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Abstract
Pakistan’s Karakoram region has a large variety of glacier types. Equilibrium line altitude (ELA) of alpine or valley gla-
ciers represents mass balance. Field observations for estimation of ELA of the majority of Karakoram’s glaciers are not 
available due to rugged glacier-covered terrains and lack of climatic data above 5000 masl. Therefore, we applied the 
hypsometrically controlled accumulation area ratio (AAR) and accumulation area balance ratio (AABR) methods for 
ELA estimation and glacier–climate reconstructions in the Shigar River Basin of the Karakoram region. Constrained by 
mountain topography, larger size and type of glaciers, several ranges of ELA are calculated and implemented for several 
ratios. Two parameters (ratio and interval) are provided to calculate AAR-ELAs between 0.4 and 0.8 with 0.05 interval and 
AABR-ELAs between 0.9 and 4.4 with 0.01 interval. By providing constant AAR (rather than constant glacier area), this 
approach adjusted glacier geometries (area) to future ELA variations. For constant AAR of 0.4–0.45, a 90-m ELA decrease 
from 5769 to 5679 m of Baltoro glacier adjusted its geometries by reducing ~ 5% area. The highest decrease of 140-m ELA 
of the same glacier is reported for constant AAR of 0.7–0.75, revealing a significant loss of 8% geometries. The projected 
geometry losses for all these glaciers are highly variable, with top-heavy glaciers (Biafo and Baltoro) projected to experi-
ence the major losses in glacier-ice area. It is concluded that the quality of ELAs is highly dependent on the reconstructed 
three-dimensional glacier surfaces.
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1  Introduction

Within Hindu Kush Himalaya (HKH), Karakorum Range has 
the highest share of the glaciated area with approximately 
37% of the area under glaciation [4] with 10% being debris 
covered [20]. Pakistan’s Karakoram region has a large vari-
ety of glacier types (e.g. avalanche nourished, snow and 
ice avalanches nourished, snow-fed and small-ice mass 
fed) [8, 9, 13, 19, 33, 34] and climatic conditions, but glacier 
characteristics are still only poorly known [16]. Particularly, 
estimation of equilibrium line altitude (ELA, the separat-
ing contour between a glacier’s accumulation and ablation 

area) becomes hard to accomplish because zero mass-bal-
ance (the net variation in glacier mass over a fixed year) 
observations of the majority of Karakoram’s glaciers are 
not available [35]. The rugged glacier-covered terrains and 
severe climatic conditions in the Karakoram lead to scar-
city in field observations. Historically, ELAs of two glaciers: 
Biafo [14] and Baltoro [24] of Shigar River Basin (SRB), were 
derived by using field data. Despite obtaining many years 
of snowline height values, Hewitt [13] expresses doubt 
pertaining to estimates and placement of glacier ELAs. 
Secondly, the ELA can hardly be detected as an unbroken 
line at the same altitude traversing the entire extent of the 
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existing glacier, due to localized topographic and climatic 
disparities in ablation and accumulation [3, 15]. However, 
gaps in knowledge are decreasing substantially in recent 
years, thanks to increased use of satellite imagery and digi-
tal elevation models (e.g. to compile glacier inventories 
or derive ELAs) and availability of geographic information 
system (GIS)-based ELA estimation methods [7, 30, 41]. 
Altitude area ratio (AAR), the ratio of accumulation area 
to the total glacial area of the glacier (Meier, 1962), is used 
by many studies independently or in a combination of 
other methods. Lachniet and Seltzer [18] individually esti-
mated hypsometry-based ELA by using both methods AAR 
and altitude area balance ratio (AABR) for high-elevation 
mountain glaciers in the Talamanca Range of Costa Rica 
and Taiwan. Stansell et al. [39] used the same method for 
nine palaeo-glaciers in the Venezuelan Andes. Only AAR 
method is applied to estimate ELA of Alaska and north-
west Canada glaciers [22], Li and Li 2014), while three-year 
mean ELAs for 13 glaciers of Hunza River Basin are derived 
in a combination of other methods (Shrestha et al. 2017). 
Alternatively, snowlines, or steady limits on glaciers, are 
generally considered as reasonable estimates to ELAs and 
year-to-year AAR and to reflect mass-balance variations 
[11].

