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Abstract

Karakoram is one of the most glacierized region worldwide, and glaciers therein are the
main water resource of Pakistan. The attention paid to this area is increasing, because
the evolution of its glaciers recently depicted a situation of general stability, known
as “Karakoram Anomaly”, in contrast to glacier retreat worldwide. Here we focused
our attention upon the glacier evolution within the Central Karakoram National Park
(CKNP, a newborn park of this region, ca. 12 162 km? in area) to assess the magnitude
and rate of such anomaly. By means of Remote Sensing data (i.e.: Landsat images),
we analyzed a sample of more than 700 glaciers, and we found out their area change
between 2001 and 2010 is not significant (+27 km? + 42 km?), thus confirming their
stationarity. We analyzed climate data, snow coverage from MODIS, and supraglacial
debris presence, as well as potential (con-) causes. We found a slight decrease of
summer temperatures (down to —1.5°C during 1980-2009) and an increase of wet
days during winter (up +3.3 daysyr'1 during 1980-2009), possibly increasing snow
cover duration, consistently with MODIS data. We further detected considerable supra-
glacial debris coverage (ca. 20 % of the glacier area which rose up to 31 % considering
only the ablation area), which could have reduced buried ice melting during the last
decade. These results provide further ground to uphold the existence of the Karakoram
Anomaly, and present an useful template for assessment of water availability within the
glaciers of the CKNP.

1 Introduction

The HKKH (Hindu Kush—Karakoram—Himalaya) stretches for more than 2000 kilome-
tres in length from East to West. Along this mountain range there is a considerable
variability in climate conditions, including varying source regions and type of precipi-
tation (e.g. Bocchiola and Diolaiuti, 2013), influencing the behaviour and evolution of
cryosphere. The HKKH nests about 60 000 km? of ice bodies, glaciers, glacierets and
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perennial surface ice in varying climatic regimes (Kaab et al., 2012), and it is consid-
ered the third pole of our planet (Winiger et al., 2005; Smiraglia et al., 2007; Kehrwald
et al., 2008). This large mountain system delivers water for agriculture, human con-
sumption and power production, and more than 50 % of the water in the Indus river
originating from the Karakoram comes from snow and glacier melt (Immerzeel et al.,
2010). The economy of the Himalayan regions relies upon agriculture, and it is highly
dependent upon water availability and irrigation (Aggarwal et al., 2004; Kahlown et al.,
2007; Akhtar et al., 2008). The most recent observations of glacier fluctuations indicate
that in the eastern and central HKKH glaciers are subject to general retreat, and have
lost a significant amount of mass and area (Salerno et al., 2008; Bolch et al., 2011).
Rapid declines in glacier area is reported throughout the Greater Himalaya and most
of mainland Asia (Ageta, and Higuchi, 1984; Ageta, and Fujita, 1996), widely attributed
to global warming (IPCC, 2001, 2007). On the other hand changes in climate and
glaciers geometry are not uniform. Observations of individual glaciers indicate that the
glacier retreat rates may vary strongly from among different glacial basins. In fact pos-
itive ice mass balances and advancing glaciers have been reported in the Karakoram
mountains, since the last decade, in spite of worldwide glacier decline (Hewitt, 2005).
Glaciers in the Eastern part of the HKKH receive accumulation from precipitation during
the Indian monsoon in summer, whereas in the West snow fall occurs mainly in win-
ter, through Westerly atmospheric circulations (Bookhagen and Burbank, 2010; Kaab
et al., 2012; Fowler and Archer, 2006). This variability in accumulation conditions may
be one reason for the large spread in glacier changes within the region (Bolch et al.,
2011; Kaab et al., 2012). Among others, Kaab et al. (2012) indicated a complex pattern
of glacial responses in reaction to heterogeneous climate signals. They used satellite
laser altimetry and a global elevation model to show widespread glacier wastage in the
Eastern, central and South—Western parts of the HKKH during 2003-08. The maxi-
mum regional thinning rate they found was -0.66 + 0.09 myr'1 in the Jammu—Kashmir
region. Conversely, in the Karakoram, glaciers seem to have thinned by a few centime-
tres per year, with this behaviour not linked only to the widespread supra-glacial debris
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cover. Unexpectedly, regionally averaged thinning rates under debris-mantled ice were
similar to those of clean ice. The glacier mass balance budget in the Karakoram posi-
tively affected the 2003—-2008 specific mass balance for the entire HKKH region, which
was estimated by Kaab et al. (2012) into —0.21 £ 0.05 myr‘1 of water equivalent. This is
significantly smaller in magnitude than the estimated global average for glaciers and ice
caps (Cogley 2009; WGMS, 2012). Some studies display not only balanced to slightly
negative mass budgets in the Karakoram range, but even an expansion and thickening
of the largest glaciers, mainly in the central Karakoram, since the 1990s, accompanied
by a non-negligible number of rapid glacier advances (i.e.: surge-type phenomena, see
among the others Diolaiuti et al., 2003; Hewitt, 2005; Barrand and Murray, 2006; Belo
et al., 2008; Mayer et al., 2011; Copland et al., 2011).

This situation of stagnant and advancing glaciers in the highest parts of central
Karakoram was called “Karakoram anomaly” by Hewitt (2005), and more recently the
“Pamir—Karakoram Anomaly” name was proposed by Gardelle et al. (2013). Hewitt
(2005) reported that 33 glaciers thickened (by 5 to 20m on the lowest parts of their
tongues) and/or advanced, or at least were stagnant in this region between 1997 and
2001. For instance, 4 tributaries of Panmah Glacier have surged in less than a decade,
3 in quick succession. Liligo Glacier, a tributary of Baltoro Glacier, advanced by 1.4 km
from 1986 to 1997 (Diolaiuti et al., 2003). Batura and Baltoro had stagnant termini, al-
though accompanied by down wasting and debris cover increase in the lowest reaches
(Shroder et al., 2010; Mayer et al., 2006).

