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ABSTRACT

Holocene glacial chronostratigraphies in glaciated valleys spread throughout the Himalayan-Tibetan
orogen, including the Himalaya, Tibet, Pamir, and Tian Shan, are developed using a landsystems
approach, detailed geomorphic mapping, and new and published °Be surface exposure dating. New
studies in the Kulti valley of Lahul and the Parkachik valley of the Nun Kun massif of the Himalaya of
northern India define three glacier advances at ~14.7, 12.2, 0.5 Ka, in addition to one historically dated
late 19th Century advance in the Kulti valley, and one Late Holocene advance at ~0.2 ka in the Parkachik
valley. Three major climatic groups (subdivided into five climatic zones) are defined across the orogen
using Cluster Analysis (CA) and Principal Component Analysis (PCA) to identify glaciated regions with
comparable climatic characteristics to evaluate the timing, and extent of Holocene glacier advances
across these regions. Our regional analyses across the Himalayan-Tibetan orogen suggest at least one
Lateglacial (~15.3—11.8 ka) and five Himalayan-Tibetan Holocene glacial stages (HTHS) at ~11.5-9.5, ~8.8
—7.7, ~7.0-3.2, ~2.3—1.0, and <1 ka. The extent (amplitude) of glacier advances in 77 glaciated valleys is
reconstructed and defined using equilibrium-line altitudes (ELAs). Modern glacier hypsometries are also
assessed to help explain the intra-regional variations in glacier amplitudes during each regional glacier
advance. A linear inverse glacier flow model is used to decipher the net changes in temperature (4T)
between periods of reconstructed regional glacier advances in 66 glaciated valleys across different cli-
matic regions throughout the orogen. The 1°Be, ELAs, and AT data suggest enhanced monsoonal and
increased precipitation during the Early Holocene, followed by relative cooling and increased aridity
during the Mid- and Late Holocene that influenced glaciation. The sublimation-dominated cold-based
glaciers in the northern regions of Himalayan-Tibetan orogen are more affected during these shifts in
climate than the temperate glaciers in the south.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

climate change present significant challenges for model predictions
(Yan et al., 2018) and environmental risk assessment (Barker, 2007;

Studies of 20th and 21st Century glacier fluctuations throughout
the Himalayan-Tibetan orogen indicate non-uniform retreat, and in
some cases advance, of mountain glaciers due to warming and
associated atmospheric changes (Bhambri et al, 2011, 2017;
Bahuguna et al., 2014; Brun et al., 2017). Variable temporal and
spatial responses of tropical-subtropical high-altitude glaciers to
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Cogley et al., 2010; IPCC, 2014). Defining past spatial fluctuations of
high-altitude mountain glaciers across a variety of climatic and
orographic settings in the orogen on millennial and sub-millennial
timescales highlights issues relevant to the nature of future envi-
ronmental change in Central Asia (Bolch et al., 2012; Vaux Jr. et al.,
2012; Owen, 2018; Rowan et al., 2018; Farinotti et al., 2019).
High-resolution glacial chronologies from glaciated valleys in
the Himalayan-Tibetan orogen can be used to test the hypothesis
that the long-term pattern of Himalayan glacier advances is either
in phase or out of phase with glacier advances throughout the
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Northern Hemisphere, and elsewhere. Solomina et al. (2015, 2016)
have proposed that the long-term pattern of Holocene glacier ad-
vances in the Himalayan-Tibetan orogen is not modulated by
orbital forcing, but by regionally unique forcing factors. Recent
studies by Saha et al. (2018), on the other hand, show that orbital
forcing may play a significant role in driving Holocene glaciations in
the northwestern part of the Himalayan-Tibetan orogen. Further
research is required in other regions of the orogen to examine these
conflicting views. Detailed glacial chronologies from other regions
may further provide critical insights into the relative roles of cli-
matic factors, which include: insolation driven movement of
Earth's thermal equator; maritime influences; upper atmospheric
circulation change and ocean heat transfer (Solomina et al., 2015;
2016; Saha et al., 2018); and non-climatic factors specific to each
locality such as microclimate variability, topography, debris cover
on glaciers, and glacier type (Barr and Lovell, 2014; Anderson et al.,
2014). Previous studies (e.g., Dortch et al., 2013; Murari et al., 2014;
Owen and Dortch, 2014; Heyman, 2014; Solomina et al., 2015, 2016)
have compared Quaternary (mainly Pleistocene) glacial histories
across the Himalayan-Tibetan orogen, but a clear delineation of the
inter-regional variability in glacier responses to identical climatic
perturbation, especially during the Holocene, is lacking.