SRB (study area) (Fig. 1a) is one of the eight Upper Indus 
subbasins (i.e. Astor, Gilgit, Hunza, Shingo, Shigar, Shyok, 
Zanskar and Upper Indus). Out of the 21,192-km2 snow 
and glacial-ice area in Upper Indus Basin, SRB has the high-
est glacial area followed by Hunza and Shyok [2]. The focus 
of this study is to estimate ELAs of SRB glaciers based on 
AAR and AABR methods as there is a lack of field data for 
ELA calibrations. Therefore, glacier ELA reconstructions 
are based on implicit and optimal AAR and AABR values. 
These methods have been applied for reconstruction of 
glacier–climate geometries in the mountain ranges world-
wide (e.g. [5, 17, 29, 31]. However, these methods take gla-
cier geometry derived from the topography [30]. Addition-
ally, AABR takes mass-balance gradient into account as 
well. Out of the total 439 glaciers [38] of the study area, we 
selected four glaciers (Baltoro, Biafo, Panmah and Chogo 
Lungma) (Fig. 1b) due to their location, larger sizes  and 
type. Furthermore, the studied glaciers cover 70.25% or 
1534-km2 (approximately two-thirds) of glacial area of 
the study area. Secondly, these glaciers are nourished by 
medium- or small-sized glaciers or tributaries which con-
tribute melt water significantly to Indus River rise due to 
their shorter response times. A GIS-based automatic tool 
developed by Pellitero et al. [30] has been employed to 
estimate glacier ELAs for a series of AAR (0.4–0.8) and AABR 
(0.9–4.4) values. We used the AAR value of 0.6 and AABR 
value of 2.24 for their respective zero mass-balance esti-
mation due to their high-altitude mountain topography. 
Iteratively, ELAs are estimated followed by balance-ratio 

adjustments. Altitudinal land area covered by the glacier 
away from the ELA (either negative or positive) is assumed 
to have a greater influence to overall mass balance than 
glacial area that lies nearby to the ELA. The proportions of 
glacier breadth to ablation at snout are considered to be 
good indicators of response time of glacier volume [36]. 
Therefore, the likely mass losses under different ratios are 
determined above and below the ELAs. Furthermore, an 
attempt is made to create a relationship between verti-
cal and horizontal climatic regimes of glaciated and non-
glaciated landscapes of SRB.

2 � Shigar landscape

This study was undertaken in the SRB which lies exclusively 
within the Karakoram Range of the Hindu Kush Himalaya 
(HKH) region of northern Pakistan (Fig. 1a). This landscape 
is one of the eight subbasins of Upper Indus Basin of the 
northern mountainous reaches of the Indus River, the 
main river systems of South Asia. Apart from many other 
glaciers of Karakoram, glaciers of SRB provide melt water 
to the Indus River. This landscape covers 7000 km2 (8.8% 
of the Karakoram’s total land area) and lies between 35.4° 
and 36.1° N and 74.9° and 76.7° E. This basin, stretching 
from Ladakh, through Baltistan, southern Xinjiang and up 
to the north-eastern border of Nagar district is the sec-
ond largest glacial ice occupied landscape as compared 
to the eight subbasins of the upper Indus [1]. The south-
west boundary of the SRB is surrounded by Shyok River 
Basin and south-east by Indus basin. It ranges in elevation 
from 8611 m above sea level (m) at the top of K2 peak 
to 2775 m at Shigar Bridge, with an average elevation of 
4613 m. Distribution of the study area in multiple elevation 
bands is shown in Fig. 1b. The largest proportion (27.95%) 
of the total land area of SRB lies between 4510 and 5086 m 
altitudes followed by 24% between 5086 and 5785 m. At 
middle elevation, 22.5% lies between 3853 and 4510 m 
followed by 12.2% between 3000 and 3853 m. The low-
est proportion of land area (6%) lies between 5785 and 
8572 m.

About 439 glaciers of SRB (~ 7000 km2) (Fig. 1a) adhere 
to mountain sides and therefore do not fit in the primary 
classification pattern given by RGI Consortium [38]. Only 
four glaciers of SRB that lie in the Karakoram have larg-
est sizes between 250 and 640 km2 covering 70.25% or 
1534-km2 glacial area. Portions of these four glaciers 
that lie inside SRB are extracted from RGI-Version 6.0 
[38]. These glaciers include Baltoro glacier (550 km2 lies 
within SRB) having more than 25 tributaries, with huge 
accumulation region that lies at plateaus encircled by 
high-pitched mountain peaks (e.g. Gasherbrum I and II, 
Broad Peak, K-2). Biafo glacier (340 km2 lies within SRB) 
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representing a series of mountain peaks and snow lakes 
(e.g. 16-km-long Biafo-Hispar) is nourished by more 
than one accumulation region whose snout joins at low 
elevation in the valley. Chogo Lungma glacier (230 km2) 
has more or less similar thicknesses from top to bottom, 
while Panmah glacier (240 km2) has smaller children 
(tributaries) such as Choktoi, Nobande Sobande, Dren-
mang, Chiring, S. Chiring (Maidan), Shingchukpi and 
Feriole.

