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The Karakoram Range is one of the most glacierized mountain regions in the world, and glaciers there are an 
important water resource for Pakistan. The attention paid to this area is increasing because its glaciers remained 
rather stable in the early twenty-first century, in contrast to the general glacier retreat observed worldwide on 
average. This condition is also known as ‘‘Karakoram Anomaly’’. Here we focus on the recent evolution of glaciers 
within the Central Karakoram National Park (CKNP, area: *13,000 km2) to assess their status in this region with 
respect to the described anomaly. A glacier inventory was produced for the years 2001 and 2010, using Landsat 
images. In total, 711 ice-bodies were detected and digitized, covering an area of 4605.9 + 86.1 km2 in 2001 and 
4606.3 + 183.7 km2 in 2010, with abundant supraglacial debris cover. The difference between the area values of 
2001 and 2010 is not significant (þ0.4 + 202.9 km2), confirming the anomalous behavior of glaciers in this region. 
The causes of such an anomaly may be various. The increase of snow cover areas from 2001 to 2011 detected 
using MODIS snow data; the reduction of mean summer temperatures; and the augmented snowfall events during 
1980–2009 observed at meteorological stations and confirmed by the available literature, are climatic factors 
associated with positive mass balances. Because the response of glacier area change to climate variation is very slow 
for large glaciers, the presence of some of the
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largest glaciers of the Karakoram Range in this region might have delayed observed effects of such climate
change so far, or alternatively, the change may not be sufficient to drive an actual area increase. In this context,
improved understanding the role of debris cover, meltwater ponds, and exposed ice cliffs on debris-covered
glaciers, and surging glaciers (which are also found abundant here), are required is still an issue to clarify the
mechanisms behind the Karakoram Anomaly.
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I Introduction

Glaciers are sensitive climate indicators

because they adjust their size in response to

changes in climate (e.g., temperature and preci-

pitation). There is robust evidence of global gla-

cier shrinkage over the past five decades

(Vaughan et al., 2013). This is also true on a

regional scale, with some exceptions. The

Hindu Kush Karakoram Himalaya (HKH from

hereon) displays a heterogeneous picture in this

sense.

Recent observations of glacier fluctuations

indicate that in the eastern and central HKH gla-

ciers are subject to general retreat, and have lost

a significant amount of mass and area in the

second half of the twentieth century (Bolch

et al., 2011; Salerno et al., 2008). Rapid declines

in glacier area are reported throughout the

Greater Himalaya and most of mainland Asia

(Bolch et al., 2012; Yao et al., 2012). However,

observations of individual glaciers indicate that

glacier retreat rates may vary strongly between

different glacial basins, and even some advan-

cing glaciers are observed in the Karakoram

Mountains (Belò et al., 2008; Bhambri et al.,

2013; Diolaiuti et al., 2003; Hewitt, 2005; Rankl

et al., 2014; Scherler et al., 2011). The Eastern

part of the HKH is under the influence of the

Indian monsoon, which brings precipitation dur-

ing summer, while the Western (which includes

the Karakoram range) receives most of the

annual precipitation during winter and spring,

as it is influenced primarily by the westerlies

originating predominantly from Mediterranean

and Caspian Sea regions (Bookhagen and

Burbank, 2010; Fowler and Archer, 2006). This

east–west variability in the predominant wind

system leads to differences in glacier accumula-

tion in the HKK, and might be one reason for the

large spread in detected glacier changes within

the region (Bolch et al., 2012; Kääb et al., 2012).

The estimated glacier mass balance budget in

the Karakoram positively affected the 2003–

2008 specific mass balance for the entire HKH

region, which was calculated by Kääb et al.

(2012) to be �0.21 +0.05 m yr�1 of water

equivalent. This is significantly less than the

estimated global average for glaciers and ice

caps (Cogley, 2009; Gardner et al., 2013;

WGMS, 2013). Gardelle et al. (2012) show not

only balanced to slightly negative mass budgets

in the Karakoram Range, but even an expansion

and thickening of some glaciers in the Central

Karakoram since the early twenty-first century.

Hewitt (2005) reported that 33 glaciers thick-

ened (by 5–20 m on the lowest parts of their

tongues) and advanced, or at least were stagnant

in this region between 1997 and 2001. The same

author defined the anomalous presence of stag-

nant and advancing glaciers in the Central Kar-

akoram as the Karakoram Anomaly.

The climate–glacier relation in the Central

Karakoram is still not well understood, and

interactions between the cryosphere, the cli-

mate, and the hydrosphere in the lower latitudes

are of great interest for both global and regional

purposes. Glaciers here represent a major source

of water for the Indus River, upon which agri-

culture, human consumption, and power pro-

duction rely (Bocchiola and Diolaiuti, 2013;



Mayer et al., 2010). Observations of glacier

coverage and evolution are then essential to

understand the role of the cryosphere in influen-

cing the regional hydrology and water resources

in this region. An in depth scientific understand-

ing of glacier evolution in the Karakoram was

hampered hitherto by the lack of systematic

long-term field observations, due to the rugged

topography and the complex climatology of the

area. Therefore, the combination of remote sen-

sing studies and data from field surveys is

required for improving the understanding of

glacier evolution in Karakoram.

In this contribution, we focus on the pro-

tected area of the Central Karakoram National

Park (CKNP, *13,000 km2) to provide an

updated picture of the glacier state in the Central

Karakoram and to better characterize the Kara-

koram Anomaly. In this regard, we produced the

CKNP glacier inventory using Landsat images

from 2001 and 2010. Although other glacier

inventories covering the Karakoram region are

available (Randolph Glacier Inventory, Arendt

et al., 2014; ICIMOD glacier inventory, Bajra-

charya and Shrestha, 2011; GAMDAM glacier

inventory, Nuimura et al., 2015), our work

focuses on the specific area of the CKNP only,

providing a high-resolution and very detailed

inventory. We analyzed the glacier area and

supraglacial debris cover change during 2001–

2010. Moreover, we analyzed the snow cover

area (SCA) change occurred during 2001–

2011 using MODIS snow data. Eventually, we

investigated the climate change occurred since

1980 by analyzing climate data from three auto-

matic weather stations (AWS) of the Pakistan

Meteorological Department (PMD).

II Study site

The HKH stretches for more than 2000 km in

length from West to East, and hosts about

40,000 km2 of ice bodies (glaciers, glacierets,

and perennial ice surfaces, http://rds.icimo-

d.org/). The economy of the HKH region relies

upon agriculture, and it is highly dependent

upon water availability and irrigation (Aggar-

wal et al., 2004; Akhtar et al., 2008; Kahlown

et al., 2007). Likely more than 50% of the water

in the Indus river originating from the Kara-

koram comes from snow and glacier melt

(Immerzeel et al., 2010; Minora et al., 2015;

Soncini et al., 2015).

In this study, we focus on the area of the

CKNP, an extensive (*13,000 km2) protected

area in the Northern Pakistan, in the main gla-

ciated region of the Central Karakoram (Figure

1). It was established in 2009, and *40% of this

area is covered by ice. The CKNP hosts the

largest glaciers of the Karakoram range (Bal-

toro, Biafo, and Hispar glaciers, amongst

others).

The study area is under the influence of two

wind systems: the monsoons in summer and the

westerlies in winter. Anyway, the north-moving

monsoon storms intrude only little into the Kar-

akoram because they are mitigated by the

Nanga Parbat massif to the south. Therefore, the

CKNP is mainly influenced by the westerlies

(Bookhagen and Burbank, 2010).