Holocene glacial records are generally better-preserved, can be
dated to a higher precision than those for the Pleistocene, and may
have a better potential for examining detailed glacier successions
(Blomdin et al., 2016; Saha et al., 2018). We therefore focus our
study on Holocene glacial chronologies throughout the Himalayan-
Tibetan orogen, including the Himalaya, Tibet, Pamir, and Tien
Shan. Since we are specifically looking for variations in the timing
and amplitude of glacier fluctuations between glacial events, we
treat every catchment-specific event individually and assign them
to a local glacial stage. Given the lack of preserved organic materials
required for radiocarbon dating, but the abundance of quartz-rich
boulders on moraines, we use cosmic-ray-produced (cosmogenic)
10Be surface exposure dating of multiple boulders to determine the
age of individual landforms. Limited optically stimulated lumines-
cence (OSL) studies preclude us comparing glacial chronologies at
the orogen-scale (cf. Bisht et al., 2017; Deswal et al., 2017). In this
study, we have reconstructed Holocene glacial chronostratig-
raphies in two new study areas, as well as examining all previously
published glaciated valleys throughout the orogen for which Ho-
locene '°Be ages are available (Fig. 1).

The two new study areas are located in the northwestern
Himalaya and include the Kulti valley in the Lahul Himalaya and the
Parkachik valley in Nun Kun massif (Fig. 1A). These study areas
preserve a series of young moraines and contain relatively large
glaciers (>10-km-long). These glaciers are arguably more erosive
because they have formed broad glacial troughs, are melt-
dominated, debris mantled, and located in a moderately wet
microclimatic zone with annual precipitation of ~200—900 mm/a
(Bookhagen and Burbank, 2006; Azam et al., 2014). These study
areas are well suited to test the hypothesis of Saha et al. (2018) that
smaller cold-based sub-polar glaciers located in the semiarid
climate setting of the northwestern Himalaya tend to produce more
scatter in the Holocene exposure ages. Additionally, glaciers in
these two study areas are dominated by two prevailing climatic
systems, the Indian summer monsoon (ISM) and the mid-latitude
westerlies (Benn and Owen, 1998). The complex interplay of
these systems influences both the present and late Quaternary
glacier advances/retreats in the adjacent valleys (Lee et al., 2014;
Owen et al.,, 1997, 2001). These study areas, therefore, may be key in
evaluating the relative roles of the two dominant climate systems
during Holocene glacier advances.

Sediments and landforms of different origins are distinguished
and mapped using a landsystems approach (cf. Benn and Owen,

2002; Evans, 2003; Benn and Evans, 2010) in these areas.
Comprehensive Holocene glacial chronologies are developed in
both areas. We recalculated published °Be exposure ages from
dated moraines in 77 valleys in 36 areas throughout the whole
orogen (Fig. 1). We reconstruct the timing and amplitudes of Ho-
locene glacial advances using these published exposure ages
(n=519) in conjunction with maps, equilibrium-line altitudes
(ELAs), and ELA depressions (AELAs). Present-day glacier hyp-
sometries are measured to explain variations in glacier amplitudes
within a single climatic region. We also modeled the net change in
past temperature for 66 glaciated valleys assuming a steady-state
scenario and using a linear inverse glacier flow model based on
the methods of Klok and Oerlemans (2003) and Oerlemans (2001,
2005).

Our approach provides a comprehensive framework to: i)
examine the timing and spatial variability of Himalayan-Tibetan
glacier fluctuations to Holocene climate change; ii) unravel the
long-term and short-term forcings behind Holocene glacier fluc-
tuations; and iii) understand the climatic sensitivity of the high-
altitude mountain glaciers in Central Asia.

2. Physical setting

Continued crustal shortening, the result of the collision and
partial subduction of the Indian and Eurasian continental litho-
spheric plates since the early Miocene, initiated the development of
a series of foreland propagating thrust systems and uplifted
mountain ranges in the Himalaya (Searle et al., 1997). These
mountain ranges throughout the Himalaya extend from ~400 to
>8000 m above sea level (asl; Fielding et al., 1994; Duncan et al,,
2003). The Greater Himalayan and Zanskar ranges, bounded by
the Main Central Thrust (MCT) to the south and the Indus-Tsangpo
Suture Zone (ITSZ) to the north, constitute one of the highest
mountain regions in the world (average elevation > 6000 m asl;
Duncan et al., 2003). These mountains have had and continue to
have a significant influence on past and present moisture supply;
they are a barrier to incoming air masses (Owen et al., 1996;
Burbank et al., 2012; Lee et al., 2014; Li et al., 2017).