In general glaciers in the Karakoram range seem to be less affected by the global
trend of negative glacier mass balance, with frequent observations of advancing
glaciers. This behaviour might be a consequence of the generally high elevations of
glaciers’ bodies in this area, combined with a possible increase in orographic precipi-
tation leading to enhanced accumulation. These observations were explained with the
recent climate peculiarities, i.e. (i) a decreasing trend in maximum and minimum tem-
peratures in some periods within the Karakoram range, and (ii) an increase in winter
precipitation (Archer and Fowler, 2004; Bocchiola and Diolaiuti, 2013). The negative
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temperature trend during summer is consistent with observed advance and thickening
of some Karakoram glaciers, and the reducing runoff shown by some gauging sta-
tion data from heavily glacierized catchments (e.g. Hunza basin, Hewitt, 2005; Archer,
2003). An in depth scientific understanding of the glacier evolution of 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. The annual glacier
mass balances of a few small and mainly debris-free glaciers (Fujita and Nuimura,
2011; Gardelle et al., 2012) are unlikely to be representative of the entire region with
some of the world’s largest glaciers. Therefore the combination of remote sensing stud-
ies and data from field surveys is required for improving the understanding of glacier
dynamics related to the specific climate conditions. In this contribution we present the
main results we obtained analysing Landsat images covering the Central Karakoram
National Park (CKNP) area to describe glacier coverage during 2001-2010. We further
processed meteorological data provided by the Pakistan Meteorological Department
(PMD), including precipitation and air temperature during 1980-2009 from three sta-
tions in the upper Karakoram nearby the CKNP. These data were also tested against
the Northern Atlantic Oscillation (NAO) index and global temperature anomalies (HAD-
CRUT data set, see Brohan et al., 2006) to assess potential teleconnections, claimed
recently to affect the climate in this area. We then evaluated snow-coverage in the
CKNP area during 2000-2011 from MODIS data, and supraglacial debris-coverage
variations during 2001-2010 from Landsat images. From the intercomparison of the
different data sources exploited here we try to draw an updated picture of the CKNP
glaciation, and discuss its peculiar behavior and features against the recent literature
upon HKKH glacier changes.

2 Study site

The CKNP is an extensive, newborn protected natural area within the Karakoram,
Northern Pakistan (Fig. 1). The park area is ca. 12162 km?, and roughly 40 % of it
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is covered by ice. The park’s mission is to preserve unimpaired natural and cultural
resources of this peculiar area, supporting the study and interpretation of this heav-
ily glacierized environment and its population of birds and mammals. There are some
glaciers that intersect the park boundary, and therefore we modified CKNP boundary so
as to include all glacier outlines, covering an area of 13199 km2, which we considered
when calculating glacierized versus not-glacierized area statistics in this paper.

The Park is a new protected area, funded in the last decade. Several scientists from
Pakistan and ltaly are cooperating to develop a Park Management Plan, implement-
ing best practices of environmental surveys within the framework of the SEED (Social
Economic Environment Development in the Central Karakorum National Park, Gilgit
Baltistan Region) project, funded by the Pakistan and Italian governments, and man-
aged by EvVK2CNR Committee. The highest altitude in the park, and in the entire west-
ern HKKH is reached by the summit of K2 mountain (8611 ma.s.l.). According to the
Koéppen—Geiger climate classification this area is a cold desert region, or BWK region,
with a dry climate, little precipitation, and a wide daily temperature range (Peel et al.,
2007). The HKKH area displays a considerable altitude range, influencing climatic con-
ditions. The Nanga Parbat massif forms a barrier to the Northward movement of mon-
soon storms, which intrude little into Karakoram. Thus, the hydrological regime in this
region is only partly influenced by the monsoon, while a major contribution results from
seasonal snow and glacier melt. Precipitation occurs in two main periods, winter (JFM)
and summer (JAS), i.e. driven by the westerly currents and monsoon respectively, and
the winter precipitation provides the dominant nourishment for the glacier systems of
the HKKH (Bocchiola and Diolaiuti, 2013). Some studies postulate that these moun-
tains gain a total annual rainfall between 200 mm and 500 mm, amounts that are gener-
ally derived from valley-based meteorological stations and which are less representa-
tive for the highest elevation zones (Archer, 2003). High elevation snowfall is still rather
unknown, due to the difficulty of obtaining reliable measurements. Some estimates
from snow pits above 5000 ma.s.l. range from 1000 mm to more than 3000 mm yr‘1,
depending upon site (Winiger et al., 2005; the authors of this study, unpublished data).
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However, there is considerable uncertainty about the spatial distribution and the ver-
tical gradient of precipitation at high altitudes. Among the natural elements within the
CKNP glaciers probably show the largest temporal variations. Within the park there
are more than 700 glaciers, spanning a broad range of size, geometry, type, and sur-
face conditions (i.e. debris free and debris covered ice). The Baltoro glacier, one of the
most prominent glaciers in the park, is about 60 km long, and it is one of the largest
debris covered glaciers worldwide. Baltoro glacier has been studied for more than one
century, within several scientific expeditions, among others those led by Ardito Desio,
a most renowned Italian scientist and explorer (Desio, 1954; Mayer et al., 2006). It is not
fully clear how results from the temperate zones can be applied to understand the dy-
namics of glaciers within the monsoon-dominated region of HKKH (Kaser et al., 2003),
and also in central Karakoram, with a reduced influence of monsoon precipitation, the
climate-glacier relation is not investigated in detail. The glacier-climate-hydrology inter-
actions in the lower latitudes are of great interest for both global and regional purposes,
and a network of well-chosen and carefully monitored glaciers is important to establish
a base for investigating these relationships (Kaser et al., 2003). In addition, accurate
observation of glaciers’ coverage and dynamics is needed to understand the role of
cryosphere in hydrology and water resources. The SEED project is focusing upon pro-
viding these data base, e.g. by developing the CKNP glacier inventory for different
periods. This is a base for (i) describing the present characteristics of glaciation in the
Park and its features and, (ii) evaluating glacier changes within a time window of about
a decade. The main results from this research activity are presented in this paper,
including the interpretation of the observed glacier dynamics against climate trends
from meteorological data provided by the Pakistan Meteorological Department (PMD),
covering the period 1980-2009, and against maps of snow cover area from MODIS
satellite during 2001-2011.
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3 Methods
3.1 Glacier data
3.1.1 The CKNP glacier inventory

On a global scale, glacier outlines can be derived using automated classification algo-
rithms from multispectral satellite data (e.g. Paul et al., 2004a,b; Paul and Kaab, 2005),
as recommended in the the Global Terrestrial Network for Glaciers (GTN-G, Haeberli,
2006).

For the compilation of the CKNP Glacier Inventory we followed the new and updated
recommendations suggested by Paul et al. (2010), and we considered the main pa-
rameters as follows:

— ldentification (ID), i.e.: each glacier entity has a unique identification code.

— Coordinates, i.e: we reported the coordinates describing the location of a glacier
as accurately as possible.

— Date, i.e.: each glacier outline is associated with the date of its acquisition, if
possible day, month and year.

— Surface area.

— Length, i.e.: we evaluated and inserted for each glacier the longest flowline value.
= Minimum elevation.

— Maximum elevation.

— Mean elevation.

— Median elevation.
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— Mean orientation/aspect. We derived the mean aspect from a DTM, that allows
one to consider the value of all individual cells that are covered by the glacier and
to derive a mean value in the full 0-360° range.

— Slope, i.e.: the mean slope was derived from elevation range and glacier length.