Earlier investigations of Northern Pakistan

climate displayed evidence of regional behavior

(Soncini et al., 2015; Weiers, 1995; Winiger

et al., 2005). Most notably, Bocchiola and Dio-

laiuti (2013) found three homogeneous climatic

regions in Northern Pakistan, one of which was

called Northwest Karakoram, which includes

the CKNP (Figure 1). This region displays win-

ter and occasional spring and summer rainfall,

with precipitation increasing from 150–500 mm

at 1500–3000 m above sea level (a.s.l.) to more

than 1700 mm at 5500 m a.s.l. The winter pre-

cipitation provides the dominant nourishment

for the glaciers of the HKH (Bocchiola and Dio-

laiuti, 2013). High elevation snowfall is still

rather unknown, due to the diffculty of obtain-

ing reliable measurements. Some estimates

from snow pits above 5000 m a.s.l. range from

1000 mm to more than 3000 mm yr�1, depend-

ing upon location (Soncini et al., 2015; Wake



et al., 1990; Winiger et al., 2005). However,

there is considerable uncertainty about the spa-

tial distribution and the vertical gradient of pre-

cipitation at high altitudes.

The glaciers in the CKNP show a large varia-

bility in size, geometry, type, and surface con-

ditions (i.e. buried and bare ice). They belong to

the Shigar and Hunza drainage basins. These are

high altitude catchments with summer and

annual runoff that is truly governed mostly by

glacier and snow melt (Archer, 2003).

III Data sets and Methods of
Analysis

1 The CKNP glacier inventory

For compilation of the CKNP glacier inventory

we followed the recommendations of Paul et al.

(2009), and we considered parameters such as

identification code, coordinates, dates of acqui-

sition of the image related to each glacier out-

line, area, length, minimum, maximum and

mean elevation, mean aspect, and slope. We

used Level 1 T Landsat ETMþ and TM scenes

of 2001 and 2010 (Table 1) as the basis for

glacier delineation.

Before proceeding to the digitization of the

glacier outlines, we first increased the color

contrast between the glacier bodies and the sur-

rounding pixels by combining the near infrared

and the visible bands of the TM sensor (RGB ¼
543). So doing, we produced false color compo-

site (FCC) images against which we manually

digitized each glacier outline separately. The

minimum mapped area was 0.01 km2 as recom-

mended by Paul et al. (2009). The debris-free

and debris-covered parts of the glaciers were not

distinguished in this step. They were split after-

wards by identifying the debris pixels within the

glacier outlines with a supervised classification

(see Section III.2).

It is worth noting that the interpretation of the

glacier perimeter under debris is not straightfor-

ward (Paul et al., 2009), and thus the change

Figure 1. The CKNP, including the glacier outlines, the supra-glacial debris cover and the locations of the
AWSs used in this study. CKNP: Central Karakoram National Park. AWS: automatic weather station.



analysis may be problematic too. To this end,

we cross-checked the position of the actual gla-

cier border under debris with the Landsat

images and the high-resolution images from

Google Earth. Another crucial aspect in glacier

delineation is the location of terminus position.

Indeed, it can differ by several hundred meters if

glacier outlines were digitized by different ana-

lysts (Paul et al., 2013). In this work, the glacier

outlines for the two reference years were drawn

by the same analyst, so the change analysis

should be reliable. Finally, the definition of the

upper glacier boundaries is also a problematic

aspect. In general, steep headwalls were

excluded from the mapping, similar to that by

Nuimura et al. (2015). The reason is that snow

cannot accumulate easily on very steep surfaces

(>40�; Nuimura et al., 2015). Moreover,

avalanche-fed glaciers prevail in the Kara-

koram, and many lack an accumulation zone

as normally understood (Hewitt, 2011). We

used the contour lines derived from the Shuttle

Radar Topography Mission 3 DEM (SRTM3,

CGIAR-CSI, 2012), to detect the steep slopes

in the accumulation areas close to the glacier

limits and exclude them from the inventory

when there were rock exposed walls covered

by thin snow layers or spotty snow patches.

However, this criterion might have excluded

steep areas in the accumulation zone where

snow is present throughout the year, and thus

the actual final glacier area might be biased by

this exclusion.

Afterwards, we used a Geographic Informa-

tion System (GIS) to extract topographic para-

meters based on the glacier outlines and the

DEM. The maximum length of each glacier was

derived by manually depicting a line from the

highest to the lowest altitude within each glacier

outline, and passing through the main flow line

(according to the contour lines). The mean slope

was then calculated for each glacier from eleva-

tion range and length data.

Eventually, we identified surging glaciers

according to both the magnitude of their termini

advance (Cuffey and Paterson, 2010), the pres-

ence of looped moraines indicating possible

past surge events (Copland et al., 2003), and

by comparison against the available literature

(Copland et al., 2011; Hewitt, 2007; Quincey

et al., 2001; Rankl et al., 2014).

2 Supraglacial debris mapping

A supervised maximum likelihood (SML) clas-

sification on the Landsat FCC image (bands

543) was used to map the supraglacial debris

for the years 2001 and 2010. First, the classifier

Table 1. Landsat imagery used for the analysis. Star symbol (*) indicates the reference images used for glacier
delineation, the other ones were used to cross-check the results. The band combination is 543, PAN-
sharpened to 15 m for Landsat 7 using the Panchromatic band (band 8).

Date Scene identification No. Resolution (m) Sensor SCAN line error
Cloud cover over

glaciers (%)

21/07/2001 LE71480352001202SGS00* 15 ETMþ No 0.0
30/09/2001 LE71490352001273EDC01* 15 ETMþ No 0.0
23/07/2010 LT51480352010235KHC00* 30 TM No 0.0
17/10/2010 LT51490352010290KHC00* 30 TM No 0.0
18/10/2010 LE71480352010291SGS00 15 ETMþ Yes 0.0
12/08/2009 LE71480352009224SGS00 15 ETMþ Yes 0.0
22/08/2010 LE71490352010234EDC00 15 ETMþ Yes 0.1
20/09/2009 LE71490352009263SGS00 15 ETMþ Yes 0.0

ETMþ: Enhanced Thematic Mapper Plus; TM: Thematic Mapper.



was trained to recognize the supraglacial-debris

by choosing appropriate regions of interest

(ROIs). Then, the automatic classification was

run against the image of 2001 and then of 2010,

on the glaciers only, using the glacier masks of

the respective year. So doing we obtained the

supraglacial debris maps for both years. Finally,

we produced the shadow maps with the same

procedure to search for the locations where the

glacier area was shaded. This way we were able

to identify the areas of possible debris cover

excluded by the classification and add them

manually to the final map after cross-checking

the actual presence of debris with different

sources (other Landsat images, Google Earth).

3 Glacier outline and error assessment

When dealing with the production of glacier

inventories through satellite images, inaccura-

cies may occur due to classification errors.

These depend upon the image resolution and the

meteorological and environmental conditions at

the time of acquisition, namely cloud- and

snow-cover, presence of shadows and debris,

hampering ice detection. In the following, the

impacts of different sources of error are

discussed.

Georeferencing error. The georeferencing accu-

racy is optimized by the United States Geologi-

cal Survey (USGS) by means of a correction

process based both upon ground control points

(GCPs, taken from the 2005 Global Land Sur-

vey) and the SRTM DEM (Landsat7 Handbook,

2013). The SRTM DEM is thought to have good

accuracy (Falorni et al., 2005). The true geolo-

cation is not too critical for our analysis because

our Landsat data are processed in the same way

by the USGS.

