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ABSTRACT. Reconstructing paleoclimatic conditions in the westerlies-dominated Karakoram is essential for
understanding the response of high-altitude arid regions to global climate variability. This study presents a reconstruction
of the Last Glacial Maximum (LGM) extents of 15 glaciers in the Nubra—Shyok valley, eastern Karakoram, using
preserved glacial geomorphology in combination with the GlaRe model. The valley, situated within the influence zone of
the mid-latitude Westerlies, provides an exceptional setting to assess westerlies-driven glacial behavior. The
reconstructions indicate that the main Siachen trunk glacier (NS1) covered an area of approximately 692 km2, with
modeled ice thicknesses ranging between 200 and 400 m, reaching a maximum of about 370 m. Equilibrium Line
Altitudes (ELAs) were estimated using a weighted average of four established geomorphometric approaches (AABR,
AAR, MELM, and THAR). The results indicate a marked ELA depression of ~ 700 m for the Siachen glacier during the
LGM. Based on a locally derived lapse rate, this ELA depression corresponds to the lowering of summer temperature by
1.5-2.0 °C, suggesting that enhanced westerlies-induced precipitation moderated the regional expression of global LGM
cooling. A distinct spatial ELA pattern is also evident: east-facing glaciers show significantly higher values than west-
facing glaciers. This asymmetry reflects the combined effects of westerlies-controlled moisture distribution and
differential solar insolation influencing ablation processes. These findings provide robust quantitative constraints on the
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extent of LGM glaciation and the prevailing paleoclimatic conditions in the valley, highlighting the primary influence of
mid-latitude westerlies in modulating glacier dynamics and temperature regimes across this high-elevation region of the

Himalaya.

Key words — Himalayas, Nubra-Shyok valley, ELA, AABR, Glacier reconstruction, Hypsometry.

1. Introduction

The mountain glaciers and ice caps are among the
most sensitive components of the cryosphere and serve as
critical indicators of climate variability (Oerlemans, 2005;
Haeberli et al., 2009). Within the High Mountain Asia
region comprising the Himalaya, Karakoram and Hindu
Kush ranges, these glaciers contain the largest volume of
ice outside the polar regions. They constitute vital
freshwater reserves that regulate the hydrological regimes
of major river systems including the Indus, Ganges and
Brahmaputra, sustaining hundreds of millions of people
downstream (Immerzeel et al., 2010; Bolch et al., 2012).
Understanding how these glaciers have responded to past
climatic fluctuations is therefore crucial not only for
reconstructing Quaternary paleoclimates but also for
anticipating future water security under ongoing global
warming.