Our two new study areas, the Kulti valley in Lahul and the Par-
kachik valley in Nun Kun massif (Fig. 1A), are located in northern
India on the northwestern trending southwestern slopes of the
Greater Himalaya and northern flanks of the Zanskar Range,
respectively. The Kulti valley lies north of the Rohtang Pass (Fig. 2A)
and consists mostly of Proterozoic black slate, phyllite, and fine-
grained biotite-schist of the Batal Formation (Kumar et al., 1987;
Rawat and Purohit, 1988; Bhargava, 2008), with occasional Neo-
proterozoic to Permian granite (Steck, 2003). Leucogranite dated to
24—18 Ma and gneiss and quartzite metamorphosed from
Paleozoic-Mesozoic Tethyan sedimentary rocks are present in the
Nun Kun massif (Vance and Harris, 1999). Both study areas have
abundant glacial and fluvial landforms, including broad glacial
troughs, moraines, debris flow and alluvial fans, talus slopes,
glacially eroded bedrock, river terraces, lacustrine and outwash
plains (Fig. 2).

The Kulti valley is in the rain shadow of the Pir Panjal Range. The
valley presently receives most of its precipitation (>65%) from the
ISM (Fig. 1A; Bookhagen and Burbank, 2006). Precipitation varies
between ~200 and 900 mm/a from the valley floor to the higher
reaches (Bookhagen and Burbank, 2006; Azam et al., 2014), pro-
ducing a wet and cool transitional climate, conducive for the
development of steep, high-activity, debris-mantled glaciers
(Fig. 2A; Owen et al.,, 1996, 1997). Contemporary steady-state ELAs
vary between ~4500 and 4800 m asl in the region (Owen et al.,
1996, 1997; Chand et al., 2017) and glaciers are highly sensitive to
changes in the ambient temperature (Bisht et al., 2017).
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Fig.1. Physical settings of the study areas. (A) TRMM and CRU CL 2.0 precipitation map, superimposed on hillshade map, showing the location of '°Be dated (with ages <15 ka only)
glaciated valleys across the Himalaya, the Tibet, the Pamir, and the Tian Shan. Two new (in black circles—this study) and 77 published (in blue circles) valleys are presented. Arrows
indicate the propagating directions of the prevailing climate systems (ISM — Indian Summer Monsoon; ESM — East Asia Summer Monsoon). Valley locations are: (1) Daxi, Tian Shan,
(2) Bordoo, Tian Shan, (3) Ala Archa, Tian Shan, (4) Aksai, Tian Shan, (5) Kitschi-Kurumdu, Tian Shan, (6) Koksu, Pamir, (7) Kongur Shan, Pamir, (8) Muztag Ata, Pamir, (9) Great
Bogchigir, Karakoram, (10) Hunza valley, Karakoram, (11) Central Karakoram, (12) Parkachik, Sentic, Rantac, and Tarangoz, Nun Kun massif, (13) Chang and Pang, Ladakh, (14) Stok
and Lato, Zanskar, (15) Puga and Karzok, Zanskar, (16) Kulti, Hamtah, and adjacent valleys, Lahul, (17) Yunam, Great Himalaya, (18) Tons, Garhwal, (19) Bhagirathi, Garhwal, (20)
Bhillanganga and Dudhanga, Garhwal, (21) Nanda Devi, Garhwal, (22) Muguru, Gurla Mandhata, (23) Lete, Milarepa, Syaktan, Yak, Lyapche, Danfe and Dudh Khola, Annapurna, (24)
Macha Khola, Gorkha Himal, (25) Mailun Khola, Ganesh Himal, (26) Langtang, Nepal, (27) Nyalam County, Southern Xixabangma, (28) Khumbu Himal, Nepal, (29) Rongbuk, N Mt.
Everest, (30) Karola Pass, Mt. Kaluxung, (31) Renhe, Baishui, and Ganheba, Yulong and Ganheba mountains, (32) Hailuogou, Gonga Shan, (33) Dalijia Shan, NE Tibet, (34) Xiying He,
Qilian Shan, (35) Anyemaqen mountains, (36) Kunlun Shan. (B) Diagram showing present (blue circle) and past (diamonds) lengths of glaciers from their respective headwall in each
location. Each location often contains >1 valley and are represented near to their location number, e.g., adjacent valleys at location 7 are shown in between 7 and < 8. Reference
sources for each of these areas are provided in the data supplement table (see Table 1 in Saha et al. Data in Brief). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