3 � Materials and methods

3.1 � Glacier data

An updated version of glacier dataset (Randolph Glacier 
Inventory (RGI)-Version 6.0 (released in July 2017 and 
available on http://​www.​glims.​org/​RGI/​rando​lph60.​html) 
is used. RGI-Version 6.0 contains outlines of glaciers which 
are entirely new [38]. DEMs for these larger glaciers of SRB 

Fig. 1   Map of the study area 
(Shigar River Basin) within the 
three Hindu Kush Himalaya 
(HKH) mountain ranges (Hindu 
Kush, Himalaya, and Kara-
koram), the glacier outlines 
(RGI-V.6) and streams/rivers (a) 
extent and hypsometry of the 
four largest glaciers of Shigar 
extracted from RGI-V.6 (b)

http://www.glims.org/RGI/randolph60.html
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are extracted from a worldwide compiled, arranged and 
filtered ASTER global digital elevation model (GDEM2) 
[12] obtained from https://​earth​explo​rer.​usgs.​gov/. The 
GeoTIFF format of ASTER GDEM2 used for ELA calculation 
was available with referenced to the WGS84 geoid and a 
1-arc-second 30-m grid of altitude. Therefore, it easily over-
lapped with glacier outlines of SRB as well. Secondly, for 
vertical profiles, accuracy of pre-production estimates of 
digital elevation models was 20 m at 95% confidence and 
30 m at 95% for horizontal profiles. We found few pixels 
with missing data in Shuttle Radar Topography Mission 
(SRTM). Overall, the accuracy and quality of ASTER GDEM2 
digital elevation model used for this study were compara-
tively consistent for the entire SRB.

3.2 � Input to AAR and AABR

Hypsometric Integral (HI) toolbox based on the eleva-
tion–relief ratio method (Eq. 1) proposed by Pike and Wil-
son [28] provided by ArcGIS platform of ESRI is used to 
compute the hypsometric integral (the area lying under-
neath the standardized hypsometric curve) for SRB. The 
resulting hypsometric or the experimental cumulative 
distribution function of altitudes of glaciers of SRB is used 
as an input to AAR and AABR methods for ELA estimation. 
The hypsometric curves are made from lowest to high-
est altitude to represent the ratio of cumulative normal-
ized elevation and cumulative normalized area above 
the elevation. A higher curve or/and more convex-down-
ward curve indicates slow altitudinal changes in glacier 
hypsometry.

The relationship is expressed as:

where E is the altitude–relief ratio equivalent to the HI 
(hypsometric integral). H mean is the weighted mean alti-
tude of the basin calculated from the distinguishable ele-
vation contours of the delineated basin. H minimum and 
H maximum are the lowest and highest altitudes within 
the glacier.

3.3 � Equilibrium line altitude (ELA) (AAR, AABR) 
estimation

ELAs are required to assess hypsometric control of gla-
ciers on their mass balance. An automatic tool developed 
by Pellitero et al. [30] is used to search and compute the 
ELA of these glaciers (Baltoro, Biafo, Chogo Lungma and 
Panmah) of SRB for a given AAR and AABR value by using 
an iterative procedure which satisfies the mass balance of 
glacier equation for certain elevation range of the distinc-
tive glacier digital elevation model (DEM). These glaciers 