The images used in this study are from Landsat TM and ETM+ scenes of 2001 and
2010. Details of the scenes are provided in Table 1. For year 2001; Landast 7 ETM+
PAN-sharpened images were used as the base for the glacier delineation. The scenes
have been selected to obtain the least snow and cloud coverage. For 2010 Landsat
5 TM scenes were used primarily, due to problems with scan-line errors in the ETM+
scenes. Landsat 7 ETM+ gap-filled and PAN-sharpened images were simply used as
a support, whenever it was not possible to recognize some parts of the glacier bound-
aries in the reference Landsat 5 scene (e.g. when hidden by shadows). Moreover,
a Digital Elevation Model (DEM) from the Shuttle Radar Topography Mission (SRTM3)
was used to extract elevation related glacial parameters (e.g. minimum, maximum and
mean elevation, hypsography). We used the void filled CGIAR-CSI SRTM DEM version
4 (CGIAR-CSI, 2012), also used in other glacier related studies (Bolch et al., 2010).
The co-registration of the Landsat scenes to the DEM resulted in a correlation of less
than one pixel and thus no orthoprojection of the satellite images was needed.

To obtain glacier outlines we applied a semi-automatic approach. A fully automatic
classification system was not suitable since there are three main factors making glacier
boundary assessment uncertain, namely (i) debris cover, (ii) attached seasonal and/or
perennial snow, and (iii) the position of drainage divides in the accumulation area. Such
items make the accuracy of the final classification largely driven by operator’s sensitivity
(ESA, 2013). Thus, additional manual classification was applied upon the automatic re-
sults. As a basis for the classification scheme we have used some band combinations,
namely (i) 321 (true color), (ii) 543 (snow and ice represented by blue), and (iii) band
ratios 4 and 5 (TM4/TM5). A Supervised Maximum Likelihood (SML) classification was
initially used to detect all classes (bare-ice, debris, snow, rocks, shadows) in the study

2899

Jaded uoissnosig

Jaded uoissnosig

Jaded uoissnosiq | Jaded uoissnosiqg

uI
| MI M

TCD
7,2891-2941, 2013

2001-2010 glacier
changes in the
Central Karakoram
National Park

U. Minora et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/2891/2013/tcd-7-2891-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/2891/2013/tcd-7-2891-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

area, but it displayed poor accuracy. A comparison of the results of SML with the true
color image (band 321) showed large differences between automatic classification and
manual identification of specific classes. Eventually, we could use SML only to iden-
tify shadow areas, that were mostly excluded from further analysis. The combination
of different image products gave the best resulting glacier maps. Band combination
543 allowed a clear delineation of snow and ice, the ratio TM4/TM5 provided detec-
tion of the limits of snow accumulation areas (in particular upon the image acquired on
30 September 2001), while the true color image was used for detection of supraglacial
debris, and for quality check of classification. In addition, we evaluated our results
against our DEM and slope maps, which also supported the detection of morphologi-
cal evidence of debris covered ice, thus allowing to properly identify glacier snouts and
termini whenever covered by supra-glacial debris. We also referred to Google Earth® to
analyze high resolution SPOT images from the study area. After successful delineation
of the glacier boundaries, the area of each polygon was computed using a Geographic
Information System (GIS) software. Other glaciological parameters, such as minimum,
maximum and mean elevation, and the hypsographic curves, have been obtained by
combining the glacier outlines with the DEM.

3.1.2 Glacier outlines accuracy and error assessment

When performing a temporal analysis, inaccuracies may occur due to positional and
mapping errors. The latter depend upon the image resolution and its conditions at the
time of acquisition, namely cloud and snow-cover, presence of shadows and debris
hampering ice detection.

1. Georeferencing error

This type of error depends upon the referencing quality with respect to the specific
projection system. For our study we chose level 1T as the best possible one for geo-
referencing. The georeferencing accuracy of this type of data is obtained by NASA,
delivering the product, by means of a correction process based both upon Ground
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Control Points (GCPs, taken from the 2005 Global Land Survey), and Shuttle Radar
Topographic Mission (SRTM) DEMs (Landsat7_Handbook, 2013). The SRTM DEM is
thought to have good accuracy (Falorni et al., 2005, quoted also by Bolch et al., 2010),
and it is more accurate in areas with low contrast. Visual inspection of the two over-
lapped images revealed a good match. Thus we considered this error negligible with
respect to the other errors.

2. Linear resolution error (LRE)

Image resolution influences the accuracy of glacier mapping. The higher the res-
olution, the better the outlines, the smaller the error. Following VAgtle and Schilling
(1999) and Citterio et al. (2007), the final planimetric precision value was evaluated
considering both the uncertainty due to the sources (satellite images) and the clarity
of glacier limits. The area precision for each glacier was evaluated by buffering the
glacier perimeter considering the area uncertainty. The final precision of the whole
CKNP glacier coverage was determined by taking the root of the squared sum of all
the buffer areas. The error in area change AAE was then calculated as:

2

71 2 707
AAE = (Z P; 2001 -LRE2001> + z Pi2010-LRE2010 (1)
i=1 J=1

Where P, 5091 @nd P; 5919 are the glacier perimeters, and i/j is the number of ana-
lyzed glaciers, for 2001 and 2010 respectively, ranging from 1 to 711/707, respectively.
LRE,qo is the Linear Resolution Error affecting 2001 Landsat images while LREg4g
is that of 2010. As suggested by O’Gorman (1996), the precision error is half a pixel
for the area delineation. Therefore, the LRE should be half the resolution of a single
image, i.e. in our case 7.5m for the 2001 scene (the resolution of which was previously
implemented by the PAN-sharpening technique), and 15 m for the most recent one.

3. Errors depending on specific scene conditions
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Seasonal snow, cloud cover and presence of shadows and debris can introduce
errors in glacier area determination. Therefore, we selected scenes with the least pos-
sible snow and cloud cover (the latter is less than 6 %). Concerning snow cover, we
minimized its impact by choosing the LANDSAT images where glacier ablation area
was as snow-free as possible, and according to their temporal coherence, so as to
avoid major differences between the scenes for the same year (similar seasonality, see
Table 1). We also referred to other sources (SPOT from Google Earth©) whenever cer-
tain glacier features were not visible in the Landsat images. Furthermore, we used SML
classification to identify shadow areas, that were mostly excluded from the analysis.

3.1.3 Supraglacial debris-coverage

We applied a Supervised Maximum Likelihood (SML) classification to the Landsat false
colour composite image (i.e.: 543 bands) to map the supraglacial debris upon the study
area in 2001 and 2010. We first extracted the glacial areas upon the 2001 glacier mask,
thus reducing possible misclassifications in the classifier-training, due to out-of-glacier
pixel noise.