The Parkachik valley, a tributary of Suru valley, is located on the
north-facing slopes of the Nun Kun massif in the far west of the
semiarid Zanskar Range (Figs. 1A and 2B). Topography strongly
influences the precipitation gradient in the valley (Lee et al., 2014),
with present-day precipitation varying between ~150 and 700 mm/
a from the valley floor to the higher reaches (Bookhagen and
Burbank, 2006). The massif has very steep slopes (>45°) rising to
the high peaks of Nun at 7,135 and Kun at 7,077 m asl. Snow is
delivered to the glaciers by avalanching and direct snowfall
(Osmaston, 1994). In contrast to smaller sub-polar type glaciers
elsewhere in Zanskar (Orr et al., 2017a,b, 2018; Saha et al., 2018),
the Nun Kun massif has a few large glaciers, including the ~12-km-
long Parkachik glacier (Fig. 2A). A thin layer of supraglacial debris
mantles these glaciers (Fig. 2F). Currently, the mid-latitudinal
westerlies contribute ~55—58% of the total annual precipitation to
the region (Fig. 1; Lee et al,, 2014). Regional ELAs vary between
~5000 and 5600 m asl (Damm, 2006).

Holocene glacial chronostratigraphies for both study areas are

poorly defined (Owen and Dortch, 2014). Previous studies have
attempted to reconstruct Pleistocene glacial chronostratigraphies
in the Chandra and adjacent valleys using cosmogenic (Owen et al.,
2001; Eugster et al., 2016; Saha et al., 2018) and luminescence
dating (Deswal et al., 2017; Saini et al., 2016). These studies show
complex but extensive glaciation during ~20—17 ka (~global last
glacial maximum [LGM] or ~ chronozone 2 of Mix et al. (2001),
although Clark et al. (2009) and Hughes and Gibbard (2015) define
the LGM to ~26—19 and ~28-23 ka, respectively), ~16—14 ka
(Lateglacial), and ~11.7—10 ka (~Early Holocene; Supplementary
Material Fig. S1A). The oldest glacial stage in the Chandra valley,
the Chandra glacial stage, as evidenced by ice-sculpted bedrock
surfaces and bedrock benches at the altitude of 3150—4400 m asl,
was not dated (Owen et al., 2001). Site-specific deglaciation, as
recorded in polished bedrock and lodged boulders on drumlin
surfaces, commenced between ~18 and 13 ka (Eugster et al., 2016;
Saha et al,, 2016). Our regional compilation, as shown in Fig. S1A,
also illustrates a sub-millennial-scale site-specific glacial response



S. Saha et al. / Quaternary Science Reviews 220 (2019) 372—400 375

Fig. 2. Geomorphology of the study areas. (A) Kulti valley showing landforms and locations of moraine boulders. (B) Highlighted Mg, and Mg, moraine ridges. (C) Enlarged view of
Mk4 and Mgs moraines. (D) Sampling locations of Mp;, moraine and associated landforms in the Parkachik valley. (E) Highlighted Mp; moraine ridges. (F) View of Parkachik Glacier.

(advance/retreat) during ~18—13 ka. Besides, 1°Be dated glacier
advances (recalculated in this study) at ~12.3 + 0.6 ka (the Kulti
glacial stage of Owen et al., 2001), at ~10.1 + 0.4 ka (mpys3 of Saha
et al, 2018), at ~3.8+0.1 ka (Sonapani I stage of Owen et al,
2001) and <0.2 ka (mpy; of Saha et al., 2018), are also proposed in
the region. Historical photographs and trigonometrical maps of
Geological Survey of India further indicate restricted glacier ad-
vances between the 18th and 19th centuries (Walker and Pascoe,
1907; Owen et al., 1996, 1997, 2001; Harcourt, 2010; Raina et al,,
2015; Saini et al., 2016).