The Karakoram Range, in particular, presents a
climatologically distinct and complex sector of the HMA.
In contrast to the monsoon-dominated Greater Himalaya,
the Karakoram and the adjacent Trans-Himalayan valleys,
including the Nubra-Shyok Valley, lie within a high-
altitude arid zone predominantly influenced by mid-
latitude westerlies (Dash et al., 2004; Palazzi et al., 2013).
These contribute the vast majority of annual accumulation
in the form of winter and early spring snowfall (Bhutiyani
et al.,, 2010; Shekhar et al., 2017). As a result, many
glaciers in this region exhibit anomalous behavior
remaining stable or even advancing while widespread
retreat dominates much of the Himalaya (Hewitt, 2005;
Bolch et al., 2012). This paradox highlights a fundamental
question; how did this westerlies-dominated cryosphere
region respond during a period of global maximum
cooling such as the Last Glacial Maximum (LGM; ~26.5—
19 ka). One of the most crucial approaches to addressing
this question is through the reconstruction of paleo—
Equilibrium Line Altitudes (ELAS). The ELA, defined as
the average elevation where annual accumulation equals
annual ablation, represents a first-order proxy for glacier
mass balance and is directly governed by local
temperature and precipitation (Benn & Lehmkuhl, 2000;
Porter, 2000; Cogley et al., 2010). Reconstructing paleo-
ELA and comparing them to modern values provides a
quantitative measure of ELA depression, thereby
constraining the magnitude of past temperature and
precipitation changes.
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Previous investigations in the Karakoram & Ladakh
region reveal a complex and often asynchronous glacial
chronology (Owen & Benn, 2005; Owen & Dortch, 2014).
Cosmogenic 1°Be surface exposure dating from the Nubra-
Shyok confluence identified three major glacial stages:
Deshkit 3 (~144 ka), Deshkit 2 (~81ka), & Deshkit 1 (~45
ka) with the youngest (Deshkit 1) corresponding to an
ELA depression of ~ 290 m (Dortch et al., 2010).
However, this chronology has been contradicted by
subsequent  studies using  Optically  Stimulated
Luminescence (OSL) dating. The significantly younger
ages, documenting major advances precisely within the
LGM (MIS-2) at ~ 24 ka and ~18 ka were presented by
Nagar et al. (2013) and Ganju et al. (2018). More recent,
detailed chronologies (Sharma et al., 2018; Bhardwaj et
al.,, 2024) have confirmed a highly dynamic Late
Quaternary history, identifying distinct deposits from the
LGM (~18.4 ka at Agham), the Late Glacial (~14.5 ka at
Changmar), the Younger Dryas (~12-10 ka at Khardung),
and multiple Holocene/Neoglacial advances (~0.4 ka at
Chalunka). This finding of a significant LGM (MIS-2)
glaciation aligns the region more closely with neighboring
catchments, such as the Pir-Panjal, where MIS-2 ELA
depression of ~350 to 670 m were reported (Paul et al.,
2022), and the Markha—Nimaling valleys, which also
show substantial LGM lowering (Damm, 2006). They
highlight that variations in topography, debris cover, and
local microclimates exert strong controls on glacier mass
balance, complicating region-wide correlation.

Despite an evolving geochronological & climato-
logical database, quantitative reconstructions of LGM
glacier geometries and ELAs within the Nubra-Shyok
valley remain scarce. In this study, we hypothesize that
during the LGM, glaciers in the valley were primarily
sustained by enhanced  westerly-derived  winter
accumulation, resulting in glacier geometries and ELA
depression more characteristic to those of the Karakoram
rather than the monsoon-dominated Greater Himalaya
(Benn & Owen, 1998; Murari et al., 2014). This
interpretation is consistent with broader paleoclimate
reconstructions indicating a southward shift intensification
of the westerlies during the global LGM (Herzschuh,
2006). Accordingly, the aim of this study is to:

(i) Reconstruct LGM glacier geometry and ice thickness
using the GlaRe model constrained by field and
geomorphic evidence; (ii) Estimate paleo-ELA for fifteen
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glaciers using a robust, weighted-average approach
integrating four established methods (AABR, AAR,
MELM and THAR);

(iii) Calculate the total ELA depression relative to
present conditions; and

(iv) Analyze spatial trends in reconstructed ELAs to infer
the climatic forcing particularly the dominance of
westerlies versus monsoonal influence during the LGM.

2.  Data and methodology

2.1 The Study Area

2.1.1 Geological Setting

The Nubra-Shyok Valley is wedged between the
Karakoram Range to the north & the Ladakh Range to the
south. The geology of the region is a complex assemblage
resulting from the collision of the Indian and Eurasian
plates. The north of the Ladakh Batholith is accompanied
by a substantial succession of Khardung Volcanics, which
are overthrust by the tectonic ophiolitic melange of the
Shyok Formation. This formation is, in turn, intruded by
the Karakoram Batholith (Thakur and Misra, 1984). The
valley is structurally controlled by two major tectonic
features: the Karakoram Fault (KF) and the Shyok Suture
Zone (SSZ). The KF is a dominant, 700 km-long dextral
(right-lateral) strike-slip fault that segregates the Ladakh
and Karakoram terrains at their confluence (Upadhyay et
al., 1999; Searle et al., 1998). Near the settlement of
Tirith, at the confluence west of Khalsar, lies the Saltoro
Block, which is composed of ophiolite, granitoids, and
greenschist metamorphic rocks that have undergone
profound deformation (Weinberg and Searle, 1998). This
active tectonic setting is directly responsible for the
region's extreme vertical relief and plays a significant role
in controlling drainage patterns and landscape evolution.

