SIHP, 1990). The Indus River emerges from the
MOD10A2 remote-sensing database of snow cover productdibetan Plateau and flows toward northern areas of Pakistan
from March 2000 to December 2009 was selected to analwhere it changes its direction toward the south and flows into
yse the snow cover changes in the Hunza River basin (théhe Arabian Sea (Fig. 1). It has a controlling storage at Tar-
snow- and glacier-fed sub-catchment of the Indus River).bela dam as the river descends from the mountains. The
A database of daily flows for the Hunza River at Dainyor catchment area upstream of Tarbela reservoir is called the
Bridge over a period of 40 yr and climate data (precipitation Upper Indus River Basin (UIB) (Fig. 1), which contributes
and temperature) for 10 yr from three meteorological stationghe main inflow to the main course of the Indus River at high
within the catchment was made available to investigate theelevations as a result of snow and glacier melt; the lower
hydrological regime in the area. Analysis of remotely sensedcatchment is rain-fed. Tarbela is the first major structure on
cryosphere (snow and ice cover) data during the last decadéie Indus River and supplies the flow to the Indus Irrigation
(2000-2009) suggest a rather slight expansion of cryospher8ystem to irrigate the agricultural lands of Punjab (a province
in the area in contrast to most of the regions in the worldof Pakistan), the dominant producer of agriculture products
where glaciers are melting rapidly. This increase in snowin the country. Inflow to Tarbela is measured at Besham Qila,
cover may be the result of an increase in winter precipitationsituated approximately 80 km upstream of Tarbela (Fig. 2),
caused by westerly circulation. The impact of global warm- with a mean annual flow of 2410%s~1 (standard deviation

ing is not effective because a large part of the basin area liefor mean annual flow = 309 #s~1) , according to the SWHP
under high altitudes where the temperature remains negativéSurface Water Hydrology Project) flow records from 1969
throughout most of the year. to 2008.

The UIB has a total catchment area of 206 006 kas
calculated in this study. Nearly 11.5% of the total area
(22000kn?) of the UIB is covered by perennial glacial
ice including most of the largest valley glaciers, the largest
area outside the polar and Greenland regions (Hewitt, 2001,
2007). The Greater Karakoram Range (Fig. 1), situated
in UIB, has an extensive formation of glaciers due to high

Correspondence to: A. A. Tahir altitudes (Young and Hewitt, 1990), covering an area of
BY

(tahir@msem.univ-montp2.fr) 16 300 kn? with about 13 000 krf of cover within Pakistan
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Fig. 1. Location of the Upper Indus River Basin (UIB) with main controlling storage at Tarbela Dam.

(Mercer, 1975). Most of the annual precipitation in the 1°C rise in mean summer temperature would resultin a 16 %
UIB falls in the winter and spring and originates from increase in summer runoff into the Hunza River.

the west (Young and Hewitt, 1990). The high mountains  gaejiite image observation is very helpful in these remote
of Hindukush-Karakoram-Himalaya (HKH) in the UIB de- ogions of the world to examine cryosphere dynamics. Sir-
crease the effect of the monsoon in the catchment area, Whg%ﬁley et al. (2009) reported that satellite remote sensing is a
influence weakens northwestward; therefore, the Cl'mat'cpowerful tool to estimate the snow-covered area in remote
records in the UIB are different from the eastern Himalayas, . inaccessible areas. MODIS snow cover products have
(Fowler and Archer, 2005; Young and Hewitt, 1990). been widely used to estimate the snow cover area by re-
The main active hydrological zone for the Upper In- searchers in several regions of the vyorld. Tekgh etal. (2005)
dus River Basin is situated in the high-altitude Karakoram¢0mpared the MODIS snow cover images with ground ob-
ranges. Archer (2003) explained that the Indus River catchServations and found that MODIS determined the snow cover

ment at Partab Bridge (Fig. 2) has nearly 36 % of its aregSatisfactorily even in the rough terrain river basin located in

above 5000 m in elevation and is mainly fed by glaciers and€@Steérn Turkey. Maurer et al. (2003) found a significant im-
snow melt in this area. Several authors (Hewitt et al., 1989:Provement in snow cover determination using MODIS snow
Wake, 1989: Young and Hewitt, 1990) reported that 80 % of COVer products, especially in topographically complex por-
the flow of the Upper Indus River is contributed by less thantions of the Columbia River basin, as compared to the oper-
20% of its area, essentially from the zones of heavy snow-&tional NOHRSC (National Operational Hydrologic Remote
fall and glacierised basins above 3500 m in elevation. Lin-S€Nsing Center) snow cover images. Immerzeel et al. (2009)
iger et al. (1998) stated that some 90 % of the lowland flowinvestigated the effects of snow cover dynamics on the dis-
of the Indus River System originates from the Hindukush, charge of the Upper Indus River and concluded that stream
Karakoram and western Himalaya mountain areas. Maurefl0WS can be predicted with a high degree of accuracy us-
et al. (2003) stated that the presence of snow in a river catch"d MODIS snow cover data in a hydrological runoff model.

ment area strongly affects the moisture that is stored at th&€€ et al- (2005) reported that MODIS snow cover products
surface and available for future runoff. The summer runoff Nave sufficient accuracy for stream flow prediction using the

is highly correlated with the summer mean temperature in>nOWmelt Runoff model (SRM) in the snowmelt-dominated

these high-altitude sub-catchments of the UIB, mostly cov-Pasin of the Upper Rio Grande basin.
ered with permanent snow pack and glaciers (Archer, 2003). While the rapid melting of the ice cover is reported from
Linear regression analysis by Archer (2003) indicates that aHigh Asia, the Karakoram Range shows a more nuanced
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Fig. 2. ASTER Global digital elevation model (GDEM) of the Upper Indus River Basin and gauging station network within the boundary
of Pakistan (Hunza River catchment location in the UIB is shown with a thin boundary line). The projection of the map is WGS1984 UTM
43N.

