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by the predominant seasonal snow and glacier ablation. The 
non-parametric Mann–Kendall trend test was applied to the 
whole time-series of hydro-meteorological data. This indi-
cated a lowering of annual and summer mean temperatures 
during the period 1980–1995 and slight warming during the 
1996–2010 period. Similarly, annual, winter and summer 
precipitation, and annual mean discharge, increased from 
1980 to 1995 but, in contrast, a slight decrease in annual and 
summer precipitation was observed during the 1996–2010 
period; however, discharge evidence is slight making any 
increase in this period insignificant. In addition, the Spear-
man and Mann–Kendall correlation results depict annual 
stream flow fluctuations during the 1980–2010 decades in 
the Astore River that were predominantly influenced by pre-
cipitation variations, but not by any alteration in catchment 
temperatures, and so not governed by enhanced glacier abla-
tion and retreat. The results of the analysis presented here 
were also substantiated by satellite remote sensing investi-
gation, which points to evidence of stable conditions in the 
Astore Basin glaciers during this period.

Keywords Hydrological regime · Climate change · 
Precipitation · Satellite remote sensing · Snow cover · 
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1 Introduction

The Hindukush–Karakoram–Himalaya (HKH) region is 
a part of the Tibetan Plateau Environment (TPE), which 
is commonly referred to as the “third pole” (TP) because 
of the enormous amounts of perennial snow and glacial 
ice stored in its high-altitude basins (Yao et al. 2012a). 
This region is exceptionally important because its major 
river sources provide water to some of the most populous 

Abstract In a changing climate, river basins with lim-
ited summer precipitation but abundant snow and glacier 
melt-water are affected severely by reductions and sea-
sonal alterations in annual stream flows. However, high 
altitude glacio-hydrological observations and investiga-
tions to address the linkage between the timing of glacier 
changes and river runoff fluctuations remain ambiguous, 
particularly in the northwestern Himalayan region of Paki-
stan. In this context, the hydrological regime of the Astore 
Basin, a sub-catchment of the Upper Indus River Basin, was 
comprehensively investigated by employing in situ hydro-
meteorological observations in combination with satellite 
remote sensing data. Two-thirds of the annual precipitation 
in the Astore Basin falls in winter and spring, mainly depos-
ited by westerly winds, whereas summer and autumn pre-
cipitation deposited by the monsoon and local jet streams 
accounts for only one-third. Some 14 % of the basin area 
is covered by glaciers and, added to the accumulated sea-
sonal snow deposited by westerly circulations, this can 
reach 80–85 % of the basin area. Therefore more than 75 % 
of the annual basin runoff depends on melt-water produced 
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countries on the globe (Immerzeel et al. 2010), as well as 
sustaining the existence of millions of people in the down-
stream reaches (Rees and Collins 2006). Densely populated 
regions adjacent to HKH are considered to be vulnerable 
to the impact of glacier retreat (Barnett et al. 2005). Ade-
quate melt-water supply from glaciers or permanent snow-
fields is a fundamental prerequisite for crop production 
under the prevalent semiarid climate in this region (Nüsser 
et al. 2012). For example, the agriculture-based economy 
of Pakistan is highly dependent on water supplies derived 
from snow and glacier-melt sourced in the Upper Indus 
Basin (UIB) (Tahir et al. 2011).

Glaciers are considered to be the most significant indi-
cators of climate change; however, their limited accessi-
bility and remoteness in the HKH region makes analyses 
of them difficult. Most of the glaciers in the HKH region 
have been retreating and losing mass since the mid-19th 
century (Bolch et al. 2012), but the observed tendencies 
are not regionally uniform (Matsuo and Heki 2010; Fujita 
and Nuimura 2011; Hewitt 2011; Kargel et al. 2011; Boc-
chiola and Diolaiuti 2012). In the Karakoram and north-
western Himalaya, many of the large glaciers are advancing 
or stable (Mayer et al. 2010; Scherler et al. 2011) and some 
glaciers even show positive growth and expansion (Hewitt 
2005; Zemp et al. 2009; Immerzeel et al. 2010; Gardelle 
et al. 2012a). However, some researchers suggest that the 
retreat rate is decreasing in those glaciers of the HKH 
that are not stable or expanding (Mayer et al. 2006; Bagla 
2009). Nevertheless, the unusual stability or expansion of 
glaciers in the Karakoram and northwestern Himalaya is in 
stark contrast to the overall glacier retreat observed else-
where in the Himalaya (Kulkarni et al. 2007; Haritashya 
et al. 2009; Bolch et al. 2010a; Chaudhry et al. 2011; Jacob 
et al. 2012; Kääb et al. 2012; Yao et al. 2012b), particularly 
in the eastern Himalaya (Bajracharya et al. 2007; Kayastha 
and Harrison 2008), the Tibetan Plateau (Yao 2004; Liu 
et al. 2006; Yao et al. 2012b; Zhang et al. 2012), and in 
other parts of the world (Chen et al. 2006). Adding to the 
complex picture of glacier mass balance in the region, 
some Himalayan glaciers underwent notable growth in the 
1990s only to resume a long trend of decline in the 2000s 
(Azam et al. 2012; Vincent et al. 2013).

Although there are contrasting opinions as to whether 
there are warming trends in the region (Fowler and Archer 
2006; Rasul et al. 2008), there is no disagreement that pre-
cipitation rates have been increasing in the Karakoram over 
the past few decades (Fowler and Archer 2006; Treydte 
et al. 2006). This increase should significantly influence 
the glaciers of the area and might explain the presence of 
advancing glaciers. Consequently, glacier fluctuations in 
the Upper Indus River Basin (UIB) are probably governed 
at least as strongly by precipitation as by thermal anoma-
lies, even though microclimatic conditions governed by 

topography are also considered to have a significant influ-
ence (Sarikaya et al. 2012). One of the reasons for the 
contrasting behavior of Karakoram glaciers compared to 
glaciers in the eastern Himalaya might be explained by the 
proportion of the monsoon circulation in the annual precip-
itation; Himalayan glaciers receive most of their moisture 
from summer monsoon precipitation, which falls largely as 
very warm summer monsoon snow, but the monsoon deliv-
ers less than one-third of the Karakoram’s annual precipita-
tion (Winiger et al. 2005).

The substantial variability of glacier changes within the 
region (Fujita and Nuimura 2011), uncertainties related 
to the contribution of glaciers to runoff (Immerzeel et al. 
2011), variable retreat rates (Kumar et al. 2008) and strong 
spatial variations in glacier behavior related to topogra-
phy and climate (Scherler et al. 2011), makes it difficult to 
develop a clear understanding of climate-change impacts 
in the HKH region. Similarly, uncertainties in projections 
of glacier changes (Cogley 2011; Lutz et al. 2012), con-
troversial and erroneous reports (stated by IPCC (2007) 
and revealed by Cogley et al. (2010), lack of knowledge, 
paucity of long term records (Kaser et al. 2006), unsuit-
able or uncertain data and methods, failure to publish exist-
ing data (Barnett et al. 2005), very limited mass balance 
records particularly in the UIB (Bhutiyani 1999), and even 
excessive classification and secrecy regarding fundamental 
hydrological data collectively make these problems much 
worse. Partly because of these limitations, as well as the 
importance of the region’s glaciers, substantial research has 
recently been focused on the HKH, but fundamental hydro-
logical data remain sparse.