We chose to consider only glaciers larger than 2km?, because Landsat resolution
was too poor to discriminate debris areas in very small glaciers. So doing, we consid-
ered 4273 km? of ice cover (ca. 95 % of the total area). We then trained the classifier to
discriminate between two classes (“clean-ice” and “supraglacial debris”), by choosing
appropriate Region of Interests (ROIs). This led to an accurate automatic classification
of the debris, validated then by visual comparison of the resulting debris masks against
the visible colour Landsat images. We then investigated the debris cover change within
the studied period (2001-2010). Eventually, to investigate the role of debris cover within
glacier ablation area, we set the highest line of ablation to 5200 ma.s.l. (see e.g. Boc-
chiola et al., 2011).
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3.1.4 Debris mapping accuracy

Equation (1) was also applied to evaluate the error affecting debris-mapping. LREs
were the same used for glacier outlines accuracy assessment (namely 7.5m for 2001
and 15m for 2010).

3.2 Snow cover data
3.2.1 Snow detection

We used MODIS images to investigate snow-cover variability during 2001-2011 within
the CKNP. We downloaded the MOD10A2-V5 product, i.e. pre-processed raw MODIS
images, showing snow and other environmental features (e.g. lakes, clouds, etc.),
freely available from the National Snow and Ice Data Center website (NSDIC, 2013).
The data set contains fields of maximum snow cover extent over an eight-day period
(bundle). All the images have undergone further processing to fit the study area, and
a threshold for cloud cover was set to reduce clouds noise over the scenes. The overall
process consists of different steps:

— Re-projection from Sinusoidal to WGS84 Zone 43N projection;
— Image clipping to fit CKNP area;

— Attribute Tables extraction;

— Table and MODIS scene filenames export to spreadsheet.

All these steps have been cascaded into a script to process all data batch using Python

language (Python, 2013) combined with a GIS. Cloud coverage was inspected first con-

sidering different thresholds, and a best output was taken as a tradeoff between data

quality and quantity. In fact, the lower the threshold, the cleaner the scenes, but with

a higher loss of area. On the other hand, too high a threshold would lead to poor qual-

ity. Thus we set the threshold to 50 %, as a best tradeoff. Most of the available dataset
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have not yet been investigated by the NSDIC group for quality check, and further anal-
yses are ongoing. We compared our results against those in Tahir et al. (2011), that
studied snow-cover in the Hunza basin, north of the CKNP. We investigated snow cover
changes per elevation belts (A, B, C), trying to match as much as possible those re-
ported by Tahir et al. (2011). The classification is shown in Table 2.

We carried out linear regression of snow cover data within the three selected alti-
tude belts. To provide a meaningful comparison between different years, we chose to
compare snow cover at fixed dates. Within the available database of reasonably clear
images we chose a number of dates where images were available for several years.
We selected five dates during ablation season (from 18 June to 30 September), and
a total of 37 images. We chose to analyze dates during the ablation season because
a significant analysis of the accumulation season (fall-spring) would not have been
possible due to lack of a sufficient amount of data. Also, glacier nourishment is related
to snow accumulation at onset of thaw season and snow depletion thenceforth, so the
considered period seems relevant. Given the short series (11 yr) of snow cover data,
neither we carried out significance analysis of the observed trends, nor we pursued
other statistical tests (e.g. Mann—Kendall).

3.2.2 Snow data accuracy

As summarized in Parajka and Bloschl (2012), most of the MODIS accuracy assess-
ments reported the overall accuracy between 85 % and 99 % during clear sky condi-
tions. The accuracies at individual sites vary between 87.5 % and 100 %, but there is no
clear dependence between mapping accuracy and topography (Parajka et al., 2012).
Moreover, Tahir et al. (2011) have used ASTER images (which have high-spatial res-
olution) to validate MODIS snow cover products in the Hunza basin. The results they
obtained suggest that MODIS snow products are accurate in estimating snow cover
within our study area.
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3.3 Climate data analysis

We investigated monthly averaged meteorological variables, kindly 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
stations to the CKNP area, namely Gilgit, Bunji and Astore (from North to South, Fig. 1)
are used for this study. Earlier investigations (Weiers, 1995; Winiger et al., 2005; Boc-
chiola and Diolaiuti, 2013), suggested that in Northern Pakistan three main climatic
regions can be identified, depending mainly upon characteristic rainfall regimes. These
are

1. Western Himalaya (Kaghan Valley and Nanga Parbat), marginally influenced by
the monsoon, with annual precipitation ranging from 900 to 1300 mm in the al-
titudinal range between 1000 and 4000 ma.s.l., and increasing to 2300 mm at
5500 ma.s.l.,

2. Chitral-Hindukush, influenced by Mediterranean low pressure systems in win-
ter and spring, with average annual precipitation from 500 mm at 1000 ma.s.l. to
1300 mm at 5500 ma.s.l., and

3. Northwest Karakoram (including the CKNP area), with winter and occasional
spring and summer rainfall, where precipitation increases from 150-500 mm at
1500-3000 ma.s.l. to more than 1700 mm at 5500 ma.s.l.

All three meteorological stations used here are nested into Northwest Karakoram re-
gion. The analysis covers seasonal values of total precipitation, number of wet days
and maximum and minimum air temperature. The data are investigated for trends with
linear regression (LR) analysis and the non-parametric Mann—Kendall (MK) test, both
traditional and progressive (backward—forward). MK highlights not linear trends, and
may pinpoint the onset period of a trend, if any (Bocchiola and Diolaiuti, 2010). The sta-
tion altitudes range from 1460 ma.s.l. (Gilgit) to 2168 ma.s.l. (Astore), which is rather
low in comparison with the hypsography of the region and the likely large precipitation
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gradient in higher altitudes (Winiger et al., 2005; Wulf et al., 2010; Bocchiola et al.,
2011). Data from automatic weather stations (AWSs) at higher altitudes (e.g. Askole,
3015 ma.s.l., and Urdukas, 3926 ma.s.l., installed by EVK2CNR committee, see Boc-
chiola et al., 2011) are available, but for very short periods (2005—-now). Eventually,
the three chosen stations are the only ones available in our knowledge to analyse re-
cent climate patterns within the CKNP area. Given the relative proximity to the CKNP
(Gilgit and Buniji are placed 10-20 km from CKNP boundaries, Astore ca. 50 km), the
climate data within the selected stations may be thought as representative of climate
within the park area. Also, 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.