picture as highlighted by the IPCC'’s 4th synthesis reportas hydrometeorology, flood forecasting and water resource
(IPCC, 2007). Hewitt (2005) reported that central Karako- management. This study is the first to detail and to investi-
ram is the largest of those very few areas where expansiogate the cryosphere dynamics based on the remotely sensed
of glaciers has been noted. Some of the largest glaciers iMODIS snow cover data (MOD10A?2) over a period of 10yr
the Karakoram Range have undergone rapid thickening sincen the Hunza River basin (situated in the central Karakoram
the mid-1990s; 13 glaciers of intermediate size (10—20 kmregion). The main objectives of this study were to investi-

in length) and 16 high-altitude tributaries were observed togate:

be advancing (Hewitt, 2005, 2007). These changes were

observed 0n|y in the highest central parts of the Karako- 1. The climate variations within the Hunza River basin;

ram. This is contrary to most of the glaciers in the world re-
ported to be shrinking for the last several decades, including
the neighbouring Greater Himalaya analysed by Berthier et
al. (2007). This contrast in glacier evolution shows a climate 3. The hydrological behaviour of the catchment in
change pattern in Karakoram that differs from that in the response to climate variables (precipitation and
Greater Himalaya (Fowler and Archer, 2006). Hewitt (2005, temperature);

2007) stated that a unique climate regime in this area and ex-

ceptionally high-altitude ranges of the ice masses may be the 4. The cryosphere dynamics and impact of climate change

important factors in this expansion, contrary to other regions. ~ on the cryosphere in the high-elevation mountainous
Hunza River basin;

2. The relevance and validity of remotely sensed MODIS
snow cover data in the catchment;

The management of Tarbela reservoir depends to a large
extent on the summer inflow contributed by the snow- and
glacier-fed tributaries situated in the Karakoram Range. The
Hunza River at Dainyor Bridge is representative of the mod-

erately high runoff catchments in the centre of the Karako—The study area is described in Sect. 2 of this paper followed

ram where a significant proportion of the flow is derived y y0 qescription of the data sets and analysis of the data in
from cryosphere melt. It nearly doubles the runoff rate alongge oy 3 The results obtained from this study are described

Wit.h the Gil'git Riyer in t'he ovgrall Indus catchment.at Partab and discussed in Sect. 4. Section 5 presents the conclusions
Bridge station (Fig. 2), i.e. at its confluence point with the In- drawn from this study.

dus River. It is, therefore, important to monitor the seasonal
snow cover in snow-fed catchments for several purposes such

5. The annual and seasonal correlation between snow
cover, mean temperatures and stream flow in the Hunza
River basin.
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tion Group, BGIG (1976) recorded a net winter accumula-
tion of 1030 mm water equivalent (w.e.) at 4840 m on Batura
Glacier situated in the Hunza River basin. An annual snow

Table 1. Characteristics of the study area (Hunza River basin).

River flow gauging station Dainyor Bridge X . .

i p— accumulation ranging from 900 mm to 1900 mm w.e. in the
atituae . .
Longitude 7423 E 4900- to 5400-m elevation range Was_reported_by Hev_vﬁt et
Elevation of gauging station 1450 m al. (1989) and Wake (1989) in the Biafo Glacier basin of
Drainage area 13733Km the Karakoram Range. Winiger et al. (2005) derived the
Glacier-covered area 4688 Rrkhtar et al., 2008) total annual precipitation for different altitudinal zones us-
Glacier cover percentage 34% . bined snow ver and ablation model. Th ti
Mean elevation (computed from 4631 m Ing a com . e _S ow cover a ablatio odel. e est-
ASTER GDEM) mated precipitation for northwest Karakoram was more than
Area above 5000 m 32.5% 1700 mmyr! above 5500 m.

No. of meteorological stations 3 (Installed by WAPDA) (2) The other factor that marks this contrast is the fact that

KZ;‘;{)e'ab 326@;“ Naltar the precipitation gauges present at high altitudes can catch

m m_2858m only 20-30 % of the precipitation, while the rest is distributed
outside the gauges by strong winds. This factor may be the

reason for the low precipitation level recorded at the Khun-

) i jerab climate station situated just below 5000 m in elevation.

2 Study area (Hunza River basin) According to Sevruk (1985, 1989) and Farland et al. (1996),
) ) the greatest of the systematic errors in precipitation gauging

The present analysis of cryosphere dynamics was undertak&g \yind-induced error (flow distortion), especially in the case

in the Hunza River basin (basin area, 13 733KiFig. 2),  of snowfall where losses can be on average 10-50 %, despite
situated in the high mountainous region of central Karako-the many gauges equipped with wind shields.

ram, with approximately 4463 kfrof catchment area at an
elevation over 5000 m. The area distribution in different el-
evation bands in the catchment is shown by the hypsometrig pata- sources and analysis
curve in Fig. 3.