In addition, because of the complex and time consuming 
methods required for mass balance studies (Wagnon et al. 
2007; Zemp et al. 2009; Fujita and Nuimura 2011), there 
is a wide use of glacier terminus retreats and advances as 
indicators of their response to climate change in the Kara-
koram region and elsewhere (Oerlemans 2005). However, 
frontal changes can be ambiguous indicators because of the 
changing amount of snow reaching the higher altitudes by 
precipitation, wind deposition and avalanching, and due to 
complex dynamic response times, which may range from 
years for very small glaciers in high precipitation regimes 
and on steep slopes to decades or even a few centuries for 
very large and heavily debris-covered glaciers in moderate 
or low precipitation regimes and in low-sloping mountain 
valleys (Raper and Braithwaite 2009). Even considering 
these factors, the evidence from Karakoram glaciers indi-
cates both growth (Hewitt 2005) and shrinkage (Scherler 
et al. 2011), e.g. Hewitt (2005) found thickening by 5–50 m 
in more than 30 glaciers of central Karakoram region dur-
ing 1997–2001 period, on the other hand Scherler et al. 
(2011) by employing Satellite Remote sensing data found 
more than 65 % of the observed monsoon-influenced 



3017The conjunction of westerly and monsoon climates

1 3

glaciers and 50 % of the observed westerly-influenced 
Karakoram glaciers were retreating during 2000–2008, 
while more robust evidence from mass balance studies, 
albeit for a very limited and glaciologically biased set of 
glaciers (estimated by hydrological mass balance method), 
indicates only retreat (Bhutiyani 1999). Additionally, this 
problem is not only caused by the lack of data for the Kara-
koram, but also by the low confidence ascribed to some 
of the available data as compared to data collected in the 
Himalaya (Barnett et al. 2005).

Under climatic warming, the most significant impacts 
are alteration in energy availability to melt ice and snow, 
changes in precipitation patterns and phase state (rain vs. 
snow), and hence glacier mass balance and glacier cover-
age. The most important consequence of climate-change 
effects on glaciers is a substantial shift in stream-flow sea-
sonality. Therefore, as a result of the declining glacier area 
(or increasing, as the case may be) of high concentrations of 
snow and glacier melt in the runoff, and decreasing monsoon 
precipitation, the UIB hydrological regime may be most 
susceptible to changing seasonality and perhaps reduced 
flow under a warming climate. Compared to other large riv-
ers across the Himalayan region that receive proportionately 
more summer monsoon precipitation, the UIB flow is likely 
to have an enhanced response to warming (Rees and Collins 
2006; Immerzeel et al. 2010; Bocchiola et al. 2011).

Attempts to address the linkage between the timing of 
glacier changes and river runoff fluctuations in a chang-
ing climate are still very weak and ambiguous, particu-
larly in the northwest Himalayan part of Pakistan. In this 
study, therefore, the main objectives are threefold. First, the 
hydrological regime of the UIB is addressed by conduct-
ing an analysis of in situ meteorological and hydrological 
station data collected during the three decades 1980–2010, 
together with the support of satellite data as a means of 
detecting closer constraints on the hydrological regime 
of the Astore Basin. Second, spatial and temporal evalua-
tion of the glacier changes that occurred during the period 
1973–2013 is determined by employing satellite remote 
sensing data and methods (e.g. Minora et al. 2013). Third, 
the main controlling factors controlling the Astore River 
runoff fluctuations during 1980–2010 are identified. Such 
work is a necessary first step toward a more comprehensive 
and reliable assessment of how future climate change may 
influence the river flow regimes in the region.

2  Materials and methods

2.1  Study area

The target region of this study is the UIB, which is located 
at 72°03′–77°44′E, 34°16–37°06N. The Indus, which 

separates the central Karakoram from the Greater Hima-
laya (Bishop et al. 2010) is one of the world’s largest riv-
ers. It emerges from the Tibetan Plateau and flows towards 
northern Pakistan where it changes its direction towards the 
south and reaches the Arabian Sea. The UIB comprises six 
sub-catchments i.e. Astore, Hunza, Gilgit, Shigar, Shingo 
and Shyok, and lies within the variable influence of the 
westerly circulation, the summer monsoon and the Tibetan 
anticyclone (Hewitt 1998). Approximately 12 % of the area 
of the UIB is above 5,500 m.a.s.l., where almost the entire 
area is covered by glacier ice (Bolch et al. 2012).

The Astore catchment (a sub-basin of the UIB) was 
selected for comprehensive investigation (Fig. 1). The 
Astore River drainage area is approximately 3,995 km2, 
and is situated in the high-altitude northwestern Himala-
yan region, with an elevation ranging from valley floors to 
the highest Nanga Parbat massif i.e. 1,202–8,126 m.a.s.l. 
Annual mean temperature during the period 1980–2010 
was 9.9 °C at the valley floor station (2,167 m.a.s.l, see 
Fig. 1) and −2.9 °C at the higher altitude Burzil station 
(4,030 m.a.s.l, see Fig. 1). Annual mean precipitation 
between 1980 and 2010 was 500 mm on the valley floor, 
and increased to 870 mm at the Burzil station yielding a 
precipitation gradient of 19.86 mm/100 m.

2.2  Satellite remote sensing data and methods

2.2.1  Glacier inventory and mapping

The GLIMS Randolph Glacier Inventory 3.2 (http://www. 
glims.org/RGI/) was used as an initial glacier database to 
determine the outlines of the Astore Basin glaciers. However, 
the glacier outlines were then manually improved by adapt-
ing the guidelines of the Global Land Ice Measurements 
from Space (Racoviteanu et al. 2009). These glacier outlines 
were precisely corrected by using the ASTER GDEM-2 
(30 m resolution) Digital Elevation Model (DEM) and SPOT 
2.5 m optical imagery acquired in the late summer season of 
2012 and 2013 in order to compare the glacier boundaries 
with the historical images acquired by Landsat and Keyhole 
(KH-9) missions in the 1970s. However, the delineation of 
the debris covered areas of glaciers seems rather inappropri-
ate when using multi-spectral imagery alone, given that the 
similar spectral properties of supraglacial morainic debris 
and the terminal moraine are indistinguishable, bedrock 
outside the glacier and glacial deposits in general. Simi-
larly, changes in the spectral reflectivity caused by low solar 
elevation angle of illumination of the scene are also compli-
cated the delineation of glacier boundaries (Williams et al. 
1997). Thus, we employed similar method as suggested by 
Bolch (2007), in which multispectral imagery, in combina-
tion with Landsat thermal band and estimated morphomet-
ric parameters through ASTER DEM, were used to map 

http://www.glims.org/RGI/
http://www.glims.org/RGI/
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the debris-covered parts of glaciers. Similarly, the detailed 
topographic maps published by Nüsser and Clemens (1996), 
Nüsser (2000) were also used to inherit naming conventions 
of glaciers.

The satellite images covering the Astore Basin glaciers, 
acquired by the Landsat missions 1–8 during the period 
1973–2013, were downloaded from http://earthexplorer.
usgs.gov/. The spectral and spatial resolution of Landsat 
enables us to map the area of exposed ice separately from 
the snow covered area towards the end of the snowmelt 
season; thus, only the late summer season images, having 
<10 % cloud cover, were selected to map and analyze the 
glacier terminus/frontal changes between 1973 and 2013. 
Details of the scenes are provided in Table 1. The tempo-
ral analysis of glaciers requires minimal positional inac-
curacies and mapping errors, although image resolution 
and its conditions at the time of acquisition e.g. cloud and 
snow-cover, presence of shadows and debris cover also sig-
nificantly hampered detection of glacial ice (Minora et al. 
2013), but on the other hand even a slight geometric inac-
curacy would generate large biasness towards the optimal 
results. Therefore, in this study we selected level 1T as sug-
gested by Minora et al. (2013). The close visual examina-
tion of the two geo-referenced over-lapped images revealed 
extremely satisfactory positional accuracy; therefore, we 
considered this error almost negligible.