Unfortunately, no snow gauges are available in the PMD data base, so no direct in-
ference can be made about snow amount and snow water equivalent SWE (see. e.g.
Bocchiola and Rosso, 2007; Bocchiola, 2010; Bocchiola and Groppelli, 2010; Diolaiuti
et al., 2011, 2012), but only indirectly through remote sensing of snow covered area
SCA, like we do here, and hydrological modeling (see e.g. Bocchiola et al., 2011). The
main parameters for the climate analysis are the monthly amount of precipitation £,
(mm), the monthly number of wet days D,,, the monthly average of the maximum and
minimum day-time air temperature T, (‘C), Tmin (°C). P, provides the hydrological in-
put on the area, while D,, indirectly indicates the frequency (or average duration) of pre-
cipitation events (days with rainfall). No information concerning splitting of precipitation
into either rainfall or snowfall is available here, and £, is labeled as “monthly amount of
precipitation”. Upon analysis of the average winter temperature, that are below zero in
several sites, and of considerable £, values during winter unlikely to represent entirely
liquid values, we assume here that water under snowfall is included here and P, is
a measure of total precipitation. The maximum and minimum day-time temperatures,
Tmax and T, provide indication about the temperature characteristics in the investi-
gated periods (e.g. arrival and duration of heat waves). Annual and seasonal (JFM,
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etc.) values of the variables are also derived and used in the analysis, and A, y/sga iS
the sum of the monthly values during a year/season, D,, yv;sga represents the mean of
monthly values during a year/season, and T, v/sea @nd T, y/sea are calculated as
the mean of monthly values during a year/season.

The significance of LR during the period of observations is given by the p-value
(a =5%, e.g. Jiang et al., 2007). Multiple trends could be identified in the time se-
ries analysis, e.g. by assessing slope changes (see e.g. Seidou and Ouarda, 2007).
However, in view of the relative shortness of the series here, a single slope regression
analysis is carried out. The Mann—Kendall test (Mann, 1945; Kendall, 1975) is widely
adopted to assess the significance of trends in time series (Hirsch and Slack, 1984;
Gan, 1998; Chiew and McMahon, 1993; Lettenmaier et al., 1994; Zhang et al., 2000;
Yue and Wang, 2002; Bocchiola et al., 2008). It is a non-parametric test, less sensi-
tive to extreme values, and independent from the hypothesis about the nature of the
trend (e.g. Wang et al., 2005). Consider a sample of a random variable, e.g. Py, { Fy
y=1,2,...,Y } with Y being the length of the series. Taken a value within the sample
with index y, we define p,, as the number of elements of the sample with j < y for which
Pmn,j < Pny- Then 7 is defined as

Y
T = Zpy (2)

y=1

It turns out that 7 is asymptotically normally distributed, and its mean and standard
deviation are

u(t) = Y(Y =1)/4; o(r)=\/Y(¥ —1)Y +5)/72. 3)

The variable u(7) = (7—u(7))/0(7) is then a standard normal, and it is possible to derive

the associated confidence interval. The Mann—Kendall test verifies the assumption of

stationarity by investigating if u(7) is within the confidence interval for a given signif-

icance level (e.g. for a = 5%, the range would be —-1.96 to 1.96). In the progressive
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form of the Mann—Kendall test, the variables 7; and u(7;) are calculated for each el-
ement of the sample J, by trading Y for j in Egs. (2) and (3). The value of 7 defines
the direction (positive/negative) and magnitude (modulus) of the trend. The same pro-
cedure is applied by starting from the most recent values and backward. In this case,
p; indicates the number of elements of the series of A, , with j >y, and P, ; > P, .
Then u(’r}) is calculated accordingly from p'y and T}. If no trend is present, the diagram
of u(t;) and u(T}) against the sample unit (e.g. time) shows several crossing points.
Contrarily, if the series is affected by a trend, the crossing period is unique and allows
to approximately locate the starting point. Here the MK test was applied to raw data,
without pre-whitening, according to Yue and Wang (2002). Then, we investigated the
correlation of the weather variables against the anomaly (vs. long term average) of
the Northern Atlantic Oscillation (NAO) index (e.g. Hurrell, 1995; Jones et al., 1997;
Osborn, 2004, 2006), during 1980-2009. Archer and Fowler (2004) obtained a statisti-
cally significant (positive) correlation between winter precipitation and a monthly index
(November to January) of the NAO during 1961-1999, and a significant negative cor-
relation between NAO and summer rainfall at several stations. Further on, we tried
and 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 be-
tween global temperature anomalies DT (calculated according to Brohan et al., 2006)
and T, and T, of the station data.

4 Results
4.1 The CKNP glacier changes during 2001-2010

The 2001 inventory displayed 711 glaciers within the CKNP region (Table 5). Their total
area is 4587 (+18 km2), namely ~ 38 % of the total surface of the Central Karakoram
National Park (12162km?) and 35% of the surface of our study area (13199 km?).
This area represents ~ 30 % of the glacier surface of the entire Karakoram range in
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Pakistan (total area from ICIMOD, 2012). Thus, the CKNP glaciation seems a repre-
sentative sample for future considerations upon glaciers in upper Pakistan. The biggest
glacier is 604 km? large (i.e. Baltoro), while the overall average glacier size is 6.5 km?.
The 9 largest glaciers (1.27 % of the total number) cover more than half of the glacier-
ized surface. The smallest glaciers class (433 glaciers < 1 kmz) covers ca. 61 % of all
glaciers by number, while covering only 3.6 % of the glacier surface (see Table 6). Fifty-
three glaciers had an area smaller than 0.1 km? in 2001. Nevertheless they all together
covered a surface area of 2km? and were integrated in the CKNP Glacier Inventory
as “glacierets”. The glacier minimum elevation (i.e.: glacier terminus altitude) was be-
tween 4500 and 5000 ma.s.l. for almost 40 % in number of all the mapped glaciers. On
the other hand, this share of glaciers only accounts for 5 % of ice cover overall. In fact,
almost half of the glacier area is covered by a few bigger glaciers (only the 3.4 % of the
total number), with a minimum elevation between 3000 and 3500 ma.s.l. (see Tab. 4).
This mirrors the fact that larger glaciers tend to reach lower elevations, while smaller
glaciers have higher termini, as observed in other glaciated regions, including Alaska
Brooks Range (Manley, 2005), Swiss glaciers (Kaab et al., 2002), Cordillera Blanca
(Racoviteanu et al., 2008a), and lItalian Alps (Diolaiuti et al., 2011, 2012a,b).

Our mapped glaciers were sorted according to the size classes introduced by
Bolch et al. (2011), who studied Garhwal Himalaya’s glaciers in India. They applied
size classes as follows: < 0.5km®, 0.51-1.0km?, 1.01—2.0km?, 2.01-5.0km?, 5.01—
10.0km?, 10.01-20.0 km?, 20.01-50.0 km?, > 50.01 km?(Table 5). The hypsography of
the glacierized areas (2001) for the size classes and 100 m elevation belts is shown in
Fig. 2 (based on the SRTM DEM of 2000). The glaciers range in elevation from 2250
to 7900 ma.s.l.

The glacier size displays some characteristic distribution against glaciers’ altitude
(Fig. 3). Small glaciers with an area less than 1 km? are restricted to elevations above
3500 ma.s.l.. The elevation range is not very large, but some of the small glaciers are
found at up to 7000 ma.s.l.