Linear resolution error (LRE). Image resolution

influences the accuracy of glacier mapping. Fol-

lowing Vögtle and Schilling (1999) and Citterio

et al. (2007), the final planimetric precision

value was assessed considering the uncertainty

due to the sources (satellite images). The area

precision for each glacier was evaluated by buf-

fering the glacier perimeter, considering the

area uncertainty. According to O’Gorman

(1996), the LRE should be half the resolution

of the image pixel, i.e., in our case 7.5 m for the

2001 scenes (because the scenes were PAN-

sharpened), and 15 m for the 2010 scenes. This

error may be too low for debris pixels, because

glacier limits are more difficult to distinguish

when ice is covered by debris (Paul et al.,

2009). Therefore, we set the error for debris

pixels to be three times that of clean ice. The

precision of the whole CKNP glacier coverage

was estimated as the root squared sum (RSS) of

the buffer areas for 2001 and 2010:

AEyr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i¼1

ðpi�LREyrÞ2

vuuut ð1Þ

where AEyr is the areal error of year 2001 or

2010, pi is the ith glacier perimeter, LREyr is the

LRE of year 2001 or 2010, and N is the total

number of glaciers in the inventory. Finally, the

total error in area change (AEarea change 2001–2010)

was then calculated as the RSS of the areal

errors related to each glacier in the 2001 and

2010 (AE2001 and AE2010):

AEarea change2001�2010 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AE2001

2 þ AE2010
2

p

ð2Þ

Error depending on specific scene conditions. Sea-

sonal snow, cloud cover, presence of shadows,

and debris can introduce errors in glacier area

determination. The scenes were selected to dis-

play minimum snow and cloud over the gla-

ciers. In case these features were still present,

and to deal with the interpretation of invisible

glacier boundaries in cast shadows and the

actual perimeter under debris, we used images

from different sources (i.e. Landsat and Google

Earth) and dates (see Table 1), which enabled us



to cross-check the actual glacier limits and to

minimize any possible interpretation error.

Error depending on operator’s misinterpretation.
Because glacier outlines are mapped manually,

errors may occur due to the operator’s misinter-

pretation of the image pixels. Nevertheless,

although several semi-automated techniques for

mapping debris-covered glaciers have been pro-

posed (Paul et al., 2004; Shukla et al., 2010,

amongst others), they all require more complex

processing, an accurate DEM and final manual

editing (Paul et al., 2013). We therefore pre-

ferred the manual approach, trying to reduce

any possible misinterpretation error through the

choice of an expert eye for the digitization, and

a second-round check on the final mapping.

Note that this has nothing to do with the auto-

matic classification of the supraglacial-debris,

as this was performed after glacier borders were

drawn (see Sections III.1 and III.2).

4 Snow cover data

We used MODIS MOD10A2-V5 snow product

(Hall et al., 2006) to investigate snow-cover

variability during 2001–2011 in the CKNP.

These data are freely available at the National

Snow and Ice Data Center website (NSIDC,

2013). They contain information of maximum

snow cover extent over an eight-day period

(henceforth the use of a specific ‘‘Julian day’’

refers to the same Julian day and seven days

after from hereon). Pu et al. (2007) reported

an average of 90% overall accuracy during

2000–2006 on the Tibetan Plateau using the

same product compared with in-situ Chinese

snow observations.

We set a threshold for cloud cover to reduce

cloud noise in our dataset. We chose 50% cloud

cover as the best tradeoff between data reliabil-

ity and availability, in line with other studies

(e.g. Parajka and Blöschl, 2008).

Because most of the available dataset was not

investigated by the NSIDC group for quality

check at the time of our analysis, we decided

to work only with those images flagged within

the NSIDC quality assessment as ‘‘INFERRED

PASSED’’. This issue led to the larger loss of

data in our time window, especially during win-

ter, when comparatively few images could be

retained. We then chose to analyze snow cover

dynamics during the ablation season only (from

June 18 to September 30), using a total of 37

images. The late summer SCA was used to cal-

culate the late summer Snow Line Altitude

(SLA) at the end of the ablation season. We used

Julian day 273 as the reference day for late sum-

mer SCA, according to the period (i.e., end of

the ablation season), and to snow cover minima

detected at this day. When this date was not

present in the dataset, we used the closest pre-

vious date (Table 2). We then inspected the

available winter snow coverage to insure the

capture of the largest snow cover (SCAMax fur-

ther on, see Section IV.2).

The results are compared with those of Thair

et al. (2011), who studied snow cover in the

Hunza basin, north of the CKNP. Because they

divided SCA data and trends in three altitude

belts (A, B, and C), we divided our dataset much

the same way (see Table 9 in Section IV.2). To

provide a meaningful comparison between dif-

ferent years, we compared snow cover at fixed

dates. Within the available database of reason-

ably clear images we chose a number of dates

when images were available for several years.

We carried out a linear regression in time of

snow cover data for each of these belts to ana-

lyze SCA trends over time.

Finally, we validated the MODIS snow prod-

uct by comparison with several Landsat satellite

images of the same period. The comparison and

its results are detailed in Section IV.

5 Climate data analysis

Monthly averaged meteorological variables

were provided by the Pakistan Meteorological

Department (PMD), derived from measurements



at a number of stations in North Eastern

Pakistan during 1980–2009. Data from the three

closest AWSs to the CKNP area, namely Gilgit,

Bunji, and Astore (from north to south, Figure 1

and Table 3) are used for this study.

The altitudes of the AWSs range from 1372

m a.s.l. (Bunji) to 2168 m a.s.l. (Astore), which

is rather low in comparison with the hypsogra-

phy of the CKNP. Given the large precipitation

lapse rates expected within the upper Kara-

koram (Bocchiola et al., 2011; Winiger et al.,

2005; Wulf et al., 2010), precipitation at these

low stations may not be fully representative of

precipitation in the CKNP. Data from AWSs at

higher altitudes (e.g. Askole, 3015 m a.s.l., and

Urdukas, 3926 m a.s.l., installed by Ev-K2-

CNR, see Bocchiola et al., 2011) are available,

but they cover a very short period (2005–now),

and display large lack of data. Therefore, little

information is available within the CKNP that

we know of, so we could only rely upon data

from the three selected AWSs. In spite of the

considerable vertical gradients within the area

(temperature and precipitation, the latter more

uncertain), relative variations observed at the

selected stations may be taken as representative

of variation also at the highest altitudes, at least

in a first approximation.

The main parameters for the climate analysis

are the monthly amount of precipitation, Pm

(mm), the monthly number of wet days, Dw, and

the monthly averages of the maximum and min-

imum daytime air temperatures, Tmax (�C) and

Tmin (�C). Pm provides the hydrological input on

the area, while Dw indirectly indicates the fre-

quency (or average duration) of precipitation

events (days with rainfall/snowfall). Unfortu-

nately, no snow gauges are available in the

PMD database, so no direct inference can be

made about snow amount and snow water

equivalent (SWE), neither splitting of precipita-

tion into either rainfall or snowfall was possible,

and Pm is labeled as ‘‘monthly amount of pre-

cipitation’’. High altitude snowfall in this area

seems still rather unknown. Some estimates

from accumulation pits above 4000 m a.s.l.

range from 1000 mm to more than 3000 mm,

depending on the site (Winiger et al., 2005), and

the authors here found ca. 1000 mm per year

during 2009–2011 in the Baltoro glacier area

at ca. 6000 m a.s.l. (Soncini et al., 2015). How-

ever, there is considerable uncertainty about the

behavior of precipitation at high altitudes, and

lack of snowfall data may lead to underestima-

tion of total precipitation. Here, upon analysis of

the average minimum winter temperature Tmin

Table 2. Julian days used to calculate late summer SLA according to data availability.

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Julian day 273 241 217 273 201 169 273 273 273 273 273

Table 3. Details for the AWSs used in the study, with seasonal averages (1980–2009) of precipitation
amounts and air temperature.

AWS
North

(�)
East
(�)

Altitude
(m a.s.l.)

Ave PJFM

(mm)
Ave TJFM

(�C)
Ave PAMJ

(mm)
Ave TAMJ

(�C)
Ave PJAS

(mm)

Ave
TJAS

(�C)

Ave
POND

(mm)

Ave
TOND

(�C)

Astore 35.20 74.54 2168 167 0.5 167 13.8 74 19.3 76 5.8
Bunji 35.40 74.38 1372 26 8.6 66 22.0 51 26.8 18 11.9
Gilgit 35.55 74.20 1460 23 7.4 61 20.6 37 25.0 17 10.1

Average precipitation and average air temperature per season (JFM, AMJ, JAS, OND) are reported as Ave P and Ave T,
respectively.



(below 0�C most of the time at the sites), we

may assume that water under snowfall is

included and Pm is a measure of total

precipitation.