The Keyhole (KH-9) mapping program was operational 
from March 1973 to October 1980; it acquired the high 

resolution photographs (~6–9 m ground resolution) of the 
Earth’s surface with a telescopic camera system, trans-
porting the exposed film through the use of recovery cap-
sules. Some of its declassified but not geometrically cor-
rected images were made available in order to delineate the 
accurate historical glacier boundaries in the Astore Basin. 
Initially, the geometric correction was carried out on the 
whole Keyhole scene in a single processing attempt, but the 
desired accuracy could not be achieved mainly because of 
the unknown acquisition angles and rough topography of 
the basin. Therefore, the image covering the whole basin 
was divided into ten parts and then geometric correction 
was applied separately on each subset by employing well 
distributed tie points over the entire subset, which resulting 
in a better geometric accuracy (~5–10 m RMSE). Moreo-
ver, some high resolution temporal images, provided by 
courtesy of Google Image, were also used in this study for 
visual interpretation and verification of debris covered gla-
cier tongues. The details of the satellite data employed in 
this study are summarized in Table 1.

2.2.2  Error estimation

Sources of potential errors in the area estimates of the gla-
cier boundary measurement (Eb) originates mainly from 
adjustment error (Ea), glacial delineation error (Em), image 
quality error (Eq) and error in co-registration (Ec), and is 
calculated with the Eq. (1) (Bolch et al. 2010b).

Fig. 1  Locations of meteoro-
logical and hydrographic sta-
tions in the Astore Basin (UIB)

http://earthexplorer.usgs.gov/
http://earthexplorer.usgs.gov/
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The glacial delineation error (Em) mainly depends on 
the experience of the operator who delineated the glacier 
boundaries and originates due to some factors such as 
misclassification of shadow areas, perennial or seasonal 
snow. Similarly, the image quality error (Eq) is dependent 
on the conditions of the image at the time of acquisition, 
which is usually affected by seasonal snow and shadowing 
effects. The adjustment error (Ea) is mainly produced from 
the resolution of the remote sensing data and the precision 
of the adjustment, which refers to the ratio of the sum of 
the uncertainty error of all images (Ua) to the total glacier 
cover area (Xiang et al. 2014). As calculated from Eq. (2) 
for this study the average Eb for the debris covered glacier 
areas was 2.6 %, whereas for clean ice glacier areas it was 
calculated as 1.9 %. As suggested by some previous studies 
(Williams et al. 1997; Hall et al. 2003; Xiang et al. 2014), 
the uncertainty error of all the images (Ua) can be calcu-
lated by using Eq. (2), where λ represents the spatial reso-
lution of the data and σ refers the adjustment error of each 
image. For this study, the adjustment error is calculated to 
be <0.35 %.

2.2.3  Snow‑cover estimation

The daily snow cover products of MOD10A1 (Terra) 
together with the MYD10A1 (Aqua) onboard Moder-
ate Resolution Imaging Spectro-radiometer (MODIS) 
with available spatial resolution of 500 m per pixel, were 
used to estimate the spatio-temporal snow cover extent 
over the study area. Some other products of MODIS e.g. 
MOD10A2 (8-days maximum snow cover) were also suc-
cessfully employed by Bocchiola et al. (2011), Tahir et al. 
(2011) and Minora et al. (2013) for the estimation of snow 
cover in the neighboring catchment of Shigar and Hunza 
respectively. The automated snow extraction algorithms 
are used on MODIS-Terra bands 4 (0.545–0.565 µm) and 6 
(1.628–1.652 µm) to calculate the Normalized Difference 

(1)Eb =
√

(Ea)2 + (Em)2 + (Eq)2 + (Ec)2

(2)Ua =
∑

�
2 ∗ 2 ∗

(√
�2 +

√
σ 2

)

√
�2 +

√
σ 2

Snow Index (Hall and Riggs 2007), which is the most use-
ful method for detecting snow covered areas. However, 
due to the non-functionality of band-6 on the MODIS-
Aqua instrument (Riggs and Hall 2004), bands 4 and 7 
(2.105–2.155 µm) of MODIS-Aqua are used to derive 
NDSI. Many previous studies show that the daily MODIS 
snow-cover products have an accuracy of more than 90 % 
under clear sky conditions but, in the complex terrains and 
when snow cover is very thin (few cm), lower accuracies 
are also documented (Hall and Riggs 2007). Similarly, 
Tahir et al. (2011) have used ASTER images (high-spatial 
resolution) to validate MODIS snow cover products in 
Hunza basin, and their results suggest that MODIS snow 
products are very accurate in estimating snow cover in this 
region.

Rather similar reflectance properties of snow and clouds 
also obscure the snow cover monitoring by using opti-
cal remote sensing. However, the MODIS-Terra and Aqua 
platform’s local equatorial crossing time is approximately 
10:30 h in descending node and 13:30 h in ascending 
node, which provides the advantage of a 3-h time inter-
val between the two acquisitions and the transience of 
clouds during that period, as long as there is no snowfall 
or snow melting occurred during this particular 3 h inter-
val period. The combination of Terra (MOD10A1) and 
Aqua (MYD10A1) for the removal of cloud coverage has 
already been used in various studies (Parajka and Blöschl 
2008; Wang et al. 2009). The MODIS-Terra instrument 
began data acquisition in the year 2000 but the MODIS-
Aqua began from July 2002 so, in-total, 3,090 image pairs 
of Terra (MOD10A1) and Aqua (MYD10A1) from 4th July 
2002 to 31st December 2010 were used in this study. The 
data were available on a daily basis, and only 13 days (i.e. 
year 2003-8 scenes, 2004-1, 2006-1 and 2008-3 scenes) 
were missing from the whole time series.

The MODIS daily snow products (MOD10A1 & 
MYD10A1), in combination with AMSR-E snow water 
equivalent product and some other cloud elimination meth-
ods, were adapted to produce the MODIS daily cloudless 
snow product for the whole Tibetan plateau (see Xiaodong 
et al. 2012). The processed MODIS snow product was pro-
vided by the Environmental and Ecological Science Data 

Table 1  Satellite data list used in this work

Dataset Date of acquisition Supplementary information

Landsat 1–8 01 Sep 1973, 19 Sep 1973, 25 Oct 1975, 20 Oct 1976,  
31 Oct 1979, 06 Oct 1980, 02 Oct 1981, 15 Oct 1992,  
30 Sep 1998, 11 Oct 1999, 13 Oct 2000, 30 Sep 2001,  
03 Oct 2002, 25 Oct 2013

15–80 m resolution (M/S), Landsat-1  
(Path: 160, Row: 36), Landsat 2,3 (Path: 161, Row: 
36), Landsat 5,7,8 (Path: 149, Row: 35–36)

Keyhole-9 04 Aug 1973, 07 Oct 1980 ~6–9 m (B/W)

SPOT-5 11 Oct 2010, 24 Sep 2011, 04 Oct 2011,  
13 Oct 2011, 01 Sep 2012, 26 Oct 2012, 05 Sep 2013

2.5 m resolution (M/S),  
(Path: 197–199, Row: 279–280)
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Center for West China, National Natural Science Founda-
tion of China (http://westdc.westgis.ac.cn). The accuracy 
of the processed snow product was also validated by the 
measured snow depths from 85 weather stations situated 
within the extent of the snow-cover product (25–40°N, 
80–100°E) although some weather stations were also 
located in the western part of Tibetan plateau but most of 
these weather stations were situated in southern and east-
ern part of Tibetan plateau; the snow classification accuracy 
reaches 91.7 % when the snow depth reaches 3 cm or more 
(Xiaodong et al. 2012). Similarly ASTER Global Digital 
Elevation Model (GDEM2), with 30 m spatial resolution, 
was also used to delineate the basin divisions on an alti-
tude basis, subsequent to deriving the daily temporal snow-
cover depletion curves for each elevation zone. Similarly, it 
was also used to extract elevation related glacial parameters 
(e.g. hypsography, minimum, maximum and mean eleva-
tion etc.)