(1)
HI = (H mean−H minimum)∕(H maximum−H minimum)

lie transversely in a range of slightly different climatic 
zones. Initially, we estimated zero net-balance ELAs of 
each glacier and assumed these four glaciers of SRB are 
in equilibrium with climatic conditions. AAR and AABR 
with the lowest standard deviation are as follows: a global 
(1.75 ± 0.71), high-latitude (2.24 ± 0.85) and Central Asia 
(1.75 ± 0.56). Similarly, the recommended AARs for cirque 
and valley glaciers are 0.6 ± 0.05, debris-covered glaciers 
between 0.2 and 0.1, etc. Initially, the standard deviation 
of each AAR and AABR for a group of these four glaciers of 
SRB was calculated and the AAR (0.6) and AABR (2.24) with 
the lowest standard deviation were chosen. Iteratively, the 
elevations corresponding to nine (n = 9) evenly spaced 
AAR of between  0.4 and 0.8 (0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 
0.7, 0.75, 0.8) and thirty-six (n = 36) AABR between 0.9 and 
4.4 were calculated. The resulting DEMs and the contour 
intervals for each glacier contour range regions and the 
ratio ranges for AAR and AABR were stored.

Based on this method, altitudinal area covered by the 
glacier away from the ELA (either negative or positive) is 
assumed to have a greater influence to overall mass bal-
ance than glacial area that lies nearby to the ELA. This tool 
follows Cañadas and González-Trueba [10] procedure 
for the AAR and Osmaston’s [25] approach for the AABR. 
Based on this method, the ratio between the accumulation 
area and the ablation area was estimated to be constant 
because they are in steady state (HI ~ 0.50) (see Sect. 4.4 
and Fig. 5). However, the ratio between these two areas 
does not take the mass-balance gradient (MBG) controlled 
by the regional climate and additionally changed by local 
topo-climatic conditions into account. This tool is based 
on concepts of [26] for ELA estimation and glacier–climatic 
reconstruction as it is considered to be more robust than 
other methods (e.g. the AAR and MGE, median glacier ele-
vation). Glacier hypsometry [25] required by this method 
along with MBG [6] is given as input.

4 � Results and analysis

4.1 � Glacier hypsometry

As shown in Fig. 2a, the largest glaciated area (20.63%) 
of glaciated landscape of SRB lies between 4672 and 
5024 m, while the smallest is found in the extreme ends 
of the altitudinal range (~ 3.26% between 6372 and 
8572 m) and (~ 4.12% below 2718–3805 m), mostly debris 
and clean dust-covered ice. The second largest glaci-
ated area (19.50%) lies between 5024 and 5379 m. Other 
regions with significant glaciation, 16.63% and 15.50%, lie 
between 4288 and 4672 m and 5379 and 5793 m, respec-
tively. Mostly, SRB glaciers adhere to mountain sides and 
therefore do not fit in other primary classification pattern 

https://earthexplorer.usgs.gov/
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given by Rau et al. [37]. Half of glaciers or 51.8% of SRB 
have the smallest sizes (< 1 km2), while only four glaciers 
have the largest sizes between 250 and 640 km2 covering 
70.25% or 1534 km2 glacial area of the SRB. These small 
glaciers contribute melt water significantly to the Indus 

River rise due to their shorter response times as compared 
to larger glaciers. More details about range of glacier sizes 
starting from 0.045 to above 250 and their concentration 
(number of glaciers) on elevations are shown in Fig. 2a. 
Glacier sizes and distribution of number of glaciers are 

Fig. 2   a A GIS map represent-
ing geographic distribution 
of SRB glaciers. Glaciers with 
smallest sizes (< 1 km2) are 
represented with smaller 
black dots, while largest sizes 
between 250 and 640 km2 with 
larger black dots. b Glacier 
outlines and their hypsometric 
curves of four major glaciers 
derived from ASTER GDEM2 
data
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presented in the map as well. There are smaller glaciers 
in the basin than the big ones although it is the four big-
gest glaciers which occupy more than two-thirds of the 
glaciated area of Shigar River Basin. Most of the glaciers 
are located in the north-west, north and north-east of the 
basin, while only a few small ones are found in the south.