In the Nun Kun massif, the '°Be dated glacial history

(recalculated in this study) indicates an extensive glacier advance
which predates (recalculated here) ~64.2—39.0 ka (Achambur
glacial stage of Lee et al., 2014; Fig. S1B). Subsequent glacier ad-
vances are restricted and dated by Lee et al. (2014; all recalculated
here) to ~21.2—17.0 (their Tongul glacial stage), ~17.0—15.0 and
~14.0—13.0 (their Amantick glacial stage), and ~0.7—0.5 ka (their
Lomp glacial stage; Fig. S1B). The youngest set of lateral moraines
which Lee et al. (2014) assigned to their Tanak glacial stage, were
not previously dated in the massif. We have targeted this youngest
set of moraines (Mpy) in this study.
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3. Methods
3.1. Mapping and morphostratigraphy

Detailed geomorphic and surficial geologic maps were prepared
using a hand-held GPS and digital mapping techniques in the field
at the scale of 1:20,000 (+3 m; Fig. 2). Google Earth imagery,
Advanced Spaceborne Thermal Emission and Reflection Radiom-
eter (ASTER) global digital elevation models (GDEMs), and Landsat
Enhanced Thematic Mapper Plus (ETM+) imagery were used to
refine these maps. We used the scheme proposed by Owen and
Derbyshire (1989), Owen et al. (1997), Hughes et al. (2005), and
Hughes (2010) to define our morphostratigraphy and its nomen-
clature. The letter ‘M’ refers to a moraine, with the subscript letter
‘K’ for Kulti and ‘P’ for Parkachik valleys, respectively. We used
subscript ‘1’ for the (morphostratigraphically) youngest of all pre-
served sets of moraines and the subscript letter ‘a’ for the youngest
ridge of a moraine set. A detailed account of these methods can be
found in Orr et al. (2018) and Saha et al. (2018).

3.2. Geochronology

We carefully considered the morphostratigraphy, physical
setting (e.g., stability, degradation, recent hillslope deposits), and
surficial characteristics when choosing moraine boulders to sam-
ple. We avoided post-depositional surface deflation effects by
choosing well-inset boulders on the crest of moraines (Fig. 3). The
strong winds (5—15 km/h; Ramanathan, 2011) in this high-altitude
environment likely preclude accumulation of snow and loess on
boulders with heights of >1 m (except for a few samples; Table 1),
minimizing the impact of shielding (<1%) on the cosmogenic
nuclide inventory (Heyman et al., 2016). No sampled boulder
showed any evidence of surface spallation, pitting, fracturing, and/
or extensive weathering (see Fig. S2 for detailed characteristics).
Approximately 500 g of rock to a depth of <5cm from the top of
each boulder was collected using a hammer and chisel (Table 1). We
used compass and inclinometer to measure shielding from the
boulder surface to the horizon at 10° azimuths. A detailed account
of our field sampling procedures is provided in Orr et al. (2018) and
Saha et al. (2018).

We performed quartz extraction and '°Be sample preparation at
the Quaternary Geochronology Laboratories in the University of
Cincinnati following the methods outlined in Kohl and Nishiizumi
(1992), and Nishiizumi et al. (1994). AMS measurements were
performed at the Purdue Rare Isotope Measurement (PRIME) Lab-
oratory at Purdue University (Sharma et al., 2000). See supple-
mentary material S3 and Saha et al. (2018) for more details.

Beryllium-10 exposure ages were calculated, and published ages
were recalculated, using the community standard Cosmic Ray
Exposure program (CREp) of Martin et al. (2017) and CRONUS-Earth
V3 of Balco et al. (2008; see Table 1 in Saha et al. Data in Brief). For
Lifton-Sato-Dunai (LSD) and time-dependent Lal and Stone (Lm)
scaling schemes, a global °Be production rate at sea level of
411 +0.26 and 4.13 +0.20 atoms/g SiO,/a, respectively was used
(Borchers et al., 2016; Martin et al., 2017). The relative differences
among different age calculators are outlined in Saha et al. (2018).
Exposure ages were calculated using the scaling schemes of LSD
(Lifton et al., 2014), Lm (Balco et al., 2008), and time-independent
Lal and Stone (St; Lal, 1991; Stone, 2000), but we only reported
the CREp LSD ages in the text below. Saha et al. (2018) showed that
the differences among different scaling schemes for Holocene 1°Be
age are <10%. We assume zero-erosion rates and report all the ages
in thousands of years (ka) before AD 2016 (Table 1; supplementary
material S3, see Table 1 in Saha et al. Data in Brief).