2.3  Hydro-meteorological data

Meteorological data from the Astore station (2,167 m.a.s.l, 
see Fig. 1) for the 1980–2010 period was provided by the 
Pakistan Meteorological Department (PMD). It comprises 
daily temperature, precipitation, humidity and wind speed 
records. Similarly, the data from the high altitude weather 
station of Burzil (4,030 m.a.s.l, see Fig. 1) for the years 
1995–2010 were obtained from the Water and Power 
Development Authority (WAPDA). The network of dis-
charge measurement stations needed to improve the runoff 
forecasting at high altitude catchments of the UIB is also 
maintained by WAPDA, so that daily flow records of the 
Doyian gauging station (on the Astore River) from 1980 to 
2010 was also made available for this study.

2.4  Mann–Kendall trend test

The hydro-meteorological time-series can be statistically 
analyzed by using parametric or non-parametric trend 
tests to investigate the impact of climate change. Usually, 
however, the hydro-meteorological time series is not uni-
formly distributed due to abruptness in the data, so that 
non-parametric tests are considered to be more appro-
priate compared to parametric tests (Hess et al. 2001). 
The non-parametric Mann–Kendall test has been widely 
used to test for randomness against trends in the hydro-
logical time series (e.g. Douglas et al. 2000). In this trend 
test, the null hypothesis Ho states that the time-series data 
(x1,…,xn) is a sample of n independent and identically dis-
tributed random variables (Zou et al. 1993). The alterna-
tive hypothesis H1 of a two sided test is such that the dis-
tribution of xk and xj is not identical for all k, j ≤ n with 
k ≠ j. The test static S is calculated using Eqs. (3) and (4) 

which have the mean zero and variance of S, computed 
byVar(S) =

[

n(n− 1)(2n+ 5)−
∑

t t(t − 1)(2t + 5)
]

/18, 
and are asymptotically normal, where t is the extent of any 
given ties and ∑t denotes the summation over all ties. For 
the cases in which n is >10, Eq. (5) computes the standard 
normal variate z (Douglas et al. 2000).

In a two-sided test for trend, the H0 should be accepted 
if |z| ≤ zα/2 at α level of significance; a positive value of 
S indicates an upward, whereas a negative one indicates a 
downward trend.

3  Results and discussions

3.1  Snow-cover dynamics and inter-annual variations

Snow cover is an important variable for fresh water avail-
ability in the dry season, particularly for the high altitude 
glacierized basins where it nourishes glaciers but, if it melts 
abruptly, then it may cause natural disasters such as floods 
or avalanches throughout the melting process. Delayed 
onset of snow cover results in less available time for the 
transformation of snow by morphological processes. Simi-
larly, early melting may produce flash floods and/or sea-
sonal shifting and low water availability in the dry season. 
Therefore, snow cover dynamics play a vital role in the 
hydrological characteristics of the basin.

The snow cover area (SCA) of the Astore River Basin 
was estimated from remotely sensed MODIS products 
with 500 m resolution during the period 2003‒2010. The 
average SCA varies from approximately 85 % in March to 
14 % in late August or early September. The snow accu-
mulation period in the Astore Basin starts in September at 
higher altitudes, the maximum snow cover reaching a range 
of 80–85 % in March (Fig. 2a). The snow-melt period starts 
in late March or early April, and almost all the snow is 
melted by the July–August period. After this date, most of 
the Astore River flows depend on glacier melting and sum-
mer precipitation, because the minimum snow cover occurs 
in August, when the SCA diminishes to about 12–14 %; 

(3)S =
n−1
∑

k=1

n
∑

j=k+1

sgn(xj − xk)

(4)sgn
�

xj − xk
�

=







+1 if
�

xj − xk
�

> 0

0 if
�

xj − xk
�

= 0

−1 if
�

xj − xk
�

< 0
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if S > 0

0 if S = 0
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we interpret this as the residual exposed ice area includ-
ing the debris covered area of glaciers. The trend analy-
sis of annual maximum (winter) and minimum (summer) 
SCA reveals no significant trends during 2003–2010 in the 
Astore basin, however, in the neighboring basin of Hunza, 
Tahir et al. (2011) found slightly increasing trends in both 
maximum and minimum SCA albeit was not found signifi-
cant during 2000–2010.

The inter-annual snow cover analysis reveals that the 
snow cover duration or residence time in the Astore Basin 
is mainly associated with the altitudinal zones. Snow cover 
depletion curves as a function of altitudinal zones suggests 
that the snow melting along the valley floors started in early 
March, and that most of the snow at the 4,000 m zone was 
melted by June. After June, the remaining snow was found 
at the higher altitudinal levels until August (Fig. 2b). Simi-
larly, the snow cover analysis as a function of aspect/slopes 
suggests that there is not much variation in the residual 
snow time on the southern or northern slopes but, in some 
similar altitudinal zones, the remaining snow on the south-
ern slopes was depleted a few days earlier than that on the 
northern slopes.

Both snow shifting and the increasing duration of snow 
cover directly affects stream-flow by altering and shift-
ing the availability of snow-melt water in the runoff. The 
increase in winter precipitation and possible decreases in 
summer temperatures may extend the snow cover for sev-
eral weeks. This shifting can have a positive impact on the 
hydrological regime in the downstream reaches, because 
more snow will be available for melting in the later part of 
the summer season when water demand is high. Therefore, 
in order to analyze the variation in the duration of the snow 
cover, inter-annual trend analysis was applied on the snow-
cover depletion time series. The comparison of the mean 
seasonal snow cover depletion with single snow cover 
seasons reveals some abnormal events; trend analysis of 

the mean monthly SCA from 2003–2010 suggests no sig-
nificant depletion trends in the snow cover; this is mainly 
because of the fact that there was also no trend in the sum-
mer mean temperature during that period, although the 
summer mean temperatures were found to be considerably 
inversely correlated with the depletion of the snow cover 
rate during the 2003–2010 period (Fig. 3).

Nevertheless, the variations in the annual summer 
mean temperatures showed very close agreement with 
the seasonal snow depletion curves (Fig. 3). During the 
2003–2010 period, the warmest summer mean tempera-
tures were recorded in 2008 and, in the same year very 
rapid snow melting was occurred, and much of the snow-
cover was depleted in the early spring season as compared 
to the mean snow depletion curves, i.e. there was ~20 % 
more snowmelt in the early spring and summer months and 
almost all of the snow had melted away by July. However, 
the case was reversed in the year 2004 when the lowest 
summer mean temperatures were observed. In this case, 
the late snow depletion rate was <~15 % of the mean snow 
depletion curve, which clearly indicates the increased snow 
cover duration with the snow remaining in the basin until 
September (Fig. 3).

3.2  Complexity in the hydrological regime of the Astore 
Basin

The Astore Basin has a mean elevation of 3,980 m.a.s.l., as 
calculated by means of GDEM. Its hydrological regime can 
also be defined on the basis of altitude, and in three paral-
lel catchments as explained by Fowler and Archer (2006); 
these consist of high-altitude (glacierized), mid-altitude 
(seasonally snow-covered) and foothill catchment (rain-
fed) terrains. At the beginning of the springtime melting, 
the area of seasonal snow is an order of magnitude greater 
than the debris-free area of the glaciers, although snow 

Fig. 2  a Mean monthly SCA in the Astore Basin, shown in blue. b Mean snow depletion curves in the altitudinal zones of the Astore Basin
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cover is depleted throughout the melt season as described 
in Sect. 3.1.