Some key features of the Hunza River basin are given in3.1  Topography
Table 1. The snow cover area in winter is approximately
80% and decreases to 30 % in summer. The mean total arFhe Advanced Spaceborne Thermal Emission and Reflec-
nual precipitation is 170 mm at Khunjerab (4730 m), 22 mmtion Radiometer (ASTER), Global Digital Elevation Model
at Ziarat (3669 m) and 680 mm at Naltar (2858 m) according(GDEM) was used to delineate the catchment boundary stud-
to the 10-yr record (1999-2008) of the three climatic sta-ied. The ASTER GDEM is available for high-latitude and
tions in the catchment. The Hunza River has a mean annuajteep mountainous areas not covered by SRTM3 (METI and
flow of 323mPs™* (i.e. 742mm of water depth equivalent) NASA, 2009). It is based on ASTER images (see Sect. 3.3).
gauged at Dainyor Bridge (Fig. 2), according to the 40-yr  Nine downloaded ASTER GDEM tiles were mosaicked
(1966-2008) flow record of the SWHP-WAPDA. However, and then treated further using the standard GIS techniques
the present precipitation records are not representative of thg delimit the Hunza River basin. The study area was then
runoff at the outlet. There are two main explanations for thiSextracted and superimposed by the gauging stations and
problem. other necessary feature layers. Three different altitudinal

(1) The most active hydrological region for the Hunza zones were extracted from the GDEM study area for de-
River lies above 5000 m in elevation where maximum snow-tailed analysis of snow cover distribution. Each of the three
fall and accumulation occurs, as confirmed by Young andzones contains one climate station so we can study each
Hewitt (1990). All the major meteorological stations of the zone snow cover change in relation to its own climate. The
region are located below this altitude range and we havecharacteristics of these zones are given in Table 2.
no data records of the water equivalent of the snow accu-
mulation in this elevation zone. Hewitt (2005, 2007) re- 3.2 Hydrometeorology
ported that there is a five- to tenfold increase in precipita-
tion over the elevation of 5000 m, and a large drop in tem-The database of daily flows for the Hunza River gauged at
perature. Hewitt (2007) stated that about 90 % of the totalDainyor Bridge was made available for this analysis from
glaciated area in the Karakoram Range lies between 5000966 to 2008, with deficient data from 2005 to 2007. Stream
and 6000 m, where most of the accumulation zones lie. Thdlow measurement in Pakistan is mostly carried out by the
Karakoram Range receives maximum precipitation at ele-Surface Water Hydrology Project of the Water and Power
vations greater than 3500 m (Hewitt, 1986). PrecipitationDevelopment Authority (SWHP-WAPDA), with the earliest
in the form of snow contributes the large moisture surplusrecords beginning in 1960. Daily mean flows have been
for the UIB (Wake, 1989). The Batura Glacier Investiga- published in annual reports and have been checked and

Hydrol. Earth Syst. Sci., 15, 2275-2290, 2011 www.hydrol-earth-syst-sci.net/15/2275/2011/
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Fig. 3. Hypsometric curve of the Hunza River basin and distribution of the area by layer under each 500-m elevation band.

Table 2. Characteristics of the three elevation zones extracted from the GDEM of the Hunza River basin and their corresponding climate
station.

Zone Elevationrange (m) Mean elevation (m) Area (%) Area20<m Climate station

A 1432-3300 2365.5 11 1541 Naltar

B 3301-4300 3800.5 25 3413 Ziarat

C 43017849 6075.0 64 8779 Khunjerab
Total 100 % 13733

Elevation range and mean elevation for each zone was computed from ASTER global digital elevation model (GDEM).

digitised in a database prepared by the German Technical Regression analysis was also performed between annual
Development Agency (GTZ) acting as advisors to WAPDA. and seasonal (summer and winter) stream flow data at
The temperature and precipitation records at Gilgit justDainyor and climate data from the Hunza basin climate sta-
outside the basin have been used by the researchers in pagins and the Gilgit station to identify the climate station that
years for testing runoff controls because there were no cliwas the most representative of discharge at Dainyor. More-
matic stations within the basin. We used the meteorologicabver, this analysis was performed to investigate the main
data available, at the Gilgit climate station for almost 50-yr controlling factors of runoff for the Hunza River at Dainyor
period and at three high-altitude stations (Fig. 2 and Table 1Bridge. The Pearson correlation (Rodgers and Nicewander,
from 1999 to 2008 within the Hunza River basin established1988) and Kendall rank correlation (Kendall, 1975; Kendall
by WAPDA, although the records for these data were not parand Gibbons, 1990) tests were used to evaluate the relation-
ticularly long (~10yr). ship between different hydrological and climate variables of
The available hydrological and meteorological data wereall the gauging stations mentioned above.
entered in the Hydraccess database, IRD, developed by
Vauchel (2005), for easy use in the future. Regression analy3.3 Snow cover
sis was performed on the climate data (temperature and pre-
cipitation) available at high-altitude stations (Naltar, Ziarat The Moderate Resolution Imaging Spectroradiometer
and Khunjerab) within the Hunza basin and the Gilgit cli- (MODIS) snow products were selected to calculate the snow
mate station (Fig. 2) just outside the catchment boundary, t@over percentage on our study area. The MODIS/Terra
investigate the climate correlations between these stations. Snow Cover 8-Day L3 Global 500m Grid (MOD10A2)

www.hydrol-earth-syst-sci.net/15/2275/2011/ Hydrol. Earth Syst. Sci., 15, 2275-2290, 2011
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used for this study contains data fields for maximum snow4 Results and discussion

cover extent over an 8-day repeated period (Hall et al., 2006,

updated weekly) and has a resolution of approximately4.1 Climate data variation analysis