2.1.2. Climatic and geographic setting

The Nubra-Shyok valley is a high-altitude, cold, and
arid landscape, geographically situated in the rain-shadow
of the Greater Himalayan range. This orographic barrier
limits moisture from the ISM, creating a unique climatic
regime dominated by the westerlies (Owen and Benn,
2005). The westerlies are the primary source of
precipitation for the region, arriving during the winter
(November—April) and depositing the majority of
accumulation as snow. This seasonal snowpack is the
principal driver of glacier mass balance in the Karakoram
(Dash et al., 2004; Bhutiyani et al., 2010). The dominance
of the westerlies is evident in the regional glacier
distribution, as glacier length generally decreases from
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west to east while the Karakoram range effectively
blocking the incoming moisture (Raina and Sangewar,
2007). The Siachen Glacier (~74 km), the second-longest
glacier outside the poles and the source of the Nubra
River, is direct evidence of this moisture-trapping.

While the ISM's influence is secondary, it
contributes approximately one-third of the annual
moisture, primarily during the summer months (Bhutiyani
et al., 2010). The total annual precipitation in the valley,
however, remains low, averaging approximately ~300
mm/year (Chevuturi et al., 2018). Furthermore, the
broader Western Himalayan region, including this area, is
subject to high-intensity, short-duration extreme
precipitation events that have significant geomorphic
impacts (Shekhar et al., 2017). This interplay between the
westerlies and the ISM, combined with the active tectonic
setting, governs the glacial, fluvial, and aeolian processes
that have shaped the Quaternary landscape.

This study employs an integrated geomorphic and
physics-based framework to reconstruct the LGM glacier
extents and their corresponding ELAs. The approach
follows established protocols used in Himalayan paleo-
glaciology (Paul et al., 2022) and comprises four
sequential stages: (1) data acquisition and geomorphic
mapping; (2) paleo-glacier surface reconstruction using
shear-stress; (3) paleo-ELA estimation; and (4)
determination of present-day ELA and the magnitude of
ELA depression.

2.2. Data sources and geomorphic mapping

The reconstruction of glacial extent and paleo-ELA
for the valley of the study area was carried out using
multi-source remote sensing datasets, including Google
Earth imagery, Landsat TM, and ASTER (Advanced
Spaceborne  Thermal  Emission and  Reflection
Radiometer) DEMs. A False Color Composite (FCC) of
Landsat-8 imagery was draped over the DEM to enhance
the visual identification of glacial geomorphic features, an
approach widely recognized as effective for delineating
moraines and other glacial landforms (Greenwood and
Clark, 2009). The shaded-relief rendering of the DEM
further helped 3D visualization, particularly in identifying
moraine ridges and valley morphology (Jansson and
Glasser, 2005; Greenwood and Clark, 2009). During field
investigations, some characteristic glacial geomorphic
features such as lateral and terminal moraines, and U-
shaped valleys were identified and verified on-site,
providing field-based support for the remotely mapped
glacial extents. The distinct erosional and depositional
landforms, including moraines, outwash plains, and arétes,
are well preserved within the region, offering clear
geomorphic evidence for reconstructing glacier extents.
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Fig. 1. The study area map showing Nubra-Shyok valley with DEM derived hillshade, marked locations,

drainage network and geomorphic features specifically moraines,

2.3. Paleo-glacier reconstruction

The three-dimensional reconstructions of 15 paleo-
glaciers were generated using the GlaRe model for
ArcGIS (Pellitero et al., 2016). This tool employs a
Python-based workflow to estimate ice thickness (h) from
the perfect-plasticity basal shear stress relationship (Nye,
1952 a, b) given below

Tp = pghsina

where Ty is the basal shear stress, p the density of ice (900
kg m™), g the gravitational acceleration (9.81 m s72), h the
ice thickness (~390 m derived by measuring the elevation
difference between the glacier valley bottom and its
bounding valley shoulders), and a the surface slope
(average: 25° to 28°).