According to our analysis of in situ hydrological station 
data during 1980–2010, two-thirds of the annual precipi-
tation in the Astore Basin falls in winter and spring as a 
result of the westerly wind influence, and only one-third 
in the summer season from the monsoonal component 
involving local moisture and circulation. The monsoon 
system generally weakens towards the northwest from the 
southeast, and the Nanga Parbat (8,126 m.a.s.l) mountain 
range (extreme northwestern Himalaya) also limits the 
monsoon’s intrusion to the north in the Astore Basin. At 
the Burzil station (4,030 m.a.s.l) the westerly and mon-
soonal precipitation accounts for 69 and 31 % of the total 
precipitation, respectively, whereas at the Astore station 
(2,167 m.a.s.l), the westerly and monsoonal precipitation 
delivers 78 % and 22 % of the total precipitation, respec-
tively. This contrast arises because the Astore station is 
located in the northwestern part of the basin and the west-
erly system strengthens its flow from southeast to north-
west; conversely, the monsoon weakens from southeast to 
northwest. The northern slopes receive more precipitation 
in the winter season as compared to the southern slopes, 
since the westerly circulation is the source. However, the 
situation is reversed in the summer season because the 
main source is monsoonal.

Hydrological analysis employing basin cryosphere 
dynamics and observed hydro-meteorological data reveals 
that more than ~75 % of the basin’s runoff depends upon 
glaciers and seasonal snow-melt (Fig. 4). As a result, the 
mean annual precipitation discharge in the basin reaches 
1,183 mm, which is equivalent to a rate of 149 m3/s; in 
contrast, the two meteorological stations at 2,167 and 
4,030 m.a.s.l., located in the Astore Basin, recorded a mean 
annual precipitation of only 667 mm. Since more than 

66 % of the Astore Basin area is above the highest meteoro-
logical station in the basin (i.e. Burzil at 4,030 m.a.s.l), the 
station data seems hardly suitable as a means of represent-
ing the precipitation of the whole basin, mainly because of 
the unknown precipitation gradient at the higher altitudes, 
although wind-induced errors, wetting and evaporation 
losses directly from precipitation gauges may also plays 
a significant role in the underestimation of precipitation 
in this region (Ma et al. 2014). Therefore, by assuming an 
average loss of about 20 % by evaporation/sublimation and 
ground water infiltration etc., and by considering the bal-
anced state of glacier mass balance, the observed precipita-
tion in the basin is underestimated by ~53 %. Clearly, the 
higher altitudes display a much steeper precipitation gradi-
ent. Several published studies have suggested that precipi-
tation increases greatly with elevation, from dry conditions 
on valley floors to very humid conditions at higher eleva-
tions. For example, Winiger et al. (2005) suggested that 
the precipitation gradient between 1,000 and 4,000 m.a.s.l 
is 900–1,300 mm and it can increases to 2,300 mm at 
5,500 m.a.s.l.

Approximately 9 % of the Astore Basin area is above 
5,000 m.a.s.l so that more than 90 % of the annual precipi-
tation is deposited as snow. Since one-third of the annual 
precipitation falls in the summer in this region, Wake 
(1989) points out that, during summer, the monsoonal air 
masses bring significant precipitation to the higher alti-
tudes of the Karakoram (further north than Astore) from 
the Indian Ocean by means of the temporary collapse of 
the Tibetan anticyclone. However, in a detailed study in the 
vicinity of the Bagrot valley region, Winiger et al. (2005) 
concluded that monsoonal air mass penetration in the sum-
mer season is negligible above 5,000 m.a.s.l, and that it 
is more likely to be a consequence of regional airstreams 
influenced by the westerly circulation.

Fig. 3  Snow cover residual/depletion time in the Astore Basin from 2003 to 2010
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3.3  Seasonality and inter-annual changes in climate

3.3.1  Seasonal variations in climate

The trend results estimated by the Mann–Kendall test are 
summarized in Table 2. The seasonal trend analysis was 
conducted separately on the 1980–1995, 1996–2010 and 
1980–2010 in order to assess the seasonal variation more 
comprehensively. Trend tests on meteorological data for 
1980–2010 reveal increasing winter (November–April) pre-
cipitation and decreasing summer (May–October) precipi-
tation as a general trend; within this, during the 1980–1995 
period, winter, summer and annual precipitation increased. 
However, from 1996 to 2010 the summer precipitation—
and thus the annual—trend was negative, though win-
ter precipitation levels showed no real change. Similarly, 
the temperature time series was also analyzed in order to 
understand the behavior of runoff in the changing climate 
(e.g. Zhang et al. 2012); the temperature time series for the 
period 1980–2010 indicated significant warming trends 
in the winter mean, min and max temperatures, although 
the summer mean, min and max temperatures during this 
period also showed warming albeit that these trends were 
not significant. Similarly, the time series in the period 
1980–1995 indicates cooling trends in winter and summer 
mean, min and max temperatures, whereas the trends for 
1996–2010 display warming trends in the winter and sum-
mer mean, min and max temperatures (Table 2). However, 
the monthly mean, min and max temperatures in the Astore 

Basin during 1980–2010 indicate cooling trends in the 
catchment temperatures in late summer months (August–
September), but warming during the remaining months. 
The cooling rate during 1980–2010 in the late summer 
months of Aug and Sep was calculated as −0.07 and 
−0.14 °C per decade respectively, in contrast during win-
ter and spring months the warming trend was much higher 
as +0.2 °C per decade, consequently the mean annual 
temperatures depicts stronger warming with the rate of 
+0.11 °C per decade. Although this increase in winter and 
annual temperatures was almost in line with the increase in 
global temperatures, and also supported by Immerzeel et al. 
(2009) who used coarse resolution global data and Fowler 
and Archer (2006) by using observed valley stations data 
also found similar strong warming trends in Upper Indus 
Basin (UIB) during winter and annual temperatures, but 
observed tendencies are not uniform for the whole year e.g. 
in summer the Astore basin decreasing temperatures are in 
contrast of global summer temperature trends and climate 
modelling results (IPCC 2007) for the “Tibetan Plateau” 
grid box (Astore basin is included in that grid) which sug-
gests substantial warming in every season. Similar contra-
dicting trends (cooling in summer temperatures) in UIB 
were also observed by Fowler and Archer (2006), Hussain 
et al. (2005) and Sheikh et al. (2009), whereas Immerzeel 
et al. (2009) concluded weak but increasing summer tem-
peratures in UIB. Nevertheless, increasing winter precipi-
tation during this period (1980–2010) in combination with 
the cooling summer temperatures may also provide some 

Fig. 4  Mean daily (1980–2010) hydrological characteristics of the Astore Basin
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possible explanations for the well known term “Karakoram 
anomaly” by Hewitt (2005) which suggested glacier expan-
sion in this region, these results are found similar to Boc-
chiola and Diolaiuti (2012), who also indicated increasing 
winter precipitation and lowering summer temperatures in 
other parts of UIB as well.

3.3.2  Inter‑annual changes in climate

The Astore River discharge showed an increasing trend 
during the period 1980–2010, with a significant increase 
from 1980 to 1995, although the discharge showed a 
slightly positive trend in the period 1996–2010, but 
this was not significant (Table 2). Sharif et al. (2013) by 
employing data from 1974 to 1997 also suggested an 
increasing trend in the Astore Basin discharge. During the 
same period (1980–2010), the annual precipitation shows a 
slightly decreasing trend, although from 1980 to 1995 pre-
cipitation was increasing whereas from 1996 to 2010 the 

precipitation trend was negative, but only slightly so. Simi-
larly, the temperature time series (1980–2010) indicates 
significant warming in annual mean, min and max tempera-
tures. However, during the 1980–1995 period, the annual 
mean, min and max temperatures showed declining trends, 
whereas from 1996 to 2010 slight warming trends are evi-
dent in annual mean, min and max temperatures (Table 2). 
These results are in line with the global mean surface tem-
peratures record (HadCRUT4) of UK Met Office, which 
revealed global mean surface warming amounts to only 
about 0.046 °C per decade during the period from 1997 to 
2012, and also suggested no statistically significant warm-
ing trend since 1998 (Curry 2014).