The maximum and minimum daytime tem-

peratures (Tmax and Tmin) provide an indication

about the temperature characteristics in the

investigated periods (i.e., arrival and duration

of heat waves). Annual (Y) and seasonal (SEA)

values of the variables are also derived and used

in the analysis: Pm, Y/SEA is the sum of the

monthly values during a year/season; Dw, Y/SEA

represents the mean of monthly values during a

year/season; and T
max, Y/SEA

and Tmin, Y/SEA are

calculated as the mean of monthly values during

a year/season.

The data are investigated for trends using

linear regression (LR) analysis and the non-

parametric Mann–Kendall (MK) test, both tra-

ditional and progressive (backward-forward).

The significance of LR during the period of

observations is given by a p-value (p ¼ 5%,

e.g., Jiang et al., 2007). Multiple trends could

be identified in the time series analysis, e.g., by

assessing slope changes (see Bocchiola, 2014;

Seidou and Ouarda, 2007). However, in view of

the relative shortness of the series, a single slope

regression analysis was carried out. The MK test

(Mann, 1945; Kendall, 1975) is widely adopted

to assess the significance of trends in time series

(Bocchiola et al., 2008; Yue and Wang, 2002;

Zhang et al., 2000). It is a non-parametric test,

less sensitive to extreme values, and indepen-

dent from the hypothesis about the nature of the

trend (e.g., Wang et al., 2005). Here the MK test

was applied to raw data, without pre-whitening,

according to Yue and Wang (2002). Upon visual

inspection of the data, which would not display

evident break points or unexpected abrupt

changes, and given that no modification of the

stations’ status was labeled by PMD, we did not

carry out any homogenization procedure.

Further on, we tried to verify the hypothesis

that the temperature evolution in the Karakoram

is related to warming at global or hemispheric

scale. To do so, we investigated the correlation

between global temperature anomalies, DTG

(calculated according to Brohan et al., 2006),

and Tmin and Tmax at the AWSs. Also, we inves-

tigated the correlation of the weather variables

against the anomaly (vs. long term average) of

the Northern Atlantic Oscillation (NAO) index

(Hurrell, 1995; Jones et al., 1997; Osborn, 2004,

2006), during 1980–2009. Former studies

demonstrated the existence of correlation

between the NAO and the Karakoram climate,

most notably with precipitation (Archer and

Fowler, 2004). We therefore evaluated the (lin-

ear) correlation between i) local air tempera-

tures and DTG, and ii) the investigated weather

variables and the NAO index. As a representa-

tive parameter of the region, the averaged val-

ues between the three AWSs have been used.

IV Results

1 Glacier changes during 2001–2010

According to our inventory, the CKNP hosts

711 glaciers (see Table 5). Their total area in

2001 is 4605.9 + 86.1 km2, *35% of the study

site. This area represents *30% of the glacier

surface of the entire Karakoram Range within

Pakistan (total area from Bajracharya and

Shrestha, 2011). The biggest glacier is 604 km2

(Baltoro Glacier), while the mean glacier size is

6.5 km2. We divided the glaciers into size classes

following Bhambri et al. (2011) (Table 4).

Only 17 glaciers fall within the largest size

class (>50 km2), but they cover more than half

of the glacierized surface of the park. Glaciers in

the smallest classes (<1 km2) account for ca.

61% in number, while covering only 3.5% of

the glacier area. Glacier minimum elevation

(i.e., glacier termini elevation) is between

4500 and 5000 m a.s.l. on average, with few

larger glaciers reaching farther down (between

3000 and 3500 m a.s.l., Table 5).

Smaller glaciers (<1 km2) tend to have higher

termini location, similar to what is observed in

other glaciated regions, including, for example,



the Alaska Brooks Range (Manley, 2005), the

Swiss glaciers (Kääb et al., 2002), the Cordillera

Blanca (Racoviteanu et al., 2008), and the Ita-

lian Alps (Diolaiuti et al., 2012).

From the glacier hypsography, we observe

that glaciers range in elevation from 2250 to

7900 m a.s.l. (Figure 2). Small glaciers with

areas smaller than 1 km2 are restricted to eleva-

tions above 3500 m a.s.l. Their elevation range

is not very high, but some of them are even

found up to 7000 m a.s.l. (Figure 3).

Most of the large and prominent glaciers

instead originate above 7000 m a.s.l., and have

a wide elevation range. Further, the minimum

elevation reached by some of these large gla-

ciers is much lower than in the Greater Hima-

laya of India and Nepal (Hewitt, 2005).

We found a significant correlation (r¼ 0.5) of

area vs. altitudinal range (i.e., maximum minus

minimum elevation). Glaciers with smaller verti-

cal extent (i.e., maximum elevation close to the

average) feature smaller areas. This is because they

have small mass exchanges and therefore they can-

not produce long tongues. Also, they can only sur-

vive in elevation where accumulation is secured.

In the available literature (Bocchiola et al.,

2011; Mayer et al., 2006; Mihalcea et al., 2008;

Minora et al., 2015; Soncini et al., 2015), the

equilibrium line altitude (ELA) for CKNP gla-

ciers is placed between 5200–5300 m a.s.l.

According to Braithwaite and Raper (2009), the

ELA can be estimated from the median glacier

elevation with an error of +82 m. The median

glacier elevation derived from our inventory is

4985 m a.s.l. Rather than an indication of neg-

ative mass budgets, this discrepancy with the

literature value is more likely due to i) the exclu-

sion of the steep headwalls from the upper gla-

cier limits in our inventory (which entails a

lower value of median elevation), and ii) the fact

that many glaciers are significantly nourished

by avalanches and hence have small accumula-

tion regions. As a best approximation, the actual

ELA of the CKNP glaciers could be placed

between 5000 and 5200 m a.s.l. (Figure 2).

In 2010, the glacier area of CKNP was

4606.3 + 183.7 km2, slightly more than in

2001. Table 6 shows glacier data from 2001 and

2010, and it highlights some important changes

between the two years. Because some glaciers

changed their size class during 2001–2010, the

analysis of the area changes was performed con-

sidering the glaciers to belong to the same size

classes of 2001 for both years (Table 6).

The analysis shows that the total glacier sur-

face is rather stable during 2001–2010. The total

area change is 0.4 + 202.9 km2; 137 glaciers

compared to the entire sample of more than 700

glaciers changed in area (namely the 19% of all

the glaciers). Glaciers increasing their areas since

2001 account for an area gain of þ9.2 + 118.5

km2, while the loss was -8.8 + 164.7 km2.

In spite of the overall stable situation some

glaciers showed considerable changes. Some of

these are surge-type glaciers (Table 7). We

found a maximum advance of 2200 m in the

study period (Shingchukpi Glacier, Figure

4(a)). Examples of important advances are also

given by other tributaries of the Panmah Glacier

(South Chiring Glacier, Figure 4(b), and Second

Feriole Glacier), which have experienced

surges in 2001 and 2005 (Hewitt, 2007), now

Table 4. Number of glaciers and area distribution
within the study region, sorted according to glacier
size for 2001.

Size class
(km2)

Number of
glaciers

Number of
glaciers (%)

2001 glacier
area (%)

<0.5 291 40.9 1.4 + 0.5
0.5–1.0 140 19.7 2.1 + 0.5
1.0–2.0 118 16.6 3.7 + 0.4
2.0–5.0 75 10.3 5.2 + 1.9
5.0–10.0 36 5.3 5.3 + 2.3
10.0–

20.0
18 2.5 5.4 + 2.8

20.0–
50.0

16 2.3 11.4 + 2.9

>50.0 17 2.4 65.4 + 2.8
Total 711 100 100 + 1.9



Table 5. Glacier number and area distribution with respect to glacier termini elevation based on the 2001
inventory data.