For this reconstruction, a basal shear stress (tp) Of
100 kPa (1 bar) was used. This value is a widely accepted
standard for temperate valley glaciers. However, it was
not applied as a uniform default. Instead, the shear stress
was iteratively tuned for each glacier. The model was run,
and the resulting ice surface elevation was compared to
the digitized elevations of the constraining lateral moraine
crests. The shear stress was adjusted until the modeled ice
surface achieved the best possible fit with the physical
moraine  evidence, ensuring a robust and
geomorphologically-validated reconstruction. The glacier
flowlines, which serve as the basis for ice-thickness
computation, were generated from the SRTM DEM (30 m
resolution). For most glaciers, flowlines were manually
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aretes and horns

digitized along the centerline of the deglaciated valleys
following topographic gradients and valley morphology,
while for others, they were automatically derived using
GlaRe’s flowline creation tool. The resulting ice-thickness
and surface-elevation data were used to estimate the ELAs
for each glacier.

2.4. Paleo-ELA calculation

The 15 reconstructed glacier surfaces, the paleo-ELA
was calculated using four established methods. The
Accumulation Area Ratio (AAR) method was applied
assuming a standard steady-state ratio of 0.58 (Benn and
Lehmkuhl, 2000). The Area-Altitude Balance Ratio
(AABR) method, a more refined hypsometric approach,
was also used, applying a balance ratio of 1.58 to solve for
the altitude of zero net balance (Rea, 2009). For a
geometric-based estimate, the Toe-to-Headwall Altitude
Ratio (THAR) was calculated using a fixed ratio of 0.4
between the glacier's lowest (toe) and highest (headwall)
points (Kurowski, 1891). Finally, the Maximum Elevation
of Lateral Moraines (MELM), a field-based proxy that
uses the highest preserved altitude of the lateral moraine
crests, was also determined (Pellitero et al.,2015). Given
the known variability, a Weighted Average (WA) was
calculated to determine the most representative paleo-
ELA, following established best practices (Benn and
Lehmkuhl, 2000; Paul et al., 2022). This scheme assigns
the highest confidence to the hypsometry-based AABR
and AAR methods, which are considered the most
glaciologically robust (Osmaston, 2005; Pellitero et al.,
2015).
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Fig. 2. Field photographs showing (a) Upstream view of the Nubra Valley from Sasoma showing prominent lateral moraines (2) along the

right flank of the valley. A tributary valley (1) exhibits remnant terminal moraines hanging along its walls. (b) Striations observed
on boulder surfaces indicate the direction of former ice movement. (c) Well-preserved lateral moraines are visible around Tirith

and Diskit in the Nubra Valley.

2.5. Present-day ELA and ELA Depression

To provide a baseline for comparison, the present-
day ELA was calculated. The modern glacier outlines
were acquired from the Global Land lce Measurements
from Space (GLIMS 2018) and Google Earth database.
Using the SRTM DEM, the AABR method was applied to
these glaciers to calculate the present-day ELA. The LGM
ELA depression was then determined as the arithmetic
difference between the calculated WA paleo-ELA and the
modern AABR-derived ELA.

3. Results and discussion

3.1. Glacial Landforms

The Nubra-Shyok valley provides an exceptional
record of Quaternary landscape change due to the
preservation of geomorphic features. The regional
landscape is a complex assemblage resulting from the
interplay of glacial, fluvial, mass wasting, and periglacial
processes (Juyal et al., 2014; Hakhoo et al., 2019). While
the valley consists of glacial and associated landforms
including extensive alluvial fans, U-shaped troughs,
polished surfaces, striations, and thick fluvio-lacustrine
deposits; the primary focus of this investigation is the
depositional ridges that directly delimit former ice extents.
As such, the lateral and terminal moraines are the most
critical landforms for this study. These distinct, mappable

(d) Google Earth
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imagery showing the preserved moraine in Khalsar.

ridges are supraglacial depositional structures that provide
direct, physical evidence of the historical extent and area
of the LGM paleo-glaciers.