The trend results reveal that the annual Astore Basin 
runoff and precipitation point to increasing trends whereas, 
conversely, temperatures during the 1980–1995 period 
showed decreasing trends. During the next period (1996–
2010) annual basin discharge and precipitation showed no 
significant change, but temperatures retained increasing 
trends. While, from 1980 to 1995, there was a cooling trend 
in the temperatures, it might be expected that the discharge 
trends would have also decreased as a result of reduced gla-
cier ablation, but the converse was the case; the discharge 
was in an increasing trend, which may be attributed to the 
increased precipitation in that period. Similarly, during 
1996–2010, when warming temperatures were observed, 
an increased discharge might also have been expected 
because of the excessive glacier melting, but no such sig-
nificant trend was evident (Table 2). Generally the declin-
ing discharge trends of UIB Rivers originating from Kara-
koram region are also referred to as a supporting evidence 
of this “Karakoram anomaly” e.g. Tahir et al. (2011) found 
decreasing discharge trend for Hunza River and associated 
it with glacier expansion, however, our findings from this 
study is in stark contrast (rising in Astore discharge) albeit 
in good agreement with Mukhopadhyay and Khan (2014), 
who indicated rising river flows but also accompanying 
non-negative glacier mass balance in Shigar basin (Central 
Karakoram), although we found increased winter precipi-
tation coupled with rising discharge trend whereas Muk-
hopadhyay and Khan (2014) associated it with increase in 
summer precipitation.

3.3.3  Spearman and Mann–Kendall rank correlations 
for hydro‑meteorological time‑series

The trend analysis results depict greater control of precipi-
tation over the runoff fluctuations as compared to the tem-
perature trends but, in order to validate our conclusion, a 
one to one variable correlation test was considered essen-
tial. The two non-parametric correlation tests [Spearman’s 
rank correlation coefficient rho (ρ) and Mann–Kendall’s 
rank correlation coefficient tau (τb)] were selected for this 

Table 2  Positive trends are shown in dark grey; negative trends in 
light grey

Hydro-
meteorological 

Time Series

Mann-
Kendall 

Trend (z)

Hydro-
meteorological 

Time Series

Mann-
Kendall 

Trend (z)

Annual Discharge Winter Mean Temp
1980-2010 0.86 1980-2010 (2.63)
1980-1995 (2.88) 1980-1995 -0.76
1996-2010 0.69 1996-2010 0.64

Annual Precipita�on Summer Mean Temp
1980-2010 -0.42 1980-2010 1.32
1980-1995 0.94 1980-1995 -0.76
1996-2010 -0.39 1996-2010 0.44

Winter Precipita�on Winter Mean Min Temp
1980-2010 0.10 1980-2010 (2.94)
1980-1995 0.76 1980-1995 -0.22
1996-2010 0 1996-2010 0.81

Summer Precipita�on Summer Mean Min Temp
1980-2010 -1.12 1980-2010 0.95
1980-1995 0.45 1980-1995 -1.12
1996-2010 -1.28 1996-2010 0.04

Annual Mean Temp Winter Mean Max Temp
1980-2010 (2.84) 1980-2010 (2.94)
1980-1995 -0.94 1980-1995 -0.54
1996-2010 0.67 1996-2010 0.74

Annual Mean Min Temp Summer Mean Max Temp
1980-2010 (2.49) 1980-2010 0.95
1980-1995 -0.58 1980-1995 -0.45
1996-2010 0.79 1996-2010 0.13

Annual Mean Max Temp Aug-Sep Mean Temp
1980-2010 (2.85) 1980-2010 -0.82
1980-1995 -0.31 1980-1995 0.22

1996-2010 1.03 1996-2010 -1.48

Bold and bracketed values represent a trend significance level 
α < 0.05



3025The conjunction of westerly and monsoon climates

1 3

study. Spearman’s rank correlation measures the statisti-
cal dependence between two variables by using a mono-
tonic function (ρ ranges −1 to +1), while also assessing 
how well the relation between the two variables can be 
described. Similarly, the Mann–Kendall test also measures 
the association between two measured quantities and is 
represented by τb = −1 to +1.

The values of three variables (i.e. annual discharge, 
mean temperature and annual precipitation from 1980 to 
2010) were standardized by using the normal deviation 
method, which is calculated by the distance of one data 
point from the mean divided by the standard deviation of 
the data distribution. Both the correlation tests were applied 
between annual discharge and annual, winter and summer 
precipitation and temperatures (Fig. 5).

The annual discharge fluctuations are closely correlated 
with the annual, winter and summer precipitation varia-
tions by both correlation tests, all these correlation values 
being significant with a significance level of p < 0.05. The 
Spearman correlation was highest with regard to the annual 
precipitation (0.66), slightly lower with the winter precipi-
tation (0.63), but the lowest with the summer precipitation 
(0.38). Similarly, the Mann–Kendall correlation was found 
to be highest with regard to the winter precipitation (0.46), 
slightly lower with the annual precipitation (0.44), and low-
est with the summer precipitation (0.25). These results also 
illustrate the high level of dependency and the proportion 
of the Astore River annual runoff attributable to the winter 
precipitation (Fig. 5).

The annual mean, summer and winter temperatures are 
very poorly correlated with the annual discharge by both 
methods, and none of these correlation values were found 
to be significant (significance level p < 0.05). However, 
these values even show some negative correlation, which 

may be interpreted as the decrease in annual mean tempera-
ture might, in a peculiar way, increase the annual discharge, 
and/or this may also indicated the increasing number of 
wet days and precipitation [as also found by Bocchiola and 
Diolaiuti (2012) in this region] which eventually resulted 
in higher annual discharge. All of these variable correlation 
results and standardized values indicate that the fluctua-
tions in the Astore River runoff is typically associated with 
precipitation changes rather than temperature variations, 
but which is evidently not so described during the period 
from 1980 to 2010 (Fig. 5).

Any positive alteration in the temperature would com-
prehensively augment the glacier ablation and eventually 
increase the river runoff. However, the correlation results 
clearly show that the stream flow fluctuations during the 
three decades (1980–2010) in the Astore River were mainly 
influenced by variations in precipitation, not by the changes 
in catchment temperatures. This may indicate that the 
Astore River runoff fluctuations from 1980 to 2010 were 
not governed by the high ablation rate and glacier retreat. 
However, on the larger regional scale of central Asia, Bliss 
et al. (2014) predicted significant declines in annual glacier 
runoff over the twenty-first century.

3.4  Astore basin glaciers and changes

3.4.1  Current situation of glaciers in the Astore Basin

Satellite remote sensing techniques are often considered to 
be the most appropriate method to investigate and monitor 
a large number of glaciers at the same time. Multi-tem-
poral and multi-resolution satellite images from 1973 to 
2013 have been used to investigate the temporal changes 
and current state of glaciers in the Astore Basin, as well 

Fig. 5  Correlation between standardized values of annual mean discharge (Q) versus annual precipitation (P), summer precipitation (PS), winter 
precipitation (PW) and annual mean temperature (T) in the Astore Basin; bold correlation values represent a significance level p < 0.05
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as to study other hydrological characteristics of the basin. 
Approximately 14 % of the area of the basin is covered 
by glaciers (Fig. 6). There are approximately 600 small 
and large glaciers in the basin and, collectively, they cover 
an area of 557 km2, providing an ice reserve volume of 
approximately 39.8 km3. Most of these glaciers are cirque 
or mountain types that individually cover a very small area. 
However, although there are only 13 valley-type glaciers in 
the basin, collectively these cover 38 % of the total Astore 
glaciated area, accounting for (25 km3) 63 % of the basin’s 
total ice volume. These ice volume estimates were obtained 
by using a modified equation suggested by Shiyin et al. 
(2003) and presented as follows: V = 0.04 × S1.35, where 
‘V’ is the ice volume (km3) and ‘S’ is the area of the gla-
ciers (km2). The altitudinal range of the mountain glaciers 
in the area is 4,000–5,500 m.a.s.l. and, for valley glaciers 
in the area, 3,500–6,000 m.a.s.l. Most of the valley glaciers 
lie on south-eastern facing slopes whereas most mountain 
glaciers are located on the northern slopes. 