Figure  2b shows the geographic extent (map) and 
digitally derived hypsometric curves of four main families 
(types) of SRB glaciers. Chogo Lungma glacier lies in the 
east, Biafo and Panmah glaciers in the north and Baltoro 
glacier in the west. Each glacier type along with its tribu-
taries exhibits unique characteristics. (1) Baltoro glacier 
(~ 47 km2 or 7.74% lies in Hunza River Basin and 560 km2 
or 92.26% in SRB) on the border of Xinjiang (China) and 
Gilgit-Baltistan territory (Pakistan) with huge accumulation 
region at plateaus encircled by high-pitched mountain 
peaks (e.g. Gasherbrum I and II, Broad Peak, K-2). The larg-
est glaciated area 18.07% of Baltoro lies between 5321 and 
5693 m and smallest (3.89%) between 6622 and 7868 m. 
(2) Biafo glacier along with its 25 tributaries nourished by 
more than one accumulation region whose snout join at 
low elevation in the Shigar valley representing a series of 
mountain peaks and snow lakes (e.g. 16-km-long Biafo-
Hispar). Out of the total 406-km2 area, 340 km2 of the 
67-km-long Biafo glacier lies in SRB. The largest glaciated 
area (24.71%) of this glacier lies at 4240–4623 m eleva-
tion, while the smallest area lies in the extreme ends of 
the altitudinal range ~ 1.71% between 5956 and 7131 m 
and ~ 4.7% between 3041 and 3753 m. (3) Chogo Lungma 
glacier (45.3 km long covering 230 km2 of SRB) has irreg-
ular thicknesses from top to bottom. The largest glaci-
ated area (35.13%) of this glacier lies between 4271 and 
4969 m and the smallest portion (3.16%) between 5870 
and 6940 m. (4) About 44-km-long Panmah family of gla-
ciers occupy 274 km2 area by its smaller children (tributar-
ies) like Choktoi, Nobande Sobande, Drenmang, Chiring, 
S. Chiring (Maidan), Shingchukpi and Feriole. The largest 
glaciated area (34.59%) of Panmah glacier lies between 
4877 and 5370 m and the smallest (4.75%) between 5678 
and 6503 m.

4.2 � Vertical and horizontal climatic regimes

Precipitation plays a vital role in the snow and glacial 
accumulation and temperature in ablation, respectively. 
Therefore, it is imperative to create a relationship between 
climatic conditions and glacier accumulation/ablation. 
Two graphs (histograms) representing hypsometric dis-
tribution of glaciated (Fig. 3a) and non-glaciated land 
area (Fig. 3b) are presented. The x-axis and y-axis of these 
graphs (histograms) represent the vertical climatic regimes 
(e.g. net melting, ablation melt/freeze, high-altitude melt, 
0  °C isotherm, net freezing/accumulation, avalanche 

nourishment and perennial snow and ice) and horizontal 
climatic regimes (e.g. net ablation, mixed and net accumu-
lation), respectively. Regional (Karakoram) ELAs estimated 
by Wake [40] and Mukhopadhyay et al. [21] for two differ-
ent years are overlaid over these histograms of these two 
landscapes. The largest glaciated area (20.60%) between 
4000 and 4500  m lies in the vertical regime of direct 
snow-accumulation zone and in the horizontal regime of 
net-accumulation zone (low velocity, net freezing and no 
sliding). At this elevation range, the mean annual tempera-
ture and precipitation remain − 10 to − 13 °C and 1900 to 
2000 mm, respectively. Secondly, the second largest glaci-
ated area (16.60%) between 3500 and 4000 m lies in the 
vertical regime of ice fall and clean/dusty ice region and 
mostly in the horizontal regime of mixed zone (high gla-
cier velocity and net accumulation zone with low veloc-
ity). At this elevation, the mean annual temperature and 
precipitation are between − 5 and − 10 °C and 1900 and 
2100 mm, respectively. The smallest area of glaciated land-
scape (3.26%) and (4.12%) lies in the extreme ends of the 
highest (between 5500 and 8572 m) and lowest (between 
2141 and 3000 m) elevation range, respectively. Glaciated 
area at highest elevation corresponds to snow and peren-
nial ice and snow debris-covered ice of vertical regime and 
at lowest elevations corresponds to net melting of vertical 
regime and net ablation of horizontal regime, where mean 
annual temperature remains above + 10 °C.

4.3 � Zero‑net balance ELA for glacier equilibrium

We estimated zero net-balance ELAs and assumed these 
four glaciers of SRB are in equilibrium with climatic con-
ditions. Figure 4 shows maps of reconstructed glacial-ice 
areas and contours corresponding to estimate zero net-
balance ELAs of four largest SRB glaciers. Based on rec-
ommended values of (AAR = 0.6) for mountain glaciers, a 
linear regression examination recommends that the zero 
net-balance ELA for zero-specific mass balance is ∼5545 m 
for Baltoro glacier. Similarly, Biafo glacier lies in the north-
ern region of SRB; the ELA for zero-specific mass balance 
is 4987 m as compared to 5056 m for Panmah glacier and 
4822 m for Chogo Lungma glacier.