Fig. 1. presents the detailed geomorphological map
of the study area. The prominent and well-preserved
moraines were identified between the Siachen glacier's
snout and the Nubra-Shyok confluence, particularly near
the settlement of Tirith. Additionally, distinct lateral
moraines were mapped at the confluence of Khardung
Nala and the lower Shyok valley. The erosional features,
including sharp-crested arétes and horns, were also
systematically mapped. These mapped geomorphic
features collectively provide the empirical constraints for
the subsequent glacier reconstructions.

During field investigations, clear geomorphic
evidence of past glaciation was observed, including lateral
moraines, polished boulders exhibiting striations, and
perched moraine ridges along the valley flanks (Fig. 2).

3.2.  Paleo-glacier reconstruction

The 15 reconstructed paleo-glaciers (NS1-NS15) are
visually presented in Fig. 3 as red lines. This includes the
extensive Siachen trunk glacier (NS1) and the 14 tributary
valley glaciers. The total reconstructed area for the 15
glaciers shows significant variation, ranging from 1.63
km?2 (NS10) to 691.63 km2 (NS1). The hypsometry of the
glaciers also serves as is an important quantification



MAUSAM, 77, 2 (April 2026)

76°3('J'0"E 77°0.'0"E 77"3(.!‘0"E 78°0l'0"E

77°30'0"E
1

77°32I':'0"E

—
z _ ; - N
:o i 4 INA Kilometers. of £ =
o \ P s
o Z L INDIA - o
0 3 o % J
) L o < « /
Khapal
Z | Legend 30
24 ) [ Jkilometers
g — ELA s 2.
] P
¥ Contours .
T Flowline 1)
Reconstructed NS1 3 S3
Glacier Outline
77°4?'0"E 77°45'0"E 77°45'0"E
1 1
25 - 4
‘ Emlomam
SR sv v
\ e
z -
e
z s
B 8
B :
<
)
77°55'0"E 77°50'0"E
1
4 W 3 k
[ kilometers
= 7645'm “
2 z ' e
o ° et
3 . :
3 L
- ,
NS9O
NS8 NS9
¢ ‘)43’
77"2'4'0"E 77°20'0"E
" 7a f o il :
Kilomo‘n; - Kilometers
F
o
z 51
“Hiy
=z o / .
3 < € y
I ™ | 45
o
: ~ 4 nsit | |Ns12
3 L
77°14'0"E
z
°
o
A
=
B
-4 =z
£ 4
21 £
3 3

Fig. 3. Reconstructed LGM glacial extents of 15 glaciers of Nubra-Shyok valley. Note acronym NS stands for Nubra-Shyok valley from 1-15
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Fig. 4. Hypsometric curves for the 15 reconstructed glaciers in the Nubra-Shyok valley. Each plot (NS1-NS15) shows the area-elevation
distribution, plotting elevation (m) against normalized cumulative area (km?). The final calculated weighted average paleo-ELA and
the total reconstructed LGM area are marked for each glacier.

TABLE1

Showing the paleo-ELA values estimated by using different ELA methods and then taking weighted average of all the
methods to obtain a single value. The weight assigned to each method is mentioned in the table.

Weightage 50% 30% 5% 15% 100%
Glaciers/Methods AABR AAR MELM THAR WA/ PaleoELA
NS 1 4317 4067 3549 4536 4236
NS 2 5499 5599 4753 5076 5428
NS 3 5308 5458 5068 5197 5324
NS 4 5686 5836 5343 5367 5666
NS 5 5649 5799 5353 5338 5633
NS 6 5825 5925 5073 5530 5773
NS 7 5757 5857 5020 5400 5697
NS 8 5618 5718 5393 5457 5613
NS 9 5307 5407 5329 5118 5310
NS 10 5105 5205 4878 5093 5122
NS 11 5136 5136 4903 5075 5115
NS 12 5389 5489 5056 5192 5373
NS 13 5349 5417 5194 5247 5346
NS 14 5168 5268 5042 4919 5154
NS 15 5149 5199 4601 4984 5112
aspect represented as a single curve to understand the study area, illustrated in Fig. 5. The results indicate an ice