500 m covering the Hunza River basin completely. A data ) o ) )

set of 450 processed MOD10A2 (VOO05) images aVai|(,Jl|0|eCorreIat|(')n coefficient values for the trend of d!ffgre_nt cli-

from March 2000 to December 2009 was downloaded fromMate variables (monthly temperatures and precipitation) be-

http://nsidc.org/cgi-bin/snowi/search.pl. twe_en the Hu_nza l_aasin climate stations and the Gilgit climate
The available MODIS images, from the 2000-2009 pe_statlc_)n are given in Table 3. Pearson and Kendall _rank cor-

riod on an 8-day classification basis, were mosaicked and€lation tests (significance levep, = 5%) were applied to

projected with the WGS 1984 UTM ZONE 43N projection eyalyfa\te the relathnshlp between these v.arlables..A_ highly

system. The Hunza River basin area was then extractea'gn'f'ca”t correlation was found for maximum, minimum

from this mosaicked scene to assess the snow and ice cové‘Pd mean temperature trends between all the stations of the

(cryosphere) percentage in the study area over a 10-yr pe|:|unza basin and the mean temperatures at the neighbouring

riod. When the percentage of cloud cover exceeded 20 ofilgit climate _station. The correlation. coefficienft value was
on a specific date, the record was eliminated and the ave/@t l€ast 0.97 in each case. Regression analysis of seasonal
age snow cover on this date was estimated by interpolatinq',‘nd annual temperatures at three Hunza basin climate sta-
linearly between the previous and the next available cloudONS ranging in elevation from 2858 m to 4730 m gives lapse
free images. The snow cover area was also calculated fofAt€S ranging from 0.48 to 0.76 100 .

the different altitudinal zones to investigate the snow cover AS discussed before, the absolute values of precipitation
dynamics in these zones over a period from 2000 to 20092'€ significantly underestimated and cannot be exploited in

A version of non-parametric Mann-Kendall trend test for the the framework of the hydrological balance. Nevertheless we

seasonal/periodic data (Hirsch et al., 1982; Hirsch and Slacklo0K @s a hypothesis that for the same precipitation gauge

1984) was applied to identify the trends in time series data;the observations are relatively consistent and they records

the values of this trend test are represented by Kendall's ta!V€ US the relative trend of precipitation from one month
(v) coefficient. to other. Therefore, the correlation is carried out for the dis-
Higher-spatial resolution ASTER (Advanced Spacebornetrib”tion of precipitation from one month to other and not for
Thermal Emission and Reflection Radiometer) images werdh€ volume. Correlation coefficient values for monthly pre-
used for snow cover extent extraction to validate MODIS CiPitation show that there is a significant correlation between

snow cover products. The ASTER instrument operates in dif-!N€ Hunza basin climate stations (Table 3). A maximum cor-
ferent spectral regions that have 15-m, 30-m and 90-m spa-€lation was found between Ziarat and Nala=0.37). The

tial resolutions (Lopez, 2007; Sarwar and Bill, 2003). Four Minimum correlation for monthly precipitation was found
ASTER images, nearly cloud-free, in different seasons, werd€tween Ziarat and Khunjerab £ 0.25). Aimost the same
downloaded fronfttp://glovis.usgs.gov/ for use in this study. Pehaviour was shown by the monthly precipitation correla-
The dates of these images are 16 July 2000, 30 April 2001§|0n between the Gilgit climate station and the Hunza valley
26 June 2001 and 28 February 2002. The validation was don&t@tions and a maximum significant correlation=(0.62)

by comparing the images from ASTER and MODIS snow Was found between the Gilgit and Naltar climate stations.

cover products on the same dates. As an additional analysi;hese correlations are made between short data series avail-

these satellite images were sliced into three elevation zone@P!€ from the Hunza climate stations and results based on

(description of these zones is given in Table 2) to investigate_this should be verified with long data series (once available)

the sensibility of MODIS snow cover data at different alti- N the future. _ o
tudes and slopes. The altitude within the Hunza River basin varies greatly,

The Normalized Difference Snow Index (NDSI) has been which is why the climate records at different stations within

widely used for effective snow cover mapping using various € basin are not strongly correlated. Moreover, the Hunza
sensors (Dankers and de Jong, 2004: Nagler et al., 2008; gjpasin climate stations are situated at much higher altitudes
guey et al., 2008: Hall et al., 2002). The NDSI was appliedthan the Gilgit station and therefore better represent the cli-
to the ASTER images to enhance the snow cover extent. Thg'ate records (temperature, precipitation, etc.) of the Hunza

aim of this spectral index is to enhance the snow and ice tarXIver basin at different varying elevations. Nearly 98 % of

gets and distinguish them from vegetation, bare ground and"® Hunza River basin has an elevation greater than 2000m
clouds. The NDSI index does not differentiate between snow?nd the Gilgit stationt1460 m) does not suitably represent

and snow-covered ice as stated by Lopez (2007), so both dpe high-altitude climate conditions of the catchment, which
them are included in the results obtained with the NDSI.  '€ceives much more snow at high altitudes than the Gilgit
River basin.

Hydrol. Earth Syst. Sci., 15, 2275-2290, 2011 www.hydrol-earth-syst-sci.net/15/2275/2011/
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Table 3. Monthly climate data (precipitation and temperature) correlation coefficients between three climate stations of the Hunza River
basin (1999-2007) and Gilgit climate station (1999-2007).