4.4 � Accumulation‑area above and ablation‑area 
below ELA

Ratios between accumulation area, ablation area and the 
total glacial area of these glaciers are estimated for low-
est AAR (0.4) and AABR (0.9), highest AAR (0.8) and AABR 
(4.4) and recommended AAR value (0.6) and AABR (2.24), 
respectively (Fig. 5).

Firstly, majority (41.68%) of the Baltoro glacier lies at 
transitional altitudes, especially in the 4000–6000-m 



Vol.:(0123456789)

SN Applied Sciences (2021) 3:482 | https://doi.org/10.1007/s42452-021-04470-2	 Case Study

region where the hypsometric curve is much flatter. The 
accumulation area (35%) is limited to the vertical (steeper) 
region of the curve (below 5545 m) and 65% ablation area 
for AAR (0.6) as compared to (below 5279 m) covering 42% 
accumulation area and 58% ablation area for AABR (2.24) 
to the total glacial area. An increase in the AAR from lowest 
(0.4) to highest (0.8) reduces 900-m ELA of Baltoro glacier 
from 5769 to 4869, a ∼40% reduction in accumulation 
area. Similarly, an increase in the AABR from lowest (0.9) 
to highest (4.4) reduces 490-m ELA of Baltoro glacier from 

5579 to 5089 m, a ∼30% reduction in accumulation area. 
Secondly, majority (43.32% glacial area) of the Biafo glacier 
lies at middle altitudes between 4500 and 5700 m where 
the hypsometric curve is sloping. The ELA accumulation 
area is limited to the vertical (steeper) region of the curve 
(below 4987 m) covering 43% accumulation area and 67% 
ablation area for AAR (0.6) as compared to (below 4766 m) 
covering 58% accumulation area and 42% ablation area 
for AABR (2.24) to the total glacial area. An increase in the 
AAR from lowest (0.4) to highest (0.8) reduces 650-m ELA 

Fig. 3   Histograms represent-
ing hypsometric distribution 
of the glaciated and non-
landscapes of SRB along with 
vertical and horizontal climatic 
regimes and regional ELAs 
obtained from literature values 
for two years (1989 and 2016). 
a Histogram (glacial ice area 
occupied by glacier outlines 
proportional to the frequency 
of glaciated elevations), posi-
tions of Karakoram ELAs and 
mean annual temperature 
(°C). b Histogram (land area 
occupied by non-glaciated 
land area proportional to the 
frequency of elevations), posi-
tions of Karakoram ELAs and 
mean annual temperature (°C)
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of Biafo glacier from 5216 to 4566, a ∼50% reduction in 
accumulation area. Similarly, an increase in the AABR from 
lowest (0.9) to highest (4.4) reduces 600-m ELA of Biafo 
glacier from 5216 to 4616 m, a ∼50% reduction in accumu-
lation area. Thirdly, unlike Baltoro and Biafo, the majority 
of the Chogo Lungma glacier lies at transitional altitudes 
(between 3500 and 5500 m) where the hypsometric curve 
represents positive slope (increasing from lower to higher 
elevation), and 81% of the area of the glacier lies between 
this elevation range. The ELA accumulation area is lim-
ited to the vertical (steeper) region of the curve (below 
4682 m) covering 61% accumulation area and 39% abla-
tion for AAR (0.6) as compared to (below 4582 m) cover-
ing 50% accumulation area and 50% ablation for AABR 
(2.24) to the total glacial area. An increase in the AAR from 
lowest (0.4) to highest (0.8) reduces 850-m ELA of Chogo 
Lungma glacier from 5082 to 4232 m, a ∼38% reduction in 

accumulation area. Similarly, an increase in the AABR from 
lowest (0.9) to highest (4.4) reduces 450-m ELA of Chogo 
Lungma from 4832 to 4382 m, a ∼30% reduction in accu-
mulation area. Lastly, the majority of the Panmah glacier 
lies at high altitude, especially between 4700 and 5500 m 
elevation range where the hypsometric curve is little bit 
sloping; 61% of the area of the glacier lies between this 
elevation range. The ELA accumulation area is limited to 
the vertical (steeper) region of the curve (below 4955 m) 
covering 52% accumulation area and 48% ablation area 
to the total glacial area for both AAR (0.6) and AABR (2.24) 
below 4895 m. An increase in the AAR from lowest (0.4) to 
highest (0.8) reduces 600-m ELA of Panmah glacier from 
5235 to 4635 m, a ∼40% reduction in accumulation area. 
Similarly, an increase in the AABR from lowest (0.9) to 
highest (4.4) reduces 320-m ELA of Panmah from 5075 to 
4755 m, a ∼26% reduction in accumulation area.