response and impact of the glaciers on the landscape. It thickness approximately ranging between 200 and 400 m,
shows the distribution of the normalize cumulative area reaching a maximum of about 370 m. This thickest ice

with the change in elevation. The hypsometric curve of all was concentrated in the main valley trunk of the largest
glaciers is represented in Fig. 4. The model also provides reconstructed Siachen Glacier (NS1), consistent with ice
a spatial estimation of the paleo-ice thickness across the convergence and accumulation in that part of the valley.
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Fig. 5. Map showing the reconstructed ice thickness for the 15 paleo-glaciers (NS1-NS15) in the Nubra-Shyok valley. The spatial distribution
of ice thickness (in meters) is shown for the main Siachen trunk glacier (NS1, top panel) and the 14 tributary glaciers (NS2—-NS8,
bottom-right inset; NS9-NS15, bottom-left inset). The maximum modeled ice thickness (~370 m) is concentrated in the main valley

trunk of the Siachen glacier

3.3.

Paleo-Equilibrium Line Altitude

Estimation

(ELA)

The ELA values derived from each method (AABR,
AAR, MELM, THAR) for all 15 glaciers are presented in
Table 1. To assess the consistency between these methods,
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a correlation matrix was generated (Table 2), which
indicates a very strong positive correlation between the
AABR and AAR methods (R? = 0.992). The final,
representative paleo-ELA calculated as WA ELA for each
glacier is provided in Table 1 and Fig. 2. The calculated
paleo-ELA values for the 15 glaciers range from 4236 m
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TABLE 2

Showing the paleo-ELA values estimated by using different ELA
methods and then taking weighted average of all the methods to
obtain a single value. The weight assigned to each method is
mentioned in the table.

AABR AAR MELM THAR
AABR 1
AAR 0.992861 1
MELM 0.818667 0.859295 1
THAR 0.944293 0.931587 0.819175 1

(NS1) to 5773 m (NS6). The WA-based paleo-ELA values
exhibit a moderate degree of variability, with a standard
deviation of 377 m around a mean elevation of ~5327 m.
The glaciers within the valley display two dominant
orientation patterns: a northwest—southeast (NW-SE)
trend for the eastern and central glaciers (NS2—-NS8) and a
northeast-southwest to east-west (NE-SW/E-W) trend
for the western glaciers (NS9-NS15). Excluding the
Siachen Glacier (NS1), which is an outlier with a
markedly low paleo-ELA of 4236 m, the NW-SE-oriented
glaciers exhibit paleo-ELA values ranging from 5324 to
5773 m, with a mean of 5590 m, median of 5633 m, and a
range of 449 m. In contrast, the NE-SW and E-W-
oriented glaciers show more uniform paleo-ELA between
5112 and 5373 m, with a mean of 5219 m, median of 5154
m, and a range of 261 m. The mean ELA difference
between the two orientation groups is ~371 m, and the
median difference is 479 m, indicating that the NW-SE-
oriented glaciers represent significantly higher ELA than
the NE-SW-oriented ones. This suggests a clear spatial
ELA gradient increasing eastward across the valley.

3.4. Present-day ELA and ELA Depression

The present-day ELA for the 15 glaciers was
calculated to quantify the total ELA shift since the LGM.
The present-day ELA values range from 4947 m (NS1) to
5932 m (NS7), with a mean of 5468 m. The ELA
depression, or the difference between the paleo-ELA and
the present-day ELA, was then calculated for each glacier.
The most significant finding from this comparison is the
substantial ELA depression of ~ 711 m calculated for the
main Siachen trunk glacier (NS1).