In our two new study areas, multiple boulders (2—6) were
sampled from each moraine to define the exposure age of the
moraine, and hence the minimum age of a glacier advance (Gosse,
2005; Ivy-Ochs et al., 2007; Putkonen et al., 2008). For moraine
ages from the literature, we only used data if>2 concordant
boulder ages were measured. We applied reduced chi-squared (x?)
statistics to assess the distribution of ages (Applegate et al., 2010,
2012; Kaplan et al., 2013; Putnam et al., 2013b). Any age population
with y? >1 likely had outliers, and further statistical treatment was
performed (cf. Saha et al, 2018). Chauvenet's criterion (Taylor,
1997; Dunai, 2010; Putnam et al., 2013b) was used to detect out-
liers. Outliers for our new study areas were only removed if
convincing field evidence supported our statistical results (e.g.,
possible recent hillslope deposits, shallow burial, and/or toppling).
We relied on statistical treatment and the author's recommenda-
tions for the previous studies (see Table 1 in Saha et al. Data in Brief)

Fig. 3. Examples of sampled boulders for '°Be exposure dating. Boulders inset into Mgsc (A) and M4y, (B) lateral rides in the Kulti valley. (C and D) Relative to My, moraine, subdued
boulders are present on the young My, lateral ridge in the valley. (E and F) Boulders are large, fresh, and well inset into the crest of the Mpy}, lateral ridge in the Parkachik valley.



Table 1
Holocene moraine surface-exposure sample details and '°Be ages (in thousands of years before AD 2016; labeled ‘ka’+1c) for the Kulti valley of the Lahul Himalaya and Parkachik valley of the Nun Kun.

Moraine morpho-  Sample Latitude Longitude Elevation Boulder size (Length x width x Sample Shielding Quartz 9Be Carrier  '°Be/°Be+1c ['°Be]+1c0(10* LSDAge+1c Lm
stratigraphy ID (°N) (°E) (m asl) height in cm) thickness (cm) correction weight (g) added (g) (1074 atoms g~ ') (ka)" Age+ 1o
(ka)'

Kulti valley, Lahul

Mks S19 32.3833 77.2783 3255 300 x 290 x 90 2.0 1.000 31.090 1.0107° 21.20+0.64% 22.80+0.69 8.92+0.63 8.33+046
Mgs S20° 323833 77.2783 3258 240 x 190 x 50 2.0 1.000 27.090 0.9400° 4124039  473+045 211+025 1.95+0.22
Mgs S21 32.3833 77.2783 3256 330 x 290 x 130 2.0 1.000 10.521 0.4221° 9.48 +0.34° 32.03+1.14 13.19+0.78 12.54+0.72
Mgs S22 32.3833 77.2783 3268 140 x 60 x 90 2.0 1.000 24.678 0.9505" 35.20+1.40° 44.85+1.78 16.11+1.01 15.33+0.86
Mgs S23° 32.3833 77.2783 3272 160 x 80 x 30 2.0 1.000 30.900 0.9912° 298+028% 3.16+0.30 1.28+0.14 1.20+0.13
Mgs S24° 32.3833 77.2783 3274 150 x 130 x 40 3.0 1.000 29.690 0.9855 279+358%  3.06+3.93 1.25+1.60 1.16+1.49
Mga S2 32.4000 77.2850 3522 130 x 80 x 60 2.0 0.913 29.717 0.9440° 34.87 +1.83° 36.64+1.92 1196 +0.86 11.42+0.71
M4 S3 32.4000 77.2850 3527 135 x 120 x 160 2.0 0.915 29.220 0.9990° 35.05+1.49% 39.64+1.69 12.90 +0.85 12.29 +0.76
M4 S5 32.4000 77.2850 3526 260 x 160 x 120 2.0 0.915 29.240 0.9820° 29.39+1.49¢ 32.65+1.65 10.86 +0.65 10.33+0.63
Mga S6 32.4000 77.2850 3528 140 x 130 x 70 2.0 0.915 26.440 1.0140° 31.53+0.67¢ 39.99 +0.85 12.99+0.72 12.40+0.63
M2 S9 324233 773067 3676 60 x 30 x 35 2.0 0.917 28.900 0.9635" 1.15+042¢ 1.27+046 040+0.15 0.37+0.14
Mo S10 32.4233 773067 3678 75 x 35 x 30 2.0 0.913 32.592 0.9560° 2.01+0.20° 1.95+0.19 0.62+0.08 0.59+0.07
Parkachik valley, Nun Kun
Mpq PAR 34.0835 75.9998 3700 500 x 400 x 150 2.0 0.968 21.065 0.3548°¢ 0.48+0.05°  0.56+0.06 0.15+0.02 0.14+0.02
1601
Mp; PAR 34.0844 76.0001 3687 100 x 60 x 100 3.0 0.973 13.654 0.3502¢ 0.18 +0.04 0.33+0.08 0.09+0.02 0.08 +0.02
1602
Mp1 PAR 34.0846 76.0002 3678 180 x 50 x 80 3.5 0.974 9.665 0.3536° 0.28+0.02°*  0.71+0.05 0.19+0.02 0.19+0.02
1603
Mp; PAR 34.0850 76.0004 3667 210 x 115 x 70 2.0 0.969 7.905 0.3531°¢ 0.24+0.04°* 0.74+0.12 0.21+0.04 0.19+0.04
1606