Precipitation Ziarat Naltar Gilgit

Khunjerab 0.25(0.32) 0.33(0.26) 0.29 (0.33)

Ziarat 0.37 (0.31) 0.38 (0.29)

Naltar - 0.62 (0.47)

Mean precipitation in the Hunza River basin 0.62 (0.45)

Temperature Ziarat Naltar Gilgit
Tmax Tmm MeanT Tmax Tmm MeanT Tavg

Khunjerab ~ 0.99 (0.92) 0.97 (0.88) 0.99 (0.92) 0.99 (0.92) 0.99(0.92) 0.99(0.92) 0.98 (0.88)

Ziarat 0.99 (0.92) 0.97(0.89) 0.99(0.92) 0.98(0.87)
Naltar - - - - 0.99 (0.88)
Avg. of Hunza basin climate stations mean temperature 0.98 (0.88)

Tmax=Daily maximum temperaturéy, = Daily minimum temperature, Meah = Daily mean temperaturdayg= Monthly mean temperature. Values outside and within the ()
are Pearson and Kendall rank correlation coefficient values, respectively. All the values are different frorp & Qiti5.

4.2 MODIS snow cover product validation annual precipitation of all the climate stations analysed and
the stream flow at Dainyor Bridge. The maximum correla-
The snow cover area on cloud-free ASTER images was comtion coefficient value was found between annual precipita-
pared with MODIS snow cover images on the same dategion at Khunjerab and runoff at Dainyor £ 0.26). Hewitt
(seasonally significant) to validate the MODIS snow cover et al. (1989) and Wake (1989) stated that the annual precip-
product as given in Table 4. The validation was done foritation for Hunza River basin above 5000 m in elevation is
the total as well as for zone-wise snow cover area of theon the order of 1800-2000 mm. This elevation and precipi-
images. The results obtained for the validation of MODIS tation are instrumental in creating large glaciers and peren-
images with ASTER images (which have higher-spatial res-nial snow, which slowly moves down to the ablation zone
olution than MODIS) suggests that MODIS snow products and contributes to the river flow in summer. An analysis of
are reliable in estimating the snow cover area in the Hunzsseasonal runoff and precipitation showed no significant cor-
River basin. The zone-wise comparison suggests that theelation between summer precipitation and runoff at Dainyor
low-elevation, high-relief areas have a larger mismatch tharfor almost all the climate stations, as given in Table 5. A sig-
the higher-elevation, lower relief areas. The NDSI was ap-hificant inverse correlation was found between summer pre-
plied to ASTER images and the index (threshold) valuescipitation at Gilgit and runoff at Dainyor (= —0.22). The
greater than or equal to 0.82 were considered as snow aniason for this negative correlation is associated to more pre-
ice cover. The index value was calibrated by visual and pixelcipitation and increased cloudiness which leads to less in-
inspection of two ASTER and MODIS images. In com- coming short wave radiation and higher albedos due to fresh
parison, the index value of 0.9 was used to calculate thesnowfall and therefore less energy available for snowmelt re-
snow cover extent from ASTER images over the Pamir re-sulting in lower discharges (Archer, 2003). This may also be
gion (Afghanistan) by Haritashya et al. (2009). Comparisonattributable to the minimum effect of the monsoon regime in
of MODIS (MOD10A2) image and ASTER images taken on the Hunza basin because of the Karakoram high mountainous
28 February 2002 (Fig. 4) showed nearly the same percentbarrier.
age of snow cover area. MOD10A2 snow products are 8-day Analysis of correlation coefficient values suggests that
averages and the time span of this particular MODIS snowthere is a significant positive correlation between the annual
product (compared with ASTER in Fig. 4) is from 25 Febru- and seasonal temperature records and discharge at Dainyor

ary 2002 to 4 March 2002. (Table 5), which indicates that river flows are driven by
snowmelt (resulting by the increase in mean temperature) in
4.3 Hydrological behaviour of the Hunza River basin the catchment. This fact is explained by Archer (2003) that

the peak seasonal (summer) and daily flows in the Karakoram
The Pearson and Kendall rank correlation coefficient valuesegion are caused by the availability of heat energy which
(p =5%) obtained for the correlation between annual andmelts the snow pack and the water stored in the form of
seasonal stream flow at Dainyor and the climate data from thenow and ice. The maximum correlation coefficient value
Hunza basin climate stations and the Gilgit station are given(r = 0.79) was found for annual correlation between runoff
in Table 5. No significant correlation was found between at Dainyor and mean temperatures at Khunjerab, Ziarat and
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Table 4. Comparison of zone-wise and total snow cover area on MODIS and ASTER images for validation of MODIS images. (The main
characteristics of the elevational zones are given in Table 2).

. . Zone-wise snow cover area (%) Total snow cover area (%)
Date of images Elevation zone
MODIS ASTER MODIS ASTER
A 9 1
16 July 2000 B 6 3 34 33
C 57 59
A 5 4
30 April 2001 B 32 24 65 63
C 88 88
A 0 2
26 June 2001 B 10 11 30 32
C 62 64
A 29 41
28 February 2002 B 75 74 84 85
C 97 96
)
g 74°49'0"E 75"0"0"E 75°2(|)'0"E 74"49‘0"5 75°0|'0"E 75°2(|)'0"E i

36°49'0"N
T
36°40'0"N

a) MODIS (28 February 2002)

36°2(|)'0"N
T
36°20'0"N

[7] Snow free zone b) ASTER (28 February 2002)
[[] Cloud cover [0 Snow free zone
B snow and Ice cover [ snow and Ice cover

Fig. 4. (a)MODIS snow cover image an) ASTER snow cover image for the Hunza River basin. MODIS (MOD10A2) snow product is
8-day average data and the time span of this particular image presented here is from 25 February 2002 to 4 March 2002.