2909

Jaded uoissnosig

Jaded uoissnosig

Jaded uoissnosiq | Jaded uoissnosiqg

uI
| MI M

TCD

7,2891-2941, 2013

2001-2010 glacier
changes in the
Central Karakoram
National Park

U. Minora et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/2891/2013/tcd-7-2891-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/2891/2013/tcd-7-2891-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

We found a significant relationship (o = 0.5) between the area and the vertical extent
of the glacier (i.e. difference between maximum and median elevation). Glaciers with
small vertical extent (i.e. maximum elevation close to median) feature small areas. In
addition, we found a significant relationship (o = 0.5) of the area vs. the altitudinal range
(i.e. maximum minus minimum elevation).

Then correlation analysis showed that small glaciers possess both smaller altitudinal
range and vertical extent. Conversely larger glaciers possess wider altitudinal range
and vertical extent and their snout reach the lower elevations. Most of the large and
prominent glaciers originate above 7000 ma.s.l. and have wide elevation range. More-
over, the minimum elevation reached by some of these large glaciers is much lower
than in the Greater Himalaya of India and Nepal (Hewitt, 2005). It is also interesting
to note that the mean elevation of all glaciers sizes is ca. 4990 ma.s.l., i.e. only a few
hundred meters below the estimated ELA.

In the inventory of 2010 the number of glaciers is slightly lower than in 2001, with 707
glaciers (due to some individual glaciers advancing to merge with neighboring glacier
bodies, see also Fig. 5), covering an area of 4613 km? (38 km?). Their size distribution
is shown in Table 5. Some glaciers have shifted from one size class to another during
2001-2010. To avoid inconsistencies, Table 6 shows the contribution of each glacier
according to the class it belonged to in 2001.

Based on this analysis, the total glacier surface increased slightly, by ca. 27 km? dur-
ing 2001-2010. The relative area change is not remarkable (+0.6 % of the 2001 area),
and it is smaller than the error we calculated from Eq. (1) (x42 kmz), thus suggest-
ing rather stable conditions. Moreover, we found 40 glaciers (over the whole sample
of more than 700) with changed area, i.e. only 0.06 % of the CKNP glaciers varied its
surface, confirming the stability of this glacierized region.

In spite of the overall stable situation, when focusing upon those 40 glaciers wit-
nessing surface change (i.e. due to advance or surge events), noticeable variations
are found (Fig. 6a, b). Especially glaciers in the size classes from 10 to 50 km? have
shown appreciable advances, with a decrease of the minimum elevation of up to 60 m
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with respect to 2001. These advances consisted in a downshift of the glacier minimum
elevation in 2010. In some cases they even advanced on top of their bigger neighboring
glaciers. A most prominent example is given by Panmah’s tributaries, some of which
have experienced surges from 2001 and 2005 (Hewitt, 2007), now protruding far onto
the main trunk of the Panmah glacier, which may (Fig. 6a) or may not (Fig. 6b) result
into a surface area increase.

Our results are in agreement with earlier observations, e.g. by Hewitt (2005), claiming
the existence of the “Karakoram anomaly”, a regional deviation from the general glacier
shrinkage observed in most glacierized areas worldwide (e.g. Gardelle et al., 2012).
Other neighboring Asian glacierized areas are undergoing a general glacier decline
(IPCC, 2007; Bolch et al., 2010; Bhambri et al., 2011; Pan et al., 2012), thus indicating
different conditions in the Karakoram.

Here, we distinguished glacier-snout movements between advancing and surging
type by visual inspection of the Landsat scenes. We focused upon the magnitude of
glacier-termini advance, and we labeled it as a surging type when it exceeded about
150 myr‘1 (Cuffey and Paterson, 2010). Under this assumption, and according to the
present literature (Hewitt, 2007; Copland et al., 2011), 6 glaciers (Panmah and Braldu
glaciers and some of their tributaries) are potentially affected by actual surge phenom-
ena. Furthermore, looped moraines are present on their surfaces, supporting this hy-
pothesis (Copland et al., 2003). Then the rest (and most) of glacier expansion through
recent years could be charged upon diffuse glacier advance activity. Barrand and Mur-
ray (2006) analysed 150 glaciers in the Karakoram, using multivariate statistical analy-
sis of data derived from ASTER and Landsat. They found that the incidence of surging
was statistically connected to various size-related variables, including glacier length
and perimeter, and debris cover. Moreover, the effect of glacier perimeter upon surging
may be explained by the increased availability of avalanche-fed snow and debris ma-
terial which may act as a mass balance proxy. In our case, the 6 glaciers witnessing
surge-type advances show complex perimeters, but not abundant supraglacial debris.
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4.2 Debris-cover changes during 2001-2010

Landsat images displayed that the total supraglacial-debris-coverage was 977 km?
(138 km2) in 2001, and 1070 km? (£194 km2) in 2010, about 20 % of the total ice cov-
ered area. When considering only the ablation area, the percentage rose up to 31 %.
The accuracy of the surface comparison is +£238 km?, then the change in the debris
cover area of +92 km? falls within the error range. In spite of this non-significant area
change, debris cover increment can be appreciated by comparison of two FCC images
upon some selected glaciers (Fig. 7). Source of debris cover may have been rocky
avalanches due to steep slopes, glacier dynamics, wind action and other factors. The
maximum cover was found at 4300 ma.s.l., in the ablation zone. Supraglacial debris
increase is likely another cause of the stable conditions of the Karakoram glaciers. In
fact supraglacial debris coverage, whenever thicker than the “critical thickness” (sensu
Mattson et al., 1993), is proven to reduce buried ice melting rates (Mihalcea et al.,
2006).

4.3 Snow-cover variability during 2001-2010

We analyzed trends of snow cover data during 2001-2010 (see Fig. 8). An increasing
trend of snow cover is seen through time in all the elevation belts (Table 2). In Belt A,
a gain of +0.09 km? yr’1 was observed, or 2% of snow cover area yearly. In Belt B,
snow cover area increased by +2.35 kmzyr'1, or +0.6 %yr'1. Belt C has increasing
snow cover of +14.86 km2yr’1, or +0.2 %yr'1. These results are qualitatively similar
to those in Tahir et al. (2001), who studied snow variability of the Hunza basin during
2001-2009, finding increasing snow cover area, especially in Belt C during summer.