Minimum glacier altitude (m) Glacier number
Cumulative
area (km2) % of total area % of total number

2000–2500 3 105.8 + 7.2 2.3 + 6.8 0.4
2500–3000 12 633.8 + 29.5 13.8 + 4.7 1.7
3000–3500 24 2152.5 + 74.6 46.7 + 3.5 3.4
3500–4000 83 950.3 + 29.3 20.6 + 3.1 11.7
4000–4500 229 449.2 + 7.1 9.8 + 1.6 32.2
4500–5000 268 258.6 + 4.2 5.6 + 1.6 37.7
5000–5500 77 37.0 + 0.4 0.8 + 1.0 10.8
>5500 15 18.8 + 0.5 0.4 + 2.6 2.1
Total 711 4605.9 + 86.1 100 + 1.9 100

Figure 2. Hypsography of glacier area distribution per size class and debris-cover by 100 m elevation bins
(based on 2001 glacier mask). Elevation data are based on the SRTM DEM of 2000. The gray bar represents
approximate placement of ELA. ELA: Equilibrium Line Altitude.



protruding far onto the main trunk of the Pan-

mah Glacier. The overall contribution of the

advancing surge-type glaciers to the CKNP area

gain is 2.6 km2, about 28% of the total area gain

in 2010 with respect to 2001.

Finally, the total supraglacial-debris cover-

age was 946.2 + 57.5 km2 in 2001, and

1054.6 + 117.3 km2 in 2010, i.e., about 20%
of the total ice covered area (see also Figure 1).

When considering only the ablation area, the

relative coverage is up to 31%. The supraglacial

debris covers 20–27% of glaciers in the size

classes larger than 2 km2 (size classes 4–8, see

Tables 4 and 6), with maximum in size class

number 7 (20–50 km2) (Figure 5).

According to our calculation, the debris

cover increased by108.4 + 130.6 km2. Despite

such error, this increment can be clearly

observed on specific glaciers, as for the Chogo

Lungma Glacier (Figure 6). The maximum

supraglacial-debris cover is found at 4300 m

a.s.l. (see also Figure 2).

Figure 3. Minimum and maximum elevation versus area size (2001). Values for discrete size classes are also
given. Notice the logarithmic scale for glacier size. SC: size class; m: minimum, M: maximum.

Table 6. Area coverage of glaciers within the CKNP according to satellite images (2001 and 2010) (columns
2 and 3). Surface area changes of the CKNP glaciers during 2001–2010 (columns 4 and 5).

Size class (km2) 2001 area (km2) 2010 area (km2) DA 2001–2010 (km2) DA 2001–2010 (%)

<0.5 66.2 + 0.4 66.1 + 0.7 �0.1 + 0.8 �0.1 + 1.2
0.5–1.0 97.4 + 0.5 97.7 + 1.0 0.2 + 1.2 0.2 + 1.2
1.0–2.0 170.4 + 0.8 170.5 + 1.6 0.03 + 1.8 0.02 + 1.0
2.0–5.0 239.9 + 4.6 242.5 + 8.7 2.6 + 9.9 1.1 + 4.2
5.0–10.0 246.2 + 5.7 246.7 + 11.9 0.4 + 13.1 0.2 + 5.2
10.0–20.0 248.1 + 7.0 251.1 + 14.8 3.0 + 16.3 1.2 + 6.5
20.0–50.0 525.6 + 15.2 525.4 + 32.0 �0.2 + 35.4 �0.04 + 6.7
>50.0 3012.1 + 84.1 3006.5 + 179.7 �5.6 + 198.4 �0.2 + 6.6
Total 4605.9 + 86.1 4606.3 + 183.7 0.4 + 202.9 0.01 + 4.4



2 Snow cover validation and variability

Several Landsat TM and ETMþ scenes were

processed to provide high-resolution (30 m)

snow maps to be compared with the MOD10A2

product used for the snow cover analysis (Table

8). The snow maps were derived using the

Normalized Difference Snow Index (NDSI),

which combines the reflectance values of band

2 and 5 (b2, b5) of the Landsat satellite as:

NDSI ¼ b2� b5

b2þ b5
: ð3Þ

Table 7. List of advancing surging glaciers in the CKNP from 2001 to 2010.

Glacier ID Name Latitude (�) Longitude (�) Advance (m) Area gain (km2)

276 Second Feriole Glacier 35.86 76.00 1800 0.8
534 Shingchukpi Glacier 35.90 76.02 2220 1.7
601 Skorga Glacier 36.24 75.76 375 0.2
616* Maedan Glacier 35.93 76.03 900 0.8
616* Drenmang Glacier 35.97 76.02 800 1.2
642 Unnamed 36.12 75.23 310 0.06
673 Unnamed 36.09 75.88 915 0.8
706 Kunyang Glacier 36.14 75.11 600 2.4

*Glacier code refers to the Panmah Glacier, of which these glaciers are tributaries.

Figure 4. Comparison of Shingchukpi Glacier’s (a) and South Chiring Glacier’s (b) positions in 2001 (left)
and 2010 (right).



As our snow cover analysis only referred to the

ablation season, we selected Landsat scenes

from the beginning of July to the first days of

October. Moreover, we resampled the Landsat

snow maps to match the resolution of the

MOD10A2 product (500 m) to evaluate the

effect of the spatial resolution on the compari-

son. The resampling was done using the major-

ity method, which assigns the most common

value amongst the original pixels in a specific

window to the new larger pixel.

The relative error ranges from 1 to 38% over-

all, but a difference is seen if i) Landsat TM and

ETMþ scenes are considered separately, and ii)

the resampled Landsat snow map is considered

instead of the original resolution (Figure 7). In

the first case, the relative error is 1–20% when

considering the ETMþ sensor, while it is 7–

38% for the TM sensor. The comparison is also

done with the older Landsat 5 satellite, because

of the SCAN-line corrector failure after April

2003 of the Landsat 7 satellite, which caused

data loss in the images recorded after this date.

The resampled Landsat snow maps might pro-

vide a better comparison with the MODIS prod-

uct due to the identical pixel dimension, which

mimics a similar decision strategy as for a

MODIS pixel, depending on the used threshold

for the MOD10A2 product. The relative error is

lower in the resampled snow map than in the

original data. In particular, the relative error

range (0–14%) is smallest when comparing the

resampled snow maps derived from the ETMþ
sensor.

It is worth remembering that the MOD10A2

product represents an eight-day snow cover

bundle, so the differences can also depend on

the different time resolution of the two data-

sets (1 day for the Landsat satellites, and 8

days for the MOD10A2). In particular, if the

Landsat acquisition date coincides with a

snowfall event, or is just before, major differ-

ences might occur. Moreover, the way the

MOD10A2 product is generated by the NSIDC

minimizes cloud-cover extent, such that a cell

needs to be cloud-obscured for all days in

order to be labeled as cloud (nsidc.org). This

makes this product preferable to the

MOD10A1 daily product (Wang et al., 2008),

and does not require additional cloud correc-

tion to be used.

The average SCALS, or snow covered area in

late summer, during 2001–2011 was investi-

gated with respect to altitude bins of 1000 m,

refined into 500 m bins from 3000-6000 m a.s.l.,

where most of the snow dynamics likely occurs

and ELA is expected to dwell (Figure 8). The

aspect (8 bins of 45�) is also analyzed to study

the variability of snow cover with orientation. A

considerable part of the SCA is laid between

4000 and 6000 m a.s.l. as expected, quite rapidly

decreasing for lower and higher altitudes. Espe-

cially in the lower altitudes the southern slopes

show clearly less snow cover than the other

orientations.

On average, 88% of SCA in late summer is

situated between 4000 and 6000 m a.s.l.

(SCALS
%) (Figure 9), thus demonstrating how

snow dynamics is most important in this altitude

bin, and that such range of altitude is utmost

critical, also in view of potential changes of

snow cover in response to climate change. From

the shape of the SCALS* curve (2001–2011

average snow cover area in late summer), it is

Figure 5. Supraglacial-debris coverage according to
glacier size class. Glaciers smaller than 2 km2 are
excluded from the graph because debris coverage
was negligible.



clearly seen how on average, above 5500 m

a.s.l. and up to 8000 m a.s.l., snow cover in late

summer is stable at about 85% of the maximum

seasonal value. Below this altitude, SCALS*

decreases quickly. SCAMax
% indicates the con-

tribution to snow cover of each altitude belt

Figure 6. Supraglacial debris coverage for 2001 (upper figures) and for 2010 (lower figures) for a portion of
the Chogo Lungma Glacier. FCC images (left), and debris coverage in yellow (right) are shown.