Gilgit. For summer temperature and runoff, the Gilgit cli- are driven by short wave (SW) and long wave (LW) energy
mate station (situated outside the basin) showed a stronglpalance at the surface in early spring and summer (Sicart et
significant correlation{= 0.89). Khunjerabf=0.81) and al., 2005, 2006) and a higher air temperature is only one of
Ziarat - = 0.81) (situated within the basin) also had signif- the outcomes of this balance. Moreover, the climate vari-
icant positive correlations with runoff at Dainyor. The cor- ables (temperature and precipitation) observed at all the cli-
relation coefficient between winter and spring temperaturesnate stations in the Hunza River basin are almost as well
and runoff was also found to be significantly positive and thecorrelated with Hunza river runoff as the Gilgit climate sta-
coefficient value was not less than 0.61 for any station. Thigtion variables (Table 5).

result can also be explained by the fact that snow and ice melt
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Table 5. Annual and seasonal correlation coefficients between stream flow data at Dainyor (1999-2007) and (a) daily climate data (pre-
cipitation and temperature) of Hunza basin climate stations (1999-2007), (b) monthly climate data (precipitation and temperature) of Gilgit
station (1999-2007).

Climate data Stream flow in Hunza River at Dainyor Bridge

Annual correlation ~ Summer correlation  Winter and spring correlation
(January to December)  (April to September) (October to March)

(a) Hunza climate stations

Precipitation

Khunjerab 0.26 (0.17) 0.17 (0.11) 0.1@®.00)
Ziarat 0.02 (0.05) —0.01 (0.01) 0.02 (0.02)
Naltar 0.03 (0.02) —0.04 (-0.01) —0.01 (—0.05)
Avg. of Hunza basin 0.08 (0.08) — (0.04) 0.01 £0.04)
climate stations

Winter precipitation Summer stream flow

(Oct—Mar) (Apr—Sep)

Khunjerab - 0.12 (0.06)

Ziarat - 0.08 (0.06)

Naltar - 0.07(0.00)

Avg. of Hunza basin 0.10(0.03)

climate stations
Daily mean temperature

Khunjerab 0.79 (0.69) 0.80 (0.66) 0.64 (0.36)
Ziarat 0.79 (0.67) 0.81 (0.66) 0.61 (0.32)
Naltar 0.77 (0.66) 0.73 (0.56) 0.64 (0.36)
Avg. of Hunza basin 0.79 (0.69) 0.81 (0.66) 0.65 (0.36)

climate stations

(b) Gilgit climate station

Precipitation 0.040.1) —-0.22 (-0.1) —0.01(—0.18)
Winter precipitation - —0.04 (~0.06)

(Oct—Mar)

Daily mean temperature 0.79 (0.68) 0.89 (0.81) 0.70 (0.26)

Values outside and within the () are Pearson and Kendall rank correlation coefficient values, respectively. Bold figures: values are different fpeaD®D&ith

The regression analysis results presented in Table 5 sugt.4 Snow cover dynamics in the Hunza River basin
gest that zone C (corresponding to the Khunjerab climate sta-
tion) is the most active hydrological zone for Hunza River
flows. Both the correlation coefficient values for precip- MODIS image analysis for snow cover dynamics over a 10-
itation and mean temperature at Khunjerab and runoff at/r period suggests that the cryosphere area in the Hunza
Dainyor are higher than or equal to other catchment station&iver basin has an increasing tendency (though the trend is
(Naltar and Ziarat). This result can also be observed in Fig. 5not statistically significant), as shown in Fig. 5. Analysis of
where zone B (corresponding to the Ziarat climate station)kendall’s tau ¢) coefficient value indicates an upward ten-
and zone C (corresponding to the Khunjerab climate stationflency of the snow cover area in zone C over an elevation of
present a significant contribution to river flow in the form of 4300 m. This tendency is stronger in the maximum snow pe-
snow melt in summer (Apr” to September)_ Zone C has theriods from NOVember to February in a” the altitudinal zones,
largest proportion (64 %) of the Hunza basin area as givernotably in zone C{=0.25) (Fig. 5). In the minimum snow
in Table 2 and hence a small drop in the percentage of snowoVver periods from June to September, a slight increasing

cover in zone C in summer will have a significant impact on trend is noted in zone Cr (= 0.02) (Fig. 5); this expansion
catchment runoff. may result from the constancy in the mean temperatures and

an increasing trend in the catchment’s annual precipitation.
Fowler and Archer (2006) found that summer temperatures
(July to September) which are the key for glacial melt, have
been falling at many valley stations in the Karakoram in the
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Max. snow period trend, T = 0.14, Min. snow period trend, t = 0.00 Zone B
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Fig. 5. Snow cover distribution in three different altitudinal zones of the Hunza River basin. Increasing trend (though not significant) can
be noted in zone C. Seasonal Mann Kendall's trend analysis is also presented for maximum (November—February) and minimum (June—
September) snow cover periods. (Kendall's taudoefficient values presented in bold figures indicate an increasing treng with05).

period 1961 to 2000. Hussain et al. (2005) indicated sim-ing glaciers of eastern Himalaya (monsoon-influenced) and
ilar temperature falls in the monsoon and pre-monsoon peTibetan Plateau. Research on glacial mass balance in the
riod for the high mountain regions. In addition, a significant central Karakoram region by Hewitt (1998, 2005) on the ba-
increase in the precipitation is reported in the Upper Indussis of extensive field experience over several decades also
Basin in both winter and summer during the period 1961—contrast with reports elsewhere of shrinking glaciers. The
1999 (Archer and Fowler, 2004). longer records of climate data at high-altitude weather sta-