4.4 Climate trends in the period 1980-2009

The results of the trend analysis of climate are shown in Table 7. The progressive
MK test was carried out whenever both MK and LR tests showed non-stationarity. The
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results of this analysis, i.e. onset date, and average values before and after this date,
as compared to long term average, are also reported in Table 7. Especially £,, demon-
strates a substantial stationary behavior, and no significant change of total precipitation
is seen in the area. Concerning the number of wet days (D,,), 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. In Astore signifi-
cant increase of D,, is found in summer months (JAS) via the LR test. In Bunji non-
significant decreasing values are observed. The minimum temperature 7, increases
significantly in Astore for winter and spring (JFM, AMJ, since 1999-2002) and in Buniji
also for all periods except in summer (Y, JFM, AMJ, OND, since 1997-2003). In Gilgit
Tmin decreases significantly during summer (JAS, since 1986), while a non-significant
decrease is found in fall and yearly. The maximum temperature 7,,,, increases signifi-
cantly yearly, in fall and winter in Astore (Y since 1998, Fig. 3, JFM since 2000). Also
in Gilgit significant 7,,,, increases are observed for most periods (Y, JFM, since 1995,
OND, since 1991), while Bunji shows a significant 7,,,, increase only in winter (JFM,
since 1997) and a non-significant decreasing trend in JAS. We then evaluated the (lin-
ear) correlation between (i) local temperatures and global thermal anomalies, and (i)
the investigated weather variables and the NAO index. As a representative parame-
ters of the region, the averaged values between the three stations have been used
(Table 7). The minimum air temperature T, is slightly, but significantly positively cor-
related with respect to DT yearly, in winter and spring. The maximum air temperature
Tmax 18 significantly positively correlated against DTg for annual as well as seasonal
periods, especially in fall and winter. Concerning the NAO index, P,, shows a signifi-
cant correlation (negative vs. Y, and positive vs. JAS and OND), but small in absolute
value. The duration of wet periods D,, is significantly shorter for higher NAO anomalies,
unless during spring. The minimum temperature T, is negatively correlated to NAO
during winter and spring. 7,,,a, iS negatively correlated to NAO (Y, JFM, AMJ).
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5 Discussion and conclusion

We used remote sensing data of ice and snow cover, together with climate data from
PMD automatic weather stations, to provide an overview of the state of glaciers within
CKNP in northern Pakistan, and possible trends occurring lately.

From our glacier inventory, in 2001 CKNP glaciers covered an area of 4587
(ﬂ:18km2), namely ~ 38 % of the park surface and ~ 30 % of the glacier surface of
the entire Karakoram range in Pakistan. In 2010 we found an ice coverage of 4613 km?
(+38 km2), thus giving a not remarkable area change (+0.6 % of the 2001 area), which
is also smaller than the error affecting our computation (+42 km2), thus suggesting
rather stable glacier conditions.

Moreover, we found 40 glaciers (over the whole sample of more than 700) with
changed area, i.e. only 0.06 % of our glaciers was found varying its surface, thus con-
firming the stability of this glacierized region.

Nevertheless, when focusing on this small subset of changing glaciers noticeable
variations can be detected. Especially glaciers in the size classes from 10 to 50 km?
have shown appreciable advances, with a decrease of the minimum elevation of up
to 60 m with respect to 2001. These advances consisted in a downshift of the glacier
minimum elevation in 2010. In some cases they even advanced on top of their bigger
neighboring glaciers (mostly because of actual snout advances and few because of
surges).

The most prominent examples of surging glaciers are given by Panmah'’s tributaries,
some of which have experienced surges from 2001 and 2005 (Hewitt, 2007), now pro-
truding far onto the main trunk of the Panmah glacier (Fig. 6).

The supraglacial debris was found 977 km? (+138km?) in 2001, and 1070 km?
(194 km2) in 2010, about 20 % of the total ice covered area and 31 % of the abla-
tion area. This debris coverage may have played a role in maintaining the quite stable
conditions of the Karakoram glaciers. In fact, supraglacial debris can decrease ice melt-
ing rate (i.e. whenever thicker than the “critical value”, see Mattson et al., 1993).The

2914

Jaded uoissnosig

Jaded uoissnosig

Jaded uoissnosiq | Jaded uoissnosiqg

uI
| MI M

TCD
7,2891-2941, 2013

2001-2010 glacier
changes in the
Central Karakoram
National Park

U. Minora et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/2891/2013/tcd-7-2891-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/2891/2013/tcd-7-2891-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

surface change falls within the error range affecting our calculation (+238 km2) but it is
clearly appreciable by analysing FCC images upon some selected glaciers, suggesting
it really happened (Fig. 7).

We found snow cover increase at thaw (June—September) everywhere. Our climate
analysis revealed a significant decrease in minimum summer temperatures (-1.5°C
during 1980-2009) at Gilgit, and a general increase in winter wet days (+3.3 daysyr'1
during 1980-2009), which at high altitudes might have supported the increase of snow
cover as detected. This favourable climate behaviour, together with the peculiar glacier
setting, with the largest part of ice bodies above 4500 ma.s.l. and a large fraction of
the melting glacier surface covered by rock debris, may have caused small ice losses.
These factors may have resulted into the stable ice cover area we found.

These findings are in agreement with the evidence of the “Karakoram anomaly” (He-
witt, 2005), a regional deviation from the general glacier shrinkage observed in most
glacierized zones worldwide, and also agree with the results by Kaab et al. (2012). This
glacier “anomaly” was only partially affected by glacier surges, unlikely to be a main
cause of glaciers’ snout advance.

Our findings are also in agreement with Gardelle et al. (2012, 2013) who used satel-
lite data to find out a slight mass gain for the glaciers of this area, and estimated the
Karakoram mass balance to be +0.10 £ 0.19 myr_1 water equivalent.

To further deepen knowledge of glaciers evolution in our target region more field
data are required, especially to describe high resolution glacier changes (glacier mass
balances), and to evaluate magnitude and rate of snow accumulation. The lack of snow
depth data at the highest altitudes, terribly important for ice nourishing, may limit our
understanding of glaciers’ dynamics, and claims for further investigation in this sense.
Extensive field data collection could improve our knowledge of behavior and dynamics
of glaciers in this part of the “Third Pole”.

Acknowledgements. Landsat data used in this paper are distributed by the Land Processes
Distributed Active Archive Center (LP DAAC), located at USGS/EROS, Sioux Falls, SD, http:
//lpdaac.usgs.gov.
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Table 1. Landsat imagery used for the analysis.

Date Image type Scene identification No. Path/row  Resolution Cloud cover
[m] [%]

21Jul 2001 ETM+ LE71480352001202SGS00 148/35 15 1.41

30 Sep 2001 ETM+ LE71490352001273EDCO01  149/35 15 5.67

23Jul2010 TM LT51480352010235KHC00  148/35 30 2.60

17 Nov 2010 TM LT51490352010290KHC00  149/35 30 2.77
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Table 2. Characteristics of the three elevation zones for snow cover. Slope is value of slope g. U. Minora et al.
from linear regression analysis upon average snow cover (see section Results). Slope.,,, is S
slope weighted upon snow cover area. §
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Table 3. Details for the weather stations used in the study and the mean annual precipitation %
amounts and temperature (1980-2009). See also Fig. 1. =
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Table 4. Minimum glacier altitude based on the 2001 inventory data.