There are more than 600 glaciers in the Astore Basin, 
but most of them are very small in size e.g. only 98 gla-
ciers having covered area >1 km2, therefore only these 
glaciers were selected for detailed identification of the 
temporal and spatial glacier changes that have occurred in 
the past 40 years. The automated glacier delineation from 
multispectral satellite images is significantly hampered 
by the debris cover over glacier tongues as occurs in the 
Astore Basin. Also, given the fact that the images used in 
this investigation were multi-sensor and multi-resolution in 

type, it was determined that the automatic extraction of gla-
cier boundaries to address the glacier temporal changes was 
not appropriate and that manual/visual interpretation meth-
ods should be employed to identify the glacier changes.

Rupal glacier is the largest in the Astore Basin cover-
ing ~74 km2. It has a north-easterly aspect and accounts for 
about 22 % (8.51 km3) of the Astore Basin’s total ice vol-
ume. Here it should be noted that we estimated the Rupal 
glacier cover area as 74 km2, however, this delineated gla-
cier cover area includes nunataks, steep rock walls that ava-
lanche snow onto the glacier, and in addition, detached and 
hanging ice masses that may contribute ice via avalanch-
ing but not directly contributed in the glacier ice volume, 
and it accounts collectively 21 km2 of area, therefore out 
of the total Rupal glacier cover area i.e. 74 km2, this area 
of 21 km2 was excluded while calculating volume of Rupal 
glacier. An area of 28 % of the Rupal glacier is covered by 
heavy supra-glacial debris (Fig. 8). Temporal satellite data 
suggests that no significant change occurred in the terminus 
position of the Rupal glacier during the 1980–2013 period 
(Fig. 7); a few structural changes on the glacier surface 
were observed but these are mainly related to typical gla-
ciological processes such as glacier deformation.

The steep slope and rocky terrain above the Astore 
valley-type glaciers enhance avalanche activity, which 
leads to substantial accumulation of snow avalanches and 
subsequent to extensive tongues of debris-cover (Bar-
rand and Murray 2006). Avalanche activity is very com-
mon in the rugged terrain of the Astore Basin, particularly 

Fig. 6  Characteristics of the 
Astore Basin glaciers
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on the western side of the basin; it also transports heavy 
debris cover onto the glacier ice and terminus. Therefore, 
most of the Astore valley-type glaciers are heavily debris 
covered. Similar debris falls arising from this avalanche 
activity along the side walls of the Rupal and Ghughuel 
glaciers were also identified by the satellite imagery of the 
years 1992 and 2000. Consequently, 26 % of the area of 
the valley glaciers is covered with moderate to heavy debris 
(Fig. 8), this debris cover significantly reduce the ablation 
rates over the glacier surface e.g. Mihalcea et al. (2006) 
found the variation in degree-day melt factors for different 
debris cover thicknesses to be 1.1–7.7 mmd−1 °C−1 for Bal-
toro glacier. The supraglacial debris cover in Karakoram 
region generally shows a pattern of increasing thickness 
towards lower elevations of glacier (potential elevations 
for generating melt-flow) as also revealed by Mihalcea 
et al. (2008), therefore melt-flow may also considerably 
hampered by the insulation of thick debris cover at lower 
elevations.

Many glacier surges have also been recorded in the 
high mountain areas of the UIB, particularly in the Kara-
koram region during past few decades (Hewitt 2007; Cop-
land et al. 2011; Mayer et al. 2011; Heid and Kääb 2012). 
Most of these surging glaciers are largely or wholly ava-
lanche-nourished and debris covered. Increasingly, glacier 

Fig. 7  Temporal comparison of the Rupal glacier debris covered area 
from 1980 (Keyhole-9) to 2013 (Landsat-8)

Fig. 8  Debris cover concentra-
tion on the Astore Basin glaciers
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surges might be linked to positive mass budgets (Copland 
et al. 2011) but might not directly relate to climate change. 
Conversely, some observations suggest that recent surges 
are favored by high-altitude warming in the Karakoram 
(Quincey et al. 2011).

Glacier surging may be identified by some distinctive 
features such as crevassed ice surfaces, folded and looped 
medial moraines, advancing glacier termini (Barrand and 
Murray 2006) and by a few folds derived from unusually 
higher ice-flow velocities. Temporal image analysis reveals 
that even some glaciers in the Astore Basin have heavily 
crevassed surfaces but most of them have not shown any 
surging behavior since the 1980s; only one tributary of the 
Chhungphar glacier showed some advance during the 1990–
2010 decades. Similarly, feature tracking, using bi-temporal 
velocity observations based on Landsat imagery, was also 
employed to estimate any abnormalities in glacier velocities. 
Different velocities at lower, middle and higher glacier alti-
tudes were observed. For example, the velocity of the Ghu-
ghuel glacier at higher altitude (above 4,600 m.a.s.l) was 
<2 cmd−1 and, at lower altitudes (<4,300 m.a.s.l), was only 
2–8 cmd−1; at middle altitudes, in contrast, the glacier was 
moving relatively swiftly, with a velocity of 10–20 cmd−1 
during the period 2000–2013. Similarly, the mean surface 
velocity of the Rupal glacier during the period 2000–2013 
was 12.4 cmd−1. Consequently, none of the glaciers showed 
any unusually higher velocities associated with glacier surge 
activity during that period.

The temporal image analysis results reveal that around 
25 out of 98 of the studied glaciers in the Astore Basin were 
found to be in a stable state, neither growing nor retreating 
during the past 40 years (1973–2013). While a few changes 
have also been identified in the size/length of a few gla-
ciers, in which 28 glaciers show minor increase and 45 gla-
ciers show slight decrease in glacier covered area, however, 
the overall total glacier area change was found insignificant 
and calculated to be only <0.3 % decrease in the total area 
of studied glaciers with the minor retreat rates of 0.025 km2 
per year during this period (1973–2013), in which none of 
the individual glacier’s relative area change was exceeding 
±5 %. This slight glacier area change during this period 
(1973–2013) is considered to be negligible here mainly 
because for a 40 years longer time span this change seems 
insignificant, and also for the reason that the imagery used 
was multi-resolution and multi-sensor and it may be associ-
ated with the angle/slight geometric inaccuracy of the two 
datasets, therefore this minor change value (−0.3 %) falls 
in the range of data accuracy. Thus, it suggests quite stable 
conditions of Astore basin glaciers. These findings seems 
in good agreement with Schmidt and Nüsser (2009), who 
investigated Raikot glacier which is located in the north 
of Nanga Parbat massif and found minor retreat rates after 
1980s and almost stable state of Raikot glacier during 

1992–2007. However, it is in contrast of the trans-Hima-
laya region where Schmidt and Nusser (2012) found sig-
nificant retreat rates in various high altitude small glaciers.

3.4.2  Glacier thickness changes from GLAS–ICESat

During 2003–2010, the Geoscience Laser Altimeter System 
(GLAS) onboard ICESat acquired global measurements of 
polar ice sheet mass changes with many other parameters 
by using a 1,064 nm pulse for surface altimetry with a foot-
print diameter of about 70 and 170 m along-track spacing. 
The ICESat/GLAS level 1B altimetry product (GLA06—
version 33) provides global land surface elevation and foot-
print geo-location, geoid and some other parameters; all the 
ICESat footprints from the 2003–2008 crossings over the 
Astore Basin were obtained from the US National Snow 
and Ice Data Center (NSIDC). The ICESat elevations were 
initially referenced to the Topex/Poseidon ellipsoid and 
Earth Gravity Model 1996 Geoid; accordingly, all these 
elevation values were converted to the WGS84 ellipsoid 
to compare with the elevations extracted from the SRTM 
DEM acquired in February 2000.