Fig. 4   Maps of reconstructed glacier area and contours corre-
sponding to respective ELAs (AAR of 0.6 and AABR of 2.24) of four 
largest glaciers of SRB of the Karakoram. The slightly different ELA 

estimates between the AAR and AABR methods can be attributed 
to a few methodical differences
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4.5 � ELA sensitivity to AAR and AABR

By providing constant AAR (rather than constant glacier 
area), this approach accustomed glacier geometries to 
future ELA surges. For example, for constant AAR (0.4–0.45), 
a 90-m ELA decrease from 5769 to 5679 m of Baltoro glacier 
adjusted its geometries by reducing ~ 5% area. The highest 
decrease of 140-m ELA of the same glacier is reported for 
constant AAR (0.7–0.75), revealing a significant loss of 8% 
geometries. Variations in the adjustment of glacier geom-
etries as a result of changing ratios of ELA AAR (Fig. 6a) 
and ELA AABR (Fig. 6b) for largest four glaciers of SRB are 
compared and presented. Lists of constant AAR (0.4–0.8) 
ratios are presented in Table 1 and AABR (1.0–4.4) in Table 2. 
Projected geometry (area) losses for all these glaciers are 
highly variable, with top-heavy glaciers (Biafo and Baltoro) 
projected to experience the utmost major losses at elevation 

(5000–5500 m) in glacier-ice area. Lowest glacier area losses 
are reported at lowest elevations for AAR. Our results sug-
gest that a 100-m ELA (Fig. 6a) decrease will increase the 
number of SRB glaciers by 10%, while increasing glacier area 
by 15% and glacier volume by 12%. A more aggressive ELA 
decrease of 200 m (Fig. 6b) yields increment of 40%, 30% and 
22%, respectively (Fig. 6b). Losses are principally determined 
by variations in the smaller glaciers (e.g. Panmah and Chogo 
Lungma) that have slim altitude ranges (Fig. 2b). Addition-
ally, potential for significant loss is high in middle elevation 
ranges.

Fig. 5   The elevation range (in masl) of four glaciers (Baltoro, Biafo, 
Chogo Lungma and Panmah) plotted against their cumulative per-
centage area of the surfaces for three constants values of AAR (0.4, 
0.6 and 0.8) with an interval of 0.2 and AABR (0.9, 2.24 and 4.4) with 

an interval of 1.40. The cumulative percentage area of the glacier 
surfaces within the contours corresponding to the ELA AAR (0.6) 
and ELA AABR (2.24) is highlighted
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Fig. 5   (continued)

Fig. 6   Adjustment of glacier geometries to future ELA variations for constant AAR (between 0.4 and 0.8) with 0.05 interval (a) and AABR 
(between 0.9 and 4.4) with 0.5 interval (b)
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5 � Discussion

Firstly, for zero mass balance, AAR values of 0.58 for the 
North Cascade glaciers [23] and 0.7 for the Alpine glaciers 
[32] were suggested, respectively. We used the AAR value 
of 0.6 and AABR value of 2.24 for their respective zero mass 
balance for glaciers of SRB due to their high-altitude set-
tings. A decreasing trend in ELA for a range of initial AAR 
values (0.4–0.8) is observed for these glaciers unlike initial 
AABRs values (0.90–4.4). The difference in the ELA between 
AAR and AABR methods indicates that the AABR method 
is appropriate to estimate ELA of clean-ice covered and 
snow-fed glaciers (Pellitero et al., 2013), but we tested for 
debris-covered glaciers; therefore, the AABR ELA needs 
to be verified through field data. Glacier hypsometry pro-
vides a first-order estimator of glacier mass-balance sen-
sitivity to the variation in ELAs [30]. However, similar to 
McGrath et al., [22], regional climatic change (e.g. increase 
in temperature) in the high mountain Karakoram region 
may fluctuate the ELAs of individual glaciers to a critical 
point, whereby a small additional increase in the ELA may 
result in a substantial loss of accumulation area, with a 
prominent consequence for the inclusive behaviour of the 
Karakoram glaciers. Based on these results, we assume that 
there is a relationship between the ratio of accumulation 
area of Shigar glaciers and the scale of variation in ELA. 
About 70% of the glaciers of SRB have altitude ranges 
below ~ 6000 m and 48% below 4200 m. An increase in 
ELA is likely and will affectively decrease the accumula-
tion area as half of SRB glaciers or 51.8% have the small-
est sizes (< 1 km2). Glacier altitude range of each glacier is 
correlated with its glacier-ice area, suggesting that losses 
will be most noticeable for more than 220 smaller glaciers 
(< 1 km2), while the larger studied glaciers (e.g. Baltoro, 
Biafo, Panmah and Chogo Lungma) are progressively less 
sensitive. This sensitivity does not exhibit a simple relation-
ship, reflecting the abundance and comparatively homo-
geneous dispersal of small glaciers throughout the entire 