The increasing trends of precipitation continue to feed thetions and sgtellite images may help researchers to understand
high altitudes, particularly zone C, and results in the formthe dynamics of snow cover in the area. In the future, auto-
of expanding snow cover in the area. A greater propor_matlc weathe_r statlon_s or snow pillows sho_ul_d b_e installed
tion of the catchment area (i.e. almost 32.5 % of the catch-2Ver 5000 m in elevation to assess the precipitation patterns
ment area) is higher than 5000 m in elevation, as shown il the mostactive hydrological zone of the Karakoram Range
Fig. 3 and presented in Table 1 and nearly the same pelWWAPDA, personal communication, 2009). _ _
centage of area (30%-40%) is snow covered all year, as The current hypothe_3|s for thl_s ph_enomeno_n _of increasing
illustrated by the snow cover distribution in Fig. 6. This is C'YoSphere areais an increase in winter precipitation mainly
the area where the mean temperature remains below freeflue o westerly circulation, as explained by Hewitt (2005)
ing throughout the year and the snow cover is expanding as 81d Archer and Fowler (2004). The impact of global warm-
result of the increasing precipitation trend. This snow coveriNd iS not noticeable because of the high altitudes in the
area expansion may be associated to the glacier advancirfdunz@ River basin.  Even if global warming is real, the
(especially surging) as reported by different researchers a'€an temperature remains negative or very low over a large
follows. Hewitt (2005, 2007) found that in the late 1990s Part of the basin area. The increasing precipitation in the
there was widespread evidence of glacier advancing mainljorm of snowfall continues to feed the snow cover and the
in high level glaciers in the central Karakoram. Analysing @ccumulation zones of glaciers in zones B and C.
the response of Himalayan glaciers to the climate change,

Scherler et al. (2011) has found that more than 50 % of
the glaciers observed in the Karakoram region (westerlies-
influenced) are advancing or stable in contrast to the retreat-
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Fig. 6. Percentage snow cover area (SCA) in the Hunza River basin calculated by analysing 450 MODIS (MOD10A2) images.

4.5 Correlation between snow cover change, climate Pearson and Kendall's rank correlation coefficient values

variables and stream flow in the Hunza River basin ~ (p =5 %) were used to evaluate the correlation between the

snow cover change and (a) climate variables (the mean tem-

Snow cover in the area is at a maximum 70-80 % in the Win-perature' precipitation) and (b) stream flow in the Hunza
ter and spring seasons (December to April) and at a miniRjver, as given in Table 6. There are more variables which in-
mum 30-40 % in the summer (July to September), as showrjyence the river runoff (e.g. evaporation, sublimation, melt-
in Fig. 6. This change in the snow cover has a significant in-ing permafrost, different ablation procedures on debris cov-
verse correlation with the mean temperatures and dischargered or debris free glaciers) but these have not been taken
in the Hunza River basin, as shown in Fig. 7 and Table 6.into consideration in this study. These variables become im-
The relationship between standardised values of four variportant when applying a theoretical hydro-climatic model of
ables (precipitation, snow cover, mean temperature and dismountain systems. No significant correlation was found be-
charge) is presented in Fig. 7. The values were standardween the snow cover change and precipitation in the Hunza
ised using the normal deviate formula, i.e. the distance of ongyasin. This may be due to the fact that the precipitation
data pOiﬂt from the mean, divided by the standard dEViatiOI'gauges are mosﬂy under samp|ed in the high-a|titude catch-
of the distribution. This indicates a continuous depletion in ments due to a number of errors, as explained by Fgrland
the snow cover in summer as the average temperature in thet al. (1996) and therefore cannot efficiently represent the
area increases, resulting in increasing discharge. In winter, asnow cover change at high altitudes. The maximum in-
the temperature decreases, the snow cover starts to increagerse correlation was found between the snow cover change
and hence discharge decreases. The monthly differencg the Hunza basin and the mean temperatures observed at
in the Hunza River discharge at Dainyor is inversely cor- Khunjerab and Ziarat. A high significant inverse correlation
related (Pearson’s correlation coefficient8.73; Kendall's  was found between snow cover change and summer and an-
rank correlation =-0.56) with the monthly difference in the nual discharges (Table 6). This correlation indicates that the
snow cover, as shown in Fig. 8, which indicates that thestream flow in the Hunza River strongly depends on the snow
change in Hunza River discharge is dependent on the snowover change and the mean temperatures in the catchment.
cover change in the area. Itis likely that the large snow coverrhjs is in accordance with the result found by the Bookhagen
difference has a large impact on discharges because a largghd Burbank (2010) that the western Himalayan catchments
snow cover area may also result in higher snow depths (afe.g. Indus River catchment) are fed by the snowmelt up to
least in low-slope areas). 50 % as a fraction of the total annual discharge.
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Table 6. Annual and seasonal correlation coefficients between snow cover change, Hunza River basin (2000-2008), and a) daily climate data
(precipitation and temperature) (2000—2008), b) daily stream flow data at Dainyor bridge (2000—2008).