Minimum glacier Glacier Area coverage % of total % of total
altitude [m] number [km?] area number
2000-2500 3 106 2.31 0.42
2500-3000 12 634 13.82 1.69
3000-3500 24 2153 46.93 3.38
3500-4000 80 95 20.71 11.25
4000-4500 231 437 9.52 32.49
4500-5000 268 253 5.52 37.69
5000-5500 76 36 0.78 10.69
> 5500 17 19 0.42 2.39
Total 711 4587 100 100
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Table 5. Number of glaciers within CKNP, sorted according to their area. Number of glaciers
reported for two years (2001 and 2010).

Size class [km?] 2001 2010 2001 glacier 2010 glacier 2001 glacier 2010 glacier
glacier glacier area distribution  area distribution number number
number number [%] [%] distribution [%] distribution [%]

<05 291 290 1.44 1.43 40.93 41.02

0.5-1.0 142 142 2.16 217 19.97 20.08

1.0-2.0 117 117 3.71 3.71 16.46 16.55

2.0-5.0 74 72 5.01 5.03 10.41 10.18

5.0-10.0 36 36 5.36 5.35 5.06 5.09

10.0-20.0 18 17 5.14 5.16 2.53 2.40

20.0-50.0 16 16 11.45 11.40 2.25 2.26

>50.0 17 17 65.66 65.77 2.39 2.40

Total 711 707 100.00 100.00 100.00 100.00
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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 (col-
umn 4). Surface area changes of CKNP glaciers with respect to their own class, and to total
area (columns 5 and 6). The area changes are computed considering each glacier according
to the class it belonged to in 2001.

Size class 2001 area 2010 area AA 2001-2010 % of class % of total
[km?] [km?] [km?] [km?] arealost  area lost
<0.5 66 66 -0.1 -0.1 -0.4
0.5-1.0 99 100 0.2 0.2 0.7
1.0-2.0 170 171 0.2 0.1 0.7
2.0-5.0 230 232 1.6 0.7 6.2
5.0-10.0 246 247 04 0.1 14
10.0-20.0 236 238 1.9 0.8 7.3
20.0-50.0 525 526 0.2 0.0 0.7
>50.0 3012 3034 22.2 0.7 83.4
Total 4587 + 18 4613+ 38 26.6 £42 0.6 100
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Table 7. Results of the climate trend analysis: (a) results of the LR and MK analysis. For MK,
p value is displayed. The LR values are the linear regression coefficients (i.e. slope of the
regression line), LR p is corresponding to p value. In bold significant p value (a = 5%) are
given. (b) The beginning year and average values before and after the start for the trends
derived from the progressive MK test are given. LT is the long term (1980-2009) average. (c)
Correlation analysis of station mean climatic variables vs. global temperature anomalies DTG
and NAO index. The significant correlation (a = 5 %) results are displayed in bold.

(a) Station  A,-D,, Py Piem Pamg Pias Fonp D,y Dyyem Dyamy  Dwsas Dwonp
Astore MK 0.38 040 0.60 090 0.56 0.25 0.96 0.66 0.10 0.71
Astore LRs -2.22 -0.94 -0.39 0.00 -0.89 0.34 0.01 -0.01 0.08 0.03
Astore LR p 0.43 0.55 0.84 1.00 0.49 0.22 0.71 0.87 0.04 0.27
Buniji MK 0.90 0.42 0.99 0.99 0.84 0.84 0.38 0.38 0.68 0.79
Bunji LRs -0.32 0.29 -0.18 0.03 -0.47 -0.06 -0.01 -0.03 0.00 0.02
Buniji LRp 0.82 0.49 0.84 0.96 0.39 0.81 0.85 0.44 0.94 0.28
Gilgit MK 0.42 0.87 0.40 0.79 0.90 0.00 0.00 0.15 0.21 0.93
Gilgit LRs 0.59 0.09 0.78 -0.07 -0.20 0.87 0.11 0.09 0.06 0.03
Gilgit LR p 0.55 0.80 0.34 0.87 0.64 0.00 0.00 0.04 0.12 0.38
Station Toin~Tmax Ty Torm Tamy Tons Tonp Ty Torm Tamy Tins Tonp
Astore MK 0.07 0.05 0.04 0.71 0.23 0.01 0.01 0.34 0.99 0.28
Astore LRs 0.03 0.05 0.06 0.00 0.02 0.04 0.08 0.05 0.01 0.04
Astore LRp 0.02 0.05 0.01 0.87 0.23 0.01 0.00 0.11 0.76 0.09
Bunji MK 0.01 0.00 0.03 0.82 0.02 0.58 0.01 0.73 0.07 0.42
Bunji LRs 0.04 0.07  0.06 -0.01 0.04 0.01 0.06 0.01 -0.03 0.02
Bunji LR p 0.00 0.00 0.01 0.81 0.04 0.38 0.01 0.73 0.13 0.29
Gilgit MK 0.16 0.42 0.76 0.03 0.49 0.00 0.00 0.33 0.93 0.01
Gilgit LRs -0.01 0.02  0.01 -0.05 -0.02 0.05 0.09 0.06  0.00 0.07
Gilgit LR p 0.41 0.39 0.62 0.02 0.41 0.00 0.00 0.07 0.85 0.00
(b) Station  Var. Yearst. LT Before After St Var. Yearst. LT Before  After
Astore Toinsem 2002 —44 —48  -37 Bunji Tumono 1997 51 49 5.5
Astore Toinaws 1999 76 72 84  Bunji Toworw 1997 138 133 145
Astore Ty 1998 157 153 162  Gilgit Dyy 2001 393 336 534
Astore Tomoew 2000 54 48 64  Gilgit Tmnas 1986 156 167  15.3
Bunji Toiny 2003 109 107 117  Gilgit Toaey 1995 241 237 246
Bunji Tomorn 1997 35 3.1 41 Gilgit Toworm 1995 138 13 14.6
Bunji Tonawy 2001 153 15 162  Gilgit Towono 1991 189 182 193
(c) Y JFM AMJ  JAS OND - Y JFM AMJ  JAS OND
DTo/Tyn  0.21 025 035 -016 019 NAO/D, -0.32 -044 033 -033 -0.10
DTg/Tmax  0.55 0.41 024  0.11 0.33  NAO/T,, 0.00 -0.36 -0.26 0.05 0.12
NAO/P,, -0.14 0.10 0.17 0.18 0.17 NAO/T.x —0.21 -0.23 -0.22 0.06 -0.05
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Fig. 2. Hypsography of glacier area distribution per area class by 100 m elevation bins (based
on 2001).
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Fig. 9. Seasonal minimum air temperatures (winter: JFM, spring: AMJ) and winter maximum

air temperatures for the station Astore, including their linear trends.
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Fig. 11. Summer minimum air temperatures (JAS) and winter maximum air temperatures (JFM)
for the station Gilgit, including their linear trends. In addition also the number of wet days D,,

during winter is displayed.
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