1 and AMS standard of 07KNSTD were used for all samples to calculate surface exposure ages; weathering is limited to none.

Note: Density value of 2.7 g cm >, the erosion rate of 0.00 cm a~

@ Outliers are identified and removed.

b Carrier °Be concentration is 495 ppm.

¢ Carrier “Be concentration is 1045.9 ppm.

d Ratios are corrected from background '°Be: 5.72 + 0.48 x 1074 (1°Be/°Be + 15).
€ Ratios are corrected from background '°Be: 3.13 +0.21 x 10~'% (1°Be/°Be + 10).
f Ratios are corrected from background °Be: 0.12 +0.05 x 10~ ' ('°Be/°Be «+ 10).
& Ratios are corrected from background '°Be: 0.08 +0.03 x 10~ (°Be/?Be + 10).
" Lifton-Sato-Dunai (LSD) scaling model using CREp online calculator.
i Lal and Stone time-dependent (Lm) scaling model using CREp online calculator.

00—2.€ (6102) 02T smataay aualds Aiuiaipig /v 32 byvs °s
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to detect and remove outliers. The simple arithmetic means + 1c
were used to define the mean moraine ages and the age
uncertainties.

Each morphostratigraphically distinct mean moraine age in a
valley are reported here as a local glacial stage (cf. Owen and Dortch,
2014; Saha et al., 2018). Probabilistic models suggest that each
valley likely has ~30% probability (as recorded in moraines) to
preserves its repeated advances from the same source (Gibbons
et al., 1984; Kirkbride and Brazier, 1998; Kirkbride and Winkler,
2012). We, therefore, first defined climate regions (see section
‘Climate Zonation’), i.e., regions with similar climatic characteristics
and then compiled all local glacial stages for each climatic region
(~10*%km?) to reconstruct a complete regional glacial history.
Using a combination of radial plotter, finite mixture model, and
probability density function (kernel density or ‘ksdensity’ fit in
MATLAB), discrete population/Gaussians of local glacial stages are
first identified (Galbraith et al., 1999; Dortch et al., 2013). Student's
t-test analysis is then applied to verify whether these selected
population/Gaussians are statistically significant (>95% confi-
dence) and defined as regional glacial stages (~10%> km?; cf. Dortch
et al., 2013; Murari et al., 2014). Age overdispersion (OD) values are
also estimated for the regional age population to assess further
whether they are part of a single Gaussian or multiple (Galbraith
et al., 1999). OD of <20% is considered reliable to estimate the
mean of a regional glacial stage (Guérin et al., 2015). We followed
the formal Holocene stratigraphic subdivision approved by the
International Commission on Stratigraphy (ICS: www.stratigraphy.
org/index.php/ics-news-and-meetings/125-formal-subdivision-of-
the-holocene-series-epoch, last accessed July 1, 2019; Walker et al.,
2012) to help evaluate our regional stages. According to the ICS (all
reference to before AD 2000 [b2Kk]), the Early Holocene spans
11.7—8.3 ka, the Mid-Holocene spans 8.3—4.2 ka, and the Late Ho-
locene is from 4.2 ka to b2k. Additionally, we used the word Hi-
malayan-Tibetan Holocene stages or HTHS to define our orogen-wide
inter-regional glacial stages.