Climate data Snow cover change in the Hunza River basin
Annual correlation Summer correlation  Winter and spring correlation

(January to December)  (April to September) (October to March)
(a) Hunza climate stations
Precipitation
Khunjerab —0.26 (-0.18) —0.17 (-0.11) —0.09 (~0.09)
Ziarat —0.02 (—0.05) —0.01 (-0.03) 0.04 (0.01)
Naltar —0.01 (-0.02) 0.07(0.02) 0.01 (0.00)
Avg. of Hunza basin climate stations —0.07 (-0.08) 0.01 (-0.04) 0.01 ¢0.01)
Daily mean temperature
Khunjerab —0.80 (-0.56) —0.78 (-0.56) —0.42 (-0.21)
Ziarat —0.80 (-0.57) —0.80 (-0.57) —0.43 (-0.25)
Naltar —0.78 (-0.54) —0.72 (-0.48) —0.40 (-0.21)
Avg. of Hunza basin climate stations —0.80 (-0.56) —0.80 (-0.56) —0.43 (-0.23)
(b) Stream flow —0.88 (-0.65) —0.81 (-0.68) —0.64 (-0.26)

Values outside and within the () are Pearson and Kendall rank correlation coefficient values, respectively. Bold figures: values are different fpoaDD&ith

Pearson's correlation:

Tavg vs Q = 0.85, Q vs SCA =-0.89, Tavg vs SCA=-0.80
Kendall's rank correlation:

Tavg vs Q=10.77, Q vs SCA =-0.66, Tavg vs SCA = - 0.58

Standardised value

\/
I Precipitation (Khunjerab)
Discharge (Q)
— = — Mean temperature (T

avg)
~ = — —  Snow cover area (SCA)

Time period (Monthly)

Fig. 7. Correlation between standardised values of precipitation (Khunjerab), snow cover, average temperature and discharge (at Dainyor) in
the Hunza River basin (on a monthly basis). All the correlation values are significant with a significance te@05.

The analysis of 25 yr of flow records (1980-2004) for the reliable. With shorter time-series, (Archer and Fowler, 2004)
Hunza River shows that the annual flow decreases with timeassociated the decreasing river discharges of the high-altitude
as shown in Fig. 9. In contrast to the precipitation data ofcentral Karakoram catchments with the long-term storage of
Hunza River basin, the discharge data at Dainyor Bridge isadditional ice.
available over a long period and the quality of data is quite
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Fig. 8. Correlation between monthly difference in snow cover and monthly difference in discharge at Dainyor in the Hunza River basin. All
the correlation values are significant with a significance lgwet,0.05.
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Fig. 9. Annual flow trend in Hunza River at Dainyor Bridge and total annual precipitation at Gilgit over 25 yr (1980-2004).

5 Conclusions elevation zone of central Karakoram, the Hunza river flow
depends mainly on the accumulation of snow at high alti-
The Hunza River basin is one of the main tributaries of the In-tudes and energy input indirectly related to temperature. This
dus river irrigation system that contributes nearly one-fifth of suggests that meteorological data collection methods should
the Upper Indus flow at Partab Bridge. Situated in the high-be improved at the high-altitude stations present within the
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basin area to study the snow cover and runoff controllingthe hydrological models with a snow component, e.g. the
factors more effectively. The following conclusions can be Snowmelt Runoff Model developed by Martinec (1975), to
drawn by analysing the results obtained in this study: simulate and forecast the stream flow at Dainyor Bridge as
) ] o _well as to study the climate change impact on snow cover and
— The climate stations present within the Hunza River syream flow dynamics in the future. Ultimately, this study

catchment area may be used to study the behaviour ofyj|| help to improve integrated water resource management
stream flow at Dainyor Bridge in the future. in the Tarbela reservoir.

— MOD10A2 remote sensing cryosphere product is a very ) , )
valuable product and will greatly enhance the hydrolog-~cknowledgements. Adnan Ahmad Tahir was financially sup-
ical predictions in the remote areas. In addition, MODIS ported by the Higher Education Commission of Pakistan within

- the framework of a France-Pakistan collaboration program for
MOD10A2 product is free of charge and easy to treat overseas studies. This financial support is gratefully acknowledged

and therefore is a 900‘?' option to assess the percentyng appreciated. The authors extend their thanks to the Water and

age cryosphere areas in the Hunza and other remot@gyer Development Authority (WAPDA) and the Pakistan Mete-

sub-catchments of UIB over the long term. However, grological Department (PMD) for contributing their hydrological

there are some errors and uncertainties associated tand meteorological data, respectively. The authors also wish to

this product; for example, it has a larger mismatch with thank NASA and Japan’s Ministry of the Economy, Trade and

higher-spatial resolution ASTER images on low eleva- Industry (METI) for providing ASTER GDEM and to the Global

tion regions with higher relief. Land Ice Measurements from Space (GLIMS) project for providing

four ASTER images for glacier and snow cover estimation. The

— The stream flow in the Hunza River is influenced mainly authors also acknowledge the anonymous reviewers for their

by winter precipitation, but also by the mean summer valuable, rigorous and scrupulous comments, which considerably

and winter temperatures of its catchment. Moreover,improved the content of this manuscript.

the most active hydrological region of the Hunza River

basin seems located above an elevation of 4500 m jrFdited by: P. Molnar

zone C.

— The 10-yr analysis of the remotely sensed cryosphere
data and a declining discharge trend in the Hunza Rivey
observed in this study, in combination with the research
of Archer and Fowler (2004), Hewitt (2005) and Fowler
and Archer (2006) who show an increasing winter pre-
cipitation trend and a decreasing trend in summer mean
temperatures, suggest that the Hunza River basin is ahe publication of this article is financed by CNRS-INSU.
region undergoing a slight expansion in the cryosphere
area, especially at high elevations.
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