Table 8. Statistics of snow cover area obtained from Landsat NDSI and MOD10A2 snow product for
different years. Landsat snow maps are also presented in the 500 m pixel resampled version (majority
method).

Path/
row Date

ETMþ
(km2)

TM
(km2)

MOD10A2
(km2)

Relative
error (%)

ETMþ
500 m
(km2)

TM
500 m
(km2)

Relative
error (%)

ETMþ 148035 July 2001 2798 2904 4 2755 5
149035 September 2001 3869 4625 20 4646 0
148035 August 2002 3211 3257 1 3690 -12
149035 August 2002 2963 3198 8 3722 -14

TM 148035 October 2008 3498 4817 38 4270 13
149035 September 2008 4410 4853 10 4848 0
148035 August 2009 3251 3469 7 4033 -14
149035 August 2009 2812 3353 19 3556 -6
149035 October 2010 3544 4888 38 3526 39



during winter time, i.e., when SCA reaches its

largest value. The comparison of SCALS
%

against SCAMax
% quantifies the relative

importance of the loss of snow cover at the end

of summer in each belt, i.e., as quantified by

SCALS*. Notably the greatest cumulated SCA

loss (i.e. the vertical distance between SCALS
%

and SCAMax
%) is reached towards an altitude of

ca. 5000–5300 m a.s.l. (ca. 20%), with a

decrease above. This means that areas above

this belt tend to have a continuous snow cover

throughout the year. We therefore placed the

late summer snow line at an altitude nearby

5300 m a.s.l., which roughly corresponds to the

ELA. This is consistent with the pattern of

SCALS*, displaying swift increase above

between 5000 and 5500 m a.s.l.

We finally subdivided our SCA dataset into

three elevation bands (A, B, C, see Table 9)

according to Tahir et al. (2011), for bench-

mark against their findings (i.e., increased

SCA in the Hunza basin in the same period).

Table 8 reports the rate of variation in time, or

slope, of the snow coverage within each of the

three belts. Slope is the value of the rate of

variation estimated using linear regression

analysis, expressed in km2 per year.

SlopeSCA% is the rate of variation expressed

as a percentage of the initial SCA (in 2001)

per year. A slight increasing trend of snow

cover through time is visible in all the eleva-

tion belts (Figure 10). In belt A, a gain of

þ0.09 km2 yr�1 (or 2% of snow cover area

per year), was observed. In belt B, snow cover

area increased by þ2.35 km2 yr�1, or þ0.6%
yr�1. Belt C has increasing snow cover of

þ14.9 km2 yr�1, or þ0.2% yr�1.

3 Climate trends

The results of the trend analysis of climate are

shown in Table 10 and Figures 11 to 13, where

the most significant trends are highlighted. The

progressive MK test was carried out whenever

both MK and LR tests showed non-stationarity,

and the results are also shown in Table 10. Pre-

cipitation Pm demonstrates a substantial station-

ary behavior, i.e., no significant change is seen in

Figure 7. Snow cover areas (in red) for the CKNP in
2001. The black line in the center marks the edge of
the two images used to cover the study area (left:
July; right: September). SCA derived from (a) Landsat
7 (41% in July and 61% in September); (b) Landsat 7
resampled to 500 m (40% in July and 73% in Sep-
tember) and; (c) MOD10A2 (42% in July and 72% in
September.



the area. Concerning the number of wet days

(Dw), increasing values are found in Gilgit

(yearly, Y, since 2001, JFM, with no clear

onset), i.e., there is a significant increase of the

number of yearly (and winter) precipitation

events (Figure 10). In Astore, significant

increase of Dw is found in summer months (JAS)

via the LR test. The minimum temperature Tmin

increases significantly in Astore for winter and

spring (JFM, AMJ, since 1999–2002) and in

Bunji for all periods except in summer (Y, JFM,

AMJ, OND, since 1997–2003). In Gilgit, Tmin

decreases significantly during summer (JAS,

since 1986). The maximum temperature Tmax

increases significantly yearly, in fall and winter

in Astore (Y since 1998, JFM since 2000). Also

in Gilgit, significant Tmax increase is observed

for most periods (Y, JFM, since 1995, OND,

since 1991), while Bunji shows a significant

Tmax increase only in winter (JFM, since 1997).

In Table 10 we also report the results of the

correlation analysis against global drivers of cli-

mate. The minimum air temperature Tmin is

significantly positively correlated with respect

to DTG yearly, in winter and spring. The maxi-

mum air temperature Tmax is significantly posi-

tively correlated against DTG yearly, and

seasonally, especially in fall and winter. Con-

cerning the NAO index, Pm shows a significant,

albeit small correlation (negative vs. Y, and pos-

itive vs. JAS and OND). The duration of wet

periods Dw is significantly shorter for higher

NAO anomalies, unless during Spring. The

minimum temperature Tmin is negatively corre-

lated to NAO during winter and spring. Tmax is

negatively correlated to NAO (Y, JFM, AMJ).

V Discussion

According to our inventory, the glaciers of the

CKNP were rather stable in terms of surface

during 2001–2010. This is in contrast to the

evolution of most mountain glaciers outside the

Polar Regions, which experienced a general

retreat on average (Vaughan et al., 2013). In this

section we relate such stability with the results

Figure 8. Average snow covered area in late summer, SCALS, as per altitude bins, and aspect. Logarithmic
scale (base 2) is used to enhance small snow covered areas at very low (and very high) altitudes. SCA: snow
cover area.



of our climate analysis, the observed abundant

supraglacial debris, and the role of the surging

glaciers in the region. Then, accuracy and vali-

dation of our snow analysis is discussed, and

finally, a comparison between our glacier

inventory and the other existing inventories is

presented.

1 The relation between climate change and
glacier stability in the CKNP

The analysis of climate data from 1980 to 2009

measured by three AWSs (Table 3) revealed

that the occurrence of precipitation events has

increased. Considering that the median elevation

Figure 9. Distribution of 2001–2011 average snow covered area in altitude bins in late summer with respect
to the whole area (SCALS

%), of 2001–2011 average snow covered area in late summer (SCALS
*) with respect

to greatest (maximum) snow covered area in that bin, and of the 2001–2011 greatest snow covered area in
each bin with respect to the sum of 2001–2011 maximum values of snow covered areas in the whole park
(SCAMax

%). Logarithmic scale (base 2) is used to enhance small snow covered areas at very low (and very
high) altitudes. SCALS

%: 2001–2011 average snow cover area in late summer, with respect to the whole snow
cover area in late summer in the CKNP; SCALS

*: 2001–2011 average snow cover area in late summer;
SCAMax

%: ratio of 2001–2011 greatest snow cover area in each bin to the 2001–2011 greatest snow cover
areas in the whole CKNP.

Table 9. Characteristics of three elevation zones for snow cover with slope values from linear regression
analysis upon average snow cover.

Zone
Altitude bin

(m)
Surfacezone

(km2) Ave SCA (km2 yr�1) SlopeSCA (km2 yr�1)
SlopeSCA%

(% yr�1)

A 1900–3300 845 4.6 0.1 2
B 3301–4300 2803 384.4 2.3 0.6
C 4301–8400 9551 6574.6 14.9 0.2
ATOT/Slope%w 13200 17.3 0.25

Ave SCA: average snow covered area; SlopeSCA%: slope weighted upon SCA.



of the CKNP glaciers is close to 5000 m, that the

average minimum winter air temperature is

below 0�C most of the time, and that most of

the precipitation occurs in winter, this would

translate into more frequent snowfalls. This

assumption is confirmed by the analysis of the

SCA variation, which revealed slightly increas-

ing snow cover during the 2001–2010 ablation

seasons in this area. This finding is in accor-

dance with Hasson et al. (2014), who found that

summer SCA increased on average during

2001–2012 in the Shigar basin, where most of

the CKNP is located. Tahir et al. (2011) gave

further evidence of increasing SCA in the upper

Karakoram for the same period, while Gurung

et al. (2011) reported rising SCA in the western

HKH during 2002–2010.