However, the ICESat elevations cannot be directly com-
pared to those of the C-Band SRTM mainly because of 
the varying penetration of the radar wave into snow, ice 
and firn (Gardelle et al. 2012b). In this context, and based 
on the assumption that temporal elevation changes dur-
ing 2000–2003 were negligible, Kääb et al. (2012) found 
several meters of ICESat elevation offsets from SRTM 
elevations, with the average offset of +2.1 (±0.4 m) over 
the entire HKH region for all glacier footprints, and also 
with significant differences among regions and land-cover 
classes. In contrast to the debris covered ice, Kääb et al. 
(2012) found deeper ICESat penetration as compared to 
SRTM C-band radar, resulting in negative offset, and par-
ticularly for the Karakoram region’s debris covered glaciers 
the estimated offset was −2.9 (±0.9 m).

From 2003 to 2009 only 216 ICESat footprints were found 
over the glacier-covered area in the Astore Basin, but most of 
these footprints were tracked in 2003 only, so could not be 
used for the measurement of changes in ice thickness. Nev-
ertheless, 78 footprints from the period 2003–2008 were 
tracked over the Sachen glacier, which is located in the east-
ern foothills of the Nanga Parbat massif and covers an area 
of ~22 km2, with more than 38 % covered by heavy supra-
glacial debris (Fig. 10). The ICESat–SRTM offset [−2.9 
(±0.9 m)] for debris covered glaciers in this region, as sug-
gested by Kääb et al. (2012), was applied in our calculations. 
The median of all the ICESat–SRTM elevation changes for 
each year’s laser period over the Sachen glacier was sepa-
rately computed. Consequently, the elevation trends derived 
from ICESat revealed a slightly increasing trend in the Sachen 
glacier elevation/thickness during the years 2003–2008 
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(Fig. 9). In addition, there were few variations in glacier 
thickness changes during the 2003–2007 period, although 
2008 saw a sudden increase in ice thickness. This event may 
be linked to the differences in the acquisition months between 
the years 2003–2007 and 2008 because, in that latter year, the 
ICESat acquired data in the month of December, which may 
be a result of higher elevation due to fresh snow accumulation 
and/or higher SRTM C-band radar penetration in snow. Even 
if the elevation changes during 2008 are neglected, the trend 
did not decline from 2003 to 2007 and seems to have been in 
a stable state (Fig. 9). These findings are in accordance with 
Kääb et al. (2012) who also used ICESat data and compiled 
regional scale estimates, they suggested only slight glaciers’ 
thinning rates by a few centimeters per year during 2003–
2008 in Karakoram region, conversely in Jammu-Kashmir 
(Himalayan region) they found maximal regional thinning 
rates by 0.66 ± 0.09 m per year.

4  Conclusions

High altitude glacio-hydrological observations and investi-
gations are still very weak and ambiguous, particularly in 
the northwestern Pakistan. In this regard, the spatio-tempo-
ral variations in the glaciological and hydrological regimes 
in the Astore Basin, a sub-catchment of the UIB situated 
in the northwestern Himalayan region, were comprehen-
sively investigated by employing in situ hydro-meteorolog-
ical observations in combination with remote sensing data. 
This study suggests that 14 % of the basin area is covered 
by glaciers but, with accumulated seasonal snow from the 
westerly wind circulation, it can reach a cover of 80–85 % 
of the basin area. Consequently, two-thirds of annual pre-
cipitation falls in winter and spring from the mid-latitude 
westerly circulation, whereas summer and autumn precipi-
tation accounts for only one-third of the annual totals by 
the monsoon circulation and local jet streams. Therefore, 
more than 75 % of the annual basin runoff depends on 
melt-water produced by predominantly seasonal ablation of 
snow and glacier ice. This study employed various types of 
satellite remote sensing datasets to investigate the changes 
in the Astore Basin glaciers during several periods from 
1973 until 2013. Of the 600 glaciers in the Astore Basin, 
98 cover an area >1 km2; these were selected for detailed 
investigation, the outcome of which determined the con-
trasting behavior of glacier changes e.g. 28 glaciers depicts 
minor increased and 45 found slightly decreased, whereas 
25 glaciers revealed a stable state. The overall calculated 
glacier change was −0.3 % with the meager retreat rate of 
0.025 % per year during 1973–2013, however this minor 
change lie in the range of data accuracy and thereby it is 
concluded that most of the Astore basin glaciers during 
last 40 years found to be in a stable state and have neither 
advanced nor retreated significantly as indicated by the 
termini and covered areas of these glaciers which show no 
considerable change.

The non-parametric Mann–Kendall trend test was 
applied on the whole time-series of hydro-meteorolog-
ical data. This indicated a cooling in annual and summer 
mean temperatures during the years 1980–1995, but slight 
warming during the 1996–2010 period. Similarly, annual, 
winter and summer precipitation, and annual mean dis-
charge increased during the period 1980–1995 but, in the 
years from 1996 to 2010, a slight decrease in annual, win-
ter and summer precipitation was observed, with only a 
slight but insignificant increase in the discharge during the 
same period. Stream flow in the Astore River is influenced 
mainly by winter precipitation, but also by the mean sum-
mer and winter temperatures of its catchment. The Spear-
man and Mann–Kendall correlation results indicate that 
the annual stream flow fluctuations in the Astore River dur-
ing the years 1980–2010 were predominantly influenced 

Fig. 9  ICESat derived elevation trends (2003–2008) of the debris 
covered Sachen glacier located in the Astore Basin

Fig. 10  Supra-glacial debris cover over Sachen glacier, Astore basin 
(Photo: Suhaib Bin Farhan, June 2014)
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by variations in precipitation rather than the alteration in 
catchment temperatures; consequently, the stream flow 
fluctuations were not governed by enhanced glacier abla-
tion and retreat.

Similarly, the glacier thickness changes during 2003–
2008, estimated by use of the GLAS–ICESat laser altim-
etry data, also revealed stability or even a slightly growing 
trend in glacier thickness. Reduced summer temperatures 
might also reduce the rate of melting; hence the reduce 
driver flows are associated with early summer coincidence 
of snow and melting ice as well as monsoonal precipita-
tion. This may also result in the decrease of melt-water 
from glacier storage and, consequently, may lead to glacier 
growth, as has been reported for many other Karakoram 
glaciers for some periods in recent decades. This glacier 
stability, consequent upon cooling summer temperatures, 
increased precipitation and a high concentration of debris 
cover in this region, is found to be consistent with the 
observed stability of Karakoram glaciers, which is con-
trary to the widespread decay and retreat in the eastern 
Himalaya, and undergoes a different response to global 
warming compared to glaciers in most other parts of the 
globe.

Since no in situ glacier observations and mass bal-
ance data are yet available for this basin, uncertainties 
remain and should not be ignored because the behavior 
of some glaciers in the basin might differ as a result of 
the basin’s local dynamics and so might not be clearly 
identified using satellite remote sensing. Nevertheless, 
this comprehensive investigation suggests that the sum-
mer temperature reductions and positive trends in winter 
precipitation imply reduced ablation and increased accu-
mulation in the Astore glaciers, which may lead to bal-
anced and/or positive glacier ice mass balance. In addi-
tion, most of the Astore valley-type glaciers are found 
heavily debris covered; this supra-glacial debris cover 
influences the dynamics of the glacier terminus by modi-
fying a glacier’s interaction with the atmosphere, and 
may explain one of the reasons for their relative insensi-
tivity to warming.
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