3.5. Discussion

The paleo-glacier reconstruction from the Nubra-
Shyok valley provides a robust quantitative basis for
evaluating Late Quaternary glacier-climate interactions in
the Karakoram during the LGM. The pronounced ELA
depression of ~700 m estimated for the Siachen trunk
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glacier (NS1), the principal drainage system in the valley,
corresponds to a mean summer temperature reduction of
approximately 1.9 °C, assuming an automatic weather
stations (AWS)-derived surface lapse rate of 2.73 °C
km™. This lapse rate was calculated from two AWS
located on the Siachen Glacier, separated by an elevation
difference of 110 m. Although the relatively small vertical
separation introduces some uncertainty in the lapse-rate
estimation, the derived value is consistent with slope-scale
lapse rates (2.5-3.0 °C km™) reported across Himalayan
catchments. Comparable lapse-rate  behavior and
temperature-altitude relationships have been documented
in hydrometeorological studies from the western
Himalaya (Thayyen et al., 2005; Thayyen & Dimri, 2018),
supporting  the reliability of the reconstructed
paleotemperature estimates. This moderate cooling aligns
with regional-scale reconstructions across the interior
Karakoram, reflecting a strong influence of the mid-
latitude westerlies during the LGM. The intensified
westerlies likely enhanced winter precipitation, sustaining
expanded glaciers and partially offsetting the full
magnitude of global LGM cooling (Tierney et al., 2020).
The magnitude of this ELA depression thus provides
compelling evidence for a major glacial advance during
MIS 2, affirming the LGM as a distinct and climatically
significant phase in the Nubra—Shyok valley’s Quaternary
glacial history.

The paleo-ELA of the tributary glaciers exhibit a
clear orientation-dependent asymmetry. East-facing (NW-
SE-oriented) glaciers record a mean paleo-ELA of 5590
m, whereas west-facing (NE-SW to E-W-oriented)
glaciers average 5219 m, indicating a systematic elevation
difference of approximately 370 m. This disparity reflects
the complex interaction between regional atmospheric
circulation and topographic orientation, particularly under
the dominance of the westerlies during the LGM. The
valley lies deep within the westerly-influenced interior
Karakoram, receiving most of its winter and spring
precipitation from these atmospheric circulations (Ganju
et al., 2018; Palazzi et al., 2013). During the LGM,
paleoclimatic reconstructions indicate that the westerlies
intensified and migrated equatorward (Juyal et al., 2014;
Owen & Dortch, 2014), enhancing orographic snowfall on
windward slopes while expanding the precipitation
shadow on leeward slopes. Consequently, west-facing
glaciers, exposed directly to these moisture-bearing winds,
maintained mass balance at lower, warmer altitudes,
whereas east-facing glaciers, situated in the leeward rain
shadow of the valley, required higher ELA to sustain
equilibrium. In addition, differences in solar radiation
likely strengthened this contrast. East- facing slopes most
likely receives more morning sunlight and experience
greater melt, whereas west-facing slopes, often obscured
by afternoon cloud buildup from westerly systems,
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undergo reduced ablation (Ganju et al., 2018). The
combined influence of moisture availability and insolation
asymmetry thus emerges as the dominant local control on
glacier equilibrium during the LGM, reaffirming the
westerly-dominated paleoclimate regime of the interior
Karakoram.

The reconstructed modelled ice thickness of ~370 m
for the Siachen trunk glacier implies a high-capacity
erosional process capable of major valley modification.
This is consistent with field observations of classic U-
shaped troughs, polished bedrock, and striated surfaces,
indicating substantial over deepening during the LGM
(Juyal et al., 2014). The magnitude of ice cover would
have generated significant volumes of glaciofluvial
sediment, contributing to the valley-fill deposits and
alluvial fans that dominate the lower reaches of the
Nubra—Shyok valley. Importantly, this glacier operated
within a tectonically active landscape, controlled by the
Karakoram Fault (Hakhoo et al., 2019). The active
tectonism sustains the extreme relief necessary for glacier
formation while simultaneously influencing valley
orientation and drainage pathways. The structural
lineaments impose first-order controls on valley direction,
thereby modulating exposure to moisture-bearing winds
and ultimately influencing glacier mass balance (Hakhoo
et al., 2019). The preservation of moraines from multiple
Pleistocene advances indicates that, despite ongoing
uplift, certain intervals of relative tectonic stability
permitted the accumulation and survival of these
geomorphic archives. These interactions between tectonic
uplift, topographic control, and glacial processes are
crucial to understanding the complex landscape evolution
of the valley.