basin. However, the overall quality of the ELAs is highly 
dependent on the reconstructed three-dimensional (3D) 
glacier surfaces [27].

A number of limitations are still present in this study: 
field-based mass-balance data are not available for Karako-
ram glaciers to cross-check these results. Therefore, these 
methods may produce less accurate results. However, 
shifting of the ELA due to the influence of variation in the 
magnitude and seasonality of snowfall cannot be ignored. 
This paper does not determine response time of glacier 
volume of SRB. However, variations in the positions of two 
ELAs (calculated based on AAR and AABR) for each glacier 
type determine the differences in accumulation ratios pro-
duced by two methods. Secondly, the study area should 
not be considered as a representative of the glaciated and 
non-glaciated landscapes of the entire Karakoram Range.

6 � Conclusion

AAR- and AABR-based estimation of ELAs by using Arc-
GIS toolbox was efficient, less time-consuming and easier 
to use. However, the overall quality of the ELAs is highly 
dependent on the reconstructed three-dimensional gla-
cier surfaces. The method we used has the capability to 
reconstruct two-dimensional glacier surfaces followed 
by three-dimensional glacier reconstructions for three-
dimensional area calculation above and below the ELAs. 
However, the interpretations of glacier surfaces of SRB by 
using our own perspective may be slightly different from 
other researchers’ point of view. A slight difference in the 
ELA between AAR and AABR methods (Fig. 4) indicates 
that the AABR method is appropriate to estimate ELA of 
clean-ice covered and snow-fed glaciers. But we tested for 
debris-covered glaciers; therefore, AABR estimates need 
to be supported by field data. We used the AAR value of 
0.6 and AABR value of 2.24 for their respective zero mass 
balance for SRB glaciers due to their high-altitude settings. 

Table 1   Decrease in 
equilibrium line altitude (ELA) 
of four glaciers (Baltoro, Biafo, 
Chogo Lungma and Panmah) 
for constant AAR (0.40–0.80) 
with 0.05 interval

Values Baltoro GL (ELA in 
meters)

Biafo GL (ELA in 
meters)

Chogo Lungma GL 
(ELA in meters)

Panmah 
GL (ELA in 
meters)

AAR​1 0.40 5769 5216 5082 5235
AAR​2 0.45 5679 5116 4982 5165
AAR​3 0.50 5599 5066 4882 5095
AAR​4 0.55 5509 4966 4782 5025
AAR​5 0.60 5409 4916 4682 4955
AAR​6 0.65 5299 4866 4582 4895
AAR​7 0.70 5179 4766 4482 4815
AAR​8 0.75 5039 4666 4382 4735
AAR​9 0.80 4869 4566 4232 4635
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In this study, we assumed that altitudinal area covered by 
the glacier away from the ELA (either negative or positive) 
has a greater influence to overall mass balance than glacial 
area close to the ELA. As compared to AAR, AABR still gives 
a sign of the mass balance although under no circum-
stances this is an outright estimation. It simply indicates 
that there is nonlinearity in the accumulation (increase/
decrease) and/or that the gradient is overvalued. In this 
study, AABR is used as a sign of the means by which these 

four glaciers diverge from the assumed linearity (zero 
mass-balance curves). By recommending constant values 
for AAR and AABR (rather than glacier area) for mountain 
glaciers, the dynamic response method modifies glacier 
geometries to future ELA decreases. These estimates are 
not yet supported by field data. An extensive series of field 
data is required for better understanding of the relation-
ship between these parameters.
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