The role of snow is of great importance for

glacier preservation (especially during melt sea-

son), as snow reflects a large portion of the

incoming solar radiation, protecting the under-

neath ice from melt. The same increasing trend

in SCA is confirmed also between 5000 and

5500 m a.s.l., where (i) the greatest cumulated

SCA loss (i.e., the vertical distance between

SCALS
% and SCAMax

%, see Figure 9) is found;

(ii) most of the glacier area resides (see Figure

2); and (iii) debris cover is sparse and can

enhance ice melt.

A decreasing trend in summer mean air tem-

perature was observed at Gilgit AWS during

1980–2009, and this would support snow and

ice preservation during the ablation season. Evi-

dences are also given by Shekhar et al. (2010),

who found a decrease of *1.6�C and 3�C,

respectively, in maximum and minimum air

temperature over the Karakoram range during

1985–2007, while Hasson et al. (2015) found a

significant cooling in July–October during

1995–2012 in the Upper Indus Basin. Quincey

et al. (2009) found decreasing mean summer air

temperatures modeled over the Baltoro area

during 1958–2001. Gardelle et al. (2012) con-

nected the reduced river runoff in the central

Karakoram with decreasing ice and snow melt

rates (as these would be the major water sources

of rivers in this region, according to Immerzeel

et al., 2010).

Finally, length and area changes are harder to

interpret in climatic terms than mass changes, as

Figure 10. SCA values for three different altitudinal zones (A, B, C see Table 9) of the CKNP for the May–
September window in 2000–2011. Data time period is given in years and Julian days.
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they respond slower (and in some cases even not

at all) to climate variations. Indeed, there is a

delay of the glacier area response to climate

change depending on glacier size, with usually

longer response times for larger glaciers (Bolch

et al., 2012). Glacier area gain may be the result

of several decades of positive mass balance for

large glaciers (Bhambri et al., 2013), which are

frequent in the study area. The observed climate

change towards more favorable conditions for

Figure 11. Summer (JAS) minimum air temperatures and winter (JFM) maximum air temperatures for the
Gilgit AWS, including their linear trends. In addition, the number of wet days Dw during winter is also
displayed.

Figure 12. Seasonal minimum air temperatures (winter: JFM, spring: AMJ) and winter maximum air tem-
peratures for the Astore AWS, including their linear trends.



glaciers in the Karakoram seems to substantiate

the slight glacier mass gain found by Gardelle

et al. (2012, 2013) for the 1998–2008 period

(equal to þ0.10 + 0.16 m w.e. yr�1). Either

this mass change was not large enough to cause

an increase of glacier surfaces in the region, or it

occurred too recently, and glacier areas might

respond in the future only to this changed

condition.

2 Difference between debris-free and
debris-covered glaciers in the CKNP

If CKNP glaciers are divided into debris-free

and debris-covered types, we can immediately

recognize two patterns. On the one hand, debris-

covered glaciers are mostly larger—Baltoro,

Biafo and Hispar glaciers belong to this

group—and they reach the lowest elevations

(even below 3000 m a.s.l., see Figure 3). More-

over, they are covered by debris almost entirely

up to about 4000 m a.s.l. (see Figure 2). The

debris can be brought by landslides from the

steep rock-walls surrounding the glaciers, rock

falls, and debris-laden snow avalanches. On the

other hand, debris-free glaciers are in general

smaller (the Yazghil Glacier being the largest

with 87 km2), and their termini are found higher

up on average (4600 m a.s.l., almost 700 m

above the mean termini of debris-covered gla-

ciers) (Figure 14).

From our analysis, the presence of glaciers

below 4000 m a.s.l. seems to be linked with the

presence of a supraglacial debris cover. Debris

can have two opposite effects on the ice (Dio-

laiuti et al., 2009; Østrem, 1959). If it is thick

enough (more than a critical thickness, to be

derived with field observations, Mattson et al.,

1993), it decreases ice melt rates by reducing the

heat flux from the top of the debris layer to the

debris-ice interface (Bocchiola et al., 2010).

According to Juen et al. (2014), a debris layer

thicker than 0.1 m is able to diminish ablation

efficiently, while Mihalcea et al. (2006)

reported a critical debris thickness of around

0.05 m on the Baltoro Glacier. The debris thick-

ness over most of the glacier termini in this

region is very high (often >1 m, Copland

et al., 2009; Mayer et al., 2006), and therefore

is able to reduce ice melt and preserve glaciers

Figure 13. Seasonal minimum air temperatures (winter: JFM, spring: AMJ) and winter maximum air tem-
peratures for the Bunji AWS, including their linear trends.



at such low altitudes where temperatures are

generally higher.

On the other hand, exposed ice cliffs and

meltwater ponds, the presence of which is

usually related to debris occurrence (Benn

et al., 2012), can enhance ice ablation. Sakai

et al. (2002) have shown that ice cliffs on

glaciers in Nepal could make a large net con-

tribution to total ablation of debris-covered

glaciers, although covering a small percentage

of the total glacier area. Juen et al. (2014)

stated, however, that melt on ice cliffs plays

a significant role for ice ablation, but not as

high as concluded by Sakai et al. (1998). Reid

and Brock (2014) concluded that ice cliffs

(even the smallest ones) account for *7.4%
of the total ablation on the Miage Glacier. The

effect of ice cliffs at a local scale can be

clearly seen in patterns of glacier elevation

change from DEM differencing (Bolch et al.,

2011). However, Gardelle et al. (2012) found

no significant differences in surface elevation

change between debris-free and debris-

covered glaciers in the Karakoram in the last

decade, indicating that the Karakoram Anom-

aly likely is controlled by other factors than

debris cover.

Finally, from Table 11 in Section V.3, we

observe that debris-free and debris-covered gla-

ciers contribution are similar but opposite,

being the first positive and the second negative.

Nevertheless, these area changes represent less

than 1% of the glacier area of both categories. In

Section V.3 we will see that most of the debris-

free gain is due to surge advances.

3 The contribution of the surging events to
the CKNP glacier area change

The total area of the CKNP glaciers was rather

stable during 2001–2010 (þ0.4 + 202.9 km2

over about 4606 km2). This value includes also

the area gain due to surge activities. As a surge

trigger mechanism remains inconclusive in the

region and very likely is not directly driven by

climate variations (Quincey and Luckman,

2014), we decided to split the analysis between

surge- and non-surge-type glaciers. Neglecting

the surge-type advances, the remaining glacier

surface is still more or less stable. The contri-

bution of the surge-type advances on the total

area gain results to 28%. It is also worth to note

that four out of eight surge-type glaciers are

debris-free, and account for even 77% of the

Figure 14. Debris-free and debris-covered glacier areas distribution per 200 m altitude bins.



total area change of all the CKNP debris-free

glaciers. It means that most of the area change

from debris-free glaciers is due to surging. The

most prominent surge example is the Shing-

chukpi Glacier, which is the debris-free glacier

with the largest surge advance (2220 m). It is

now in touch with the Panmah Glacier. On the

other hand, the area change due to surge is neg-

ligible for debris-covered glaciers (Table 11).

Despite the relatively large length and area

changes, and the high flow velocities during the

active phase of a surge (up to 5 km yr�1 for the

Khurdopin Glacier in the 1970s according to

Quincey and Luckman, 2014), it is difficult to

connect such advances to changes in mass bal-

ance. Previous works on surging glaciers in the

Karakoram have suggested that climatically

induced changes in glacier thermal conditions

may be linked to observed exceptional surging

(Hewitt, 2005), while others indicate that a

change in subglacial drainage is the dominant

control (Mayer et al., 2011). Quincey et al.