The LGM glaciation in the valley aligns closely with
well-established regional chronologies, indicating a major
glacial advance during MIS-2 (~18-24 ka),
contemporaneous with the Deshkit-1/Tirith- moraines
(Ganju et al., 2018; Sharma et al., 2018; Bhardwaj et al.,
2024). The OSL ages from the Agham, Khardung,
Changmar, and Chalunka sections reported by Bhardwaj
et al. (2024) further substantiate this phase, documenting
extensive glacier and down-valley expansion during the
LGM, consistent with enhanced winter precipitation from
intensified westerlies. These findings correlate with
comparable ages from the upper Shyok and Khardung
valleys (~24 + 2.4 ka to ~18 = 2.0 ka), reflecting a
synchronous valley-wide glacial advance. The subsequent
retreat phases identified at ~14.5-13.0 ka, ~8.2-6.0 Ka,
and ~2.4-0.4 ka correspond to late glacial, early-to-mid
Holocene, and Neoglacial intervals respectively
(Bhardwaj et al., 2024; Ganju et al., 2018), each marking
climatically driven glacier readvances linked to short-term
cooling events such as the Younger Dryas and the Little
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Ice Age. The older moraine, Deshkit-I1/Tirith-11 (~60-80
ka; MIS-4) and Deshkit-111 (~145 ka; MIS-6), reported by
Dortch et al. (2010) further indicate repeated late
Quaternary glacial oscillations under the influence of
westerlies. Collectively, these chronologies affirm the
valley’s sensitivity to global climatic oscillations
modulated by regional moisture availability, with the
strongest glacial imprint formed under enhanced
westerlies during the LGM. However, the lack of direct
numerical dating of the moraine ridges used for ELA
reconstruction limits  chronological precision and
highlights the need for future geochronological constraints
to better link reconstructed glacier extents with global
climate phases.

4. Conclusions

The present study reconstructed the geometry of
LGM paleo-glaciers and their corresponding ELASs for 15
glaciers in the Nubra-Shyok valley. The results provide
new quantitative insights into the paleoclimatic and
geomorphic conditions of this westerly-dominated region.

(i) The Siachen trunk glacier (NS1), the principal
drainage system of the valley, experienced a mean ELA
depression of approximately 700 m relative to present.
Using the regional lapse rate (2.3 °C/km), this depression
corresponds to a summer temperature cooling of about
15-2.0 °C. This moderate yet significant cooling
confirms the occurrence of a major glacial advance during
the global LGM (MIS-2), consistent with enhanced
moisture delivery from intensified westerlies.

(ii) The paleo-ELA distribution reveals a pronounced
aspect-related asymmetry, with west-facing glaciers
exhibiting significantly lower mean ELAs (5246 m) than
east-facing glaciers (5590 m). This pattern reflects the
combined influence of enhanced orographic precipitation
on windward slopes and reduced ablation due to lower
insolation and increased afternoon cloud cover
demonstrating that glacier mass balance in the valley
during the LGM was strongly governed by westerly-
derived moisture and local topographic factors.

Overall, these findings highlight a major LGM
glacial episode in the Nubra—Shyok valley, driven by the
interplay between regional atmospheric circulation and
global cooling. The reconstructed glacial geometries and
ELAs provide an important benchmark for understanding
Quaternary climate variability in the interior Karakoram.
However, as the chronological framework relies on
morpho stratigraphic correlation rather than absolute
dating, the temporal attribution of the reconstructed
glacial stage remains provisional. Future chronological
investigations particularly using cosmogenic nuclide
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("Be) or OSL dating are essential to precisely constrain
the timing of the reconstructed advances and refine the
Quaternary glacial history.
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