(2011) speculated that recent surges in the Kar-

akoram might be controlled by thermal rather

than hydrological conditions, coinciding with

high-altitude warming from long-term precipi-

tation and accumulation patterns. Nevertheless,

there is consensus that surge events are increas-

ing in the Karakoram, and this is likely to reflect

somehow recent changes in precipitation and

temperature in the region (Hewitt, 2007; Cop-

land et al., 2011; Bocchiola and Diolaiuti,

2013). Recently, Herreid et al. (2015), found

no significant difference in the Hunza basin

between surging and non-surging glaciers in

terms of total glacier area in a period of 37 years

on a sample of 93 glaciers. However, according

to the present knowledge, surge-type glaciers

might obscure the actual glacier response to cli-

mate change in this region—in particular

because their return periods are poorly con-

strained (Quincey and Luckman, 2014)—and

should therefore be discussed separately.

4 Comparison with the other glacier
inventories

We compared our glacier outlines with the ICI-

MOD inventory (Bajracharya and Shrestha,

2011), and the Randolph Glacier Inventory, version

4.0 (RGI, Arendt et al., 2014), the two other region

wide inventories. The source of the data used in the

RGI 4.0 for our region is mainly the Global Land

Ice Measurements from Space initiative

Table 11. Glacier area variation divided into debris-free, debris-covered, and surge and non-surge type
glaciers during 2001–2010. DAcov2001–2010 (%) is the percentage of area change relative to glacier coverage
(debris-free, or -covered), for surge and non-surge area changes. DArel2001–2010 (%) is the percentage of area
change relative to the total change (þ0.4 + 202.9 km2 over about 4606 km2), for debris-free and debris-
covered glaciers. Mean elevation values are also given.

Debris-free glaciers Debris-covered glaciers Total

no surge only surge no surge only surge debris-free debris-covered

Glacier number 528 4 178 1 532 179
Glacier number (%) 74.3 0.6 25.0 0.1 74.8 25.2
2001 Area (km2) 609.7+7.7 50.8+2.6 3940.5+85.7 4.9+0.8 660.5+8.2 3945.4+85.7
2010 Area (km2) 610.7+14.5 54.3+6.4 3936.4+183.0 5.0+1.6 665.0+15.9 3941.4+183.0
DA2001–2010 (km2) þ1.0+16.5 þ3.5+6.9 �4.0+202.1 þ0.1+1.8 þ4.5+17.8 �4.0+202.1
DA2001–2010 (%) þ0.2 þ0.5 �0.1 þ0.002 þ0.7 �0.1
DAcov2001–2010 (%) þ22.6 þ77.4 �98.5 þ1.5
DArel2001–2010 (%) þ52.8 �47.2
Mean altitude (m) 5029 5291 4864 5170 5031 4866



(GLIMS)—which consists mostly of data from the

first Chinese Glacier Inventory (Shi et al., 2009)—

but it also includes outlines from a previous ICI-

MOD inventory (Mool et al., 2007), and some from

Bhambri et al. (2013) in the Shyok river basin. To

make the comparison consistent, we selected only

those glacier polygons which were mapped in all

the three inventories at the same time. We chose to

compare the outlines from 2001 of our inventory

because they are closer in time to both the other

inventories. The comparison was made for the

entire glacier area and for the accumulation area

only,becauseminorchangesover time are expected

to occur in the accumulation area. An elevation of

5200 m a.s.l. was used as ELA, for the reasons

discussed in the Results chapter.

Table 12 shows the differences in area

between the ICIMOD and the RGI inventories,

compared to our mapping results. The relative

area difference is not large with respect to the

total glacier surface, but shows a tendency to

higher values above the ELA. Our inventory

tends to underestimate the glacier area in the

accumulation zone. In particular, the difference

in accumulation area amongst our inventory and

the ICIMOD one is half the one found by com-

paring it with the RGI (version 4.0). This might

derive from different strategies of mapping the

upper glacier limits in the different inventories.

In particular, the ICIMOD inventory used a

slope criterion to exclude all the headwalls stee-

per than 60� from the upper glacier limit. This

approach can partly explain the lower overall

glacier area found in the ICIMOD inventory and

the present one, compared to the RGI 4. Indeed,

the inclusion of the steep headwalls of the accu-

mulation basins in the glacier outlines, and the

presence of seasonal snow cover in the source

data, lead to larger glacier areas in the RGI, as

also reported by Nuimura et al. (2015). These

authors present a new glacier inventory (the

GAMDAM glacier inventory, GGI) where they

report significantly less glacier area compared

to RGI 4.0 in the Karakoram region (-13%), and

significantly more compared to ICIMOD

(þ22%). Unfortunately, we are not able to make

a direct comparison with the GGI, as this is not

available for download, and we cannot extract

the glacier areas within the CKNP borders

(which correspond to one third of the whole

Karakoram glaciers, according to ICIMOD).

We can only observe that our inventory is in-

between the RGI and ICIMOD just like the GGI

(Table 12).

Very recently, version 5 of the RGI was

released, with a glacier area of 5593.7 km2 in

the study zone.

We overlapped the glacier outlines of all the

available inventories by twos, and extracted the

regions which did not match, to study the abso-

lute differences between inventories (Table 13).

From this analysis, the RGI gave results farthest

from the other inventories in absolute terms.

The greatest difference is found when compar-

ing the accumulation zone, probably for the

same reasons just discussed.

Table 12. Summary of glaciers in the CKNP glacier inventory (year 2001), ICIMOD inventory, and the RGI
4.0. The areas are compared with respect to the CKNP 2001 inventory (see ‘‘Difference’’ values). Only glacier
polygons mapped in all the three inventories at the same time are shown.

CKNP 2001 ICIMOD RGI 4.0

Area Area
Difference

Area
Difference

(km2) (km2) (km2) (%) (km2) (km2) (%)

Total area 4256.8 + 63.9 4185.0 �71.8 �2 4658.5 401.7 9
above ELA 1342.9 + 2.6 1573.2 230.3 17 1831.6 488.7 36



VI Conclusions

The present manuscript exploits Landsat images

to produce a detailed glacier inventory of the

Central Karakoram National Park and to ana-

lyze the glacier changes during the first decade

in the new millennium. It provides a dataset of

glacier boundaries for 711 glaciers for the years

2001 and 2010. A supervised classification on

the Landsat images allowed the spatial analysis

of the supraglacial debris, which is abundant in

the glacier ablation area (*31% coverage).

Debris covers most of the glacier area up to

4000 m and its thickness is very high at the

terminus (up to >1 m, Copland et al., 2009;

Mayer et al., 2006; Minora et al., 2015).

The analysis of the area changes during

2001–2010 reveals a general stability (þ0.4

+ 202.9 km2 over 4605.9 + 86.1 km2 in

2001), evidence of the anomalous behavior

of glaciers in the Karakoram in contrast to a

worldwide shrinkage of mountain glaciers.

Even when neglecting the surge-type

advances, the area change remains stable, but

is slightly negative. However, the abundance

of surge type glaciers plays an additional role

in transporting ice volume towards lower

altitudes.

The Karakoram Anomaly is analyzed in view

of the ongoing climate change. A slight increase

in late summer SCA during 2001–2010 is

observed from MODIS snow data. At the same

time, the available weather stations reveal an

increase of snowfall events and a decrease of

mean summer air temperatures since 1980,

which would translate into more persistent snow

cover during the melt season. These results sup-

port an enhanced glacier preservation in the

ablation areas due to a long-lasting snow cover,

and stronger accumulation at higher altitudes,

pushing towards positive net balances. Never-

theless, linking these observations to the analy-

sis of glacier area changes is not unambiguous,

since there is a delay of the glacier area response

to climate change depending on glacier size,

with usually longer response times (even sev-

eral decades) for larger glaciers (Bolch et al.,

2012).

Finally, we stress the need to study the con-

tribution of meltwater ponds and steep exposed

ice cliffs to the overall ablation of Karakoram

glaciers, to improve the understanding of the

glacier melting processes in this region, as ice

melt in the flat lower part of the glacier tongues

represents a major source of water from the

Karakoram watersheds to the Indus river.
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