3.3. Equilibrium-line altitudes

Former ELAs are determined assuming a simplistic steady-state
scenario (Sugden and John, 1976) and using area-altitude (AA), area
accumulation ratio (AAR), and toe-headwall accumulation ratio
(THAR) methods for each glacier advance (Table 2; Benn et al.,
2005; Osmaston, 2005). The modern maximum elevations of
lateral moraines (MELM; Nesje and Dahl, 1992) are established to

calculate present ELAs (Table 2). We obtained the AARs and THARs
from the published literature for our climatic regions (see section
5.2.1 and Table S4). Different combinations of AARs (e.g., ranging
from 0.45 to 0.80) and THARs (e.g., varies from 0.3 to 0.6) were used
depending on the glacier setting, physical characteristics, and
climate. See Table 2 in Saha et al. (Data in Brief) for detailed ratios
used for our different climatic regions in this study. Herein we
report the (arithmetic) mean ELA and AELA with + 1¢ uncertainty,
obtained from multiple indices and ratios (Table 2; see Table 2 in
Saha et al. Data in Brief).

We also evaluated the spatiotemporal distribution of AELAs
across the orogen to provide insight into the relative strength of
precipitation and temperature as major forcing factors for glacier
oscillations (cf., Saha et al., 2018). Yan et al. (2018) in their Parallel
Ice Sheet Model (PISM) of LGM glaciation across the orogen showed
that glaciers in western and southern Himalaya and Tibet are the
most sensitive to climate perturbations relative to those in the
interior. We therefore expect precipitation-sensitive cold-based
sub-polar types of Himalayan-Tibetan glaciers (Fig. 4) to likely have
significant AELAs during periods of increased precipitation and
greater cloud albedo (diffusion radiation). Enhanced cloud albedo
favors a decrease in incoming shortwave radiation and in
conjunction with evaporative/sublimation cooling (latent heat
transfer) foster negative energy balance, i.e., cooling by a dynamic
response (Rupper and Roe, 2008; Rupper et al., 2009). Relative to
cold-based glaciers, temperature-sensitive wet-temperate glaciers
(Fig. 4) likely have greater AELAs during cold-dry climatic relapses
(Bisht et al., 2017).

3.4. Glacier hypsometry

Modern glacier hypsometry was generated using ASTER GDEM
(Fig. S5) for 68 of the 77 glaciated valleys in which glaciers still
exist, and where 1°Be ages are available. Glaciated areas were
normalized using z-scores (Mahmood, 2016) for comparison
because glaciers vary greatly in size throughout the orogen. Z-score
normalization is performed by subtracting the variable from the
population mean and dividing by the standard deviation of the
population.

3.5. Climate zonation

A primary climatic group map was reconstructed using >42,500
mapped Central Asian glaciers extracted from the Randolph Glacier

Table 2

A summary of ELAs and AELAs in our study areas.
Glacial Mean Glacier Mean Mean Head Toe MELM  Area- Area-Accumulation Toe-Headwall Mean AELA

ratio altitude ratio
Stage moraine area slope aspect (masl) (masl) (masl) Altitude AAR AAR AAR THAR THAR THAR ELA (m)
age (ka) (~km?) (~°) (masl) (0.45) (0.55) (0.65) (0.40) (0.50) (0.60) (m asl)

Kulti valley, Lahul
Present — 17.7 17 w 5465 3901 4640 4815 4929 4819 4719 4533 4690 4846 4749+127 —
My ~0.12 + 0.01 (Historical) 22.9 18 W, SW 5478 3601 - 4727 4879 4759 4590 4403 4585 4766 4673 +157 92+31
My 0.51+0.16 234 18 W,SW 5478 3662 — 4704 4859 4739 4569 4397 4580 4762 4659+154 106 +30
Mgs N/A? 244 17 W, SW 5498 3631 - 4662 4839 4709 4529 4387 4575 4762 4638+153 127 +38
Mgq 12.18 +0.99 24.9 17 W,SW 5498 3432 — 4641 4829 4699 4500 4255 4460 4664 4578 +188 186 +62
Mgs 15.30 +0.60 25.7 17 W, SW 5498 3151 - 4598 4809 4659 4469 4099 4335 4570 4506+232 259 +109
Parkachik valley, Nun Kun
Present — 47.5 19 N 7014 3592 5251 5437 5510 5419 5339 4967 5310 5652 5361+202
Mp; 0.16 +0.05 48.6 19 N 7014 3556 — 5401 5499 5409 5319 4943 5290 5636 5357+216 20+9
Mp, N/A? — — - — — - - — — - — - — — —

Note: The present here refers to the year 2016 AD.
m asl is a meter above sea level.
N/A? Indicates numerical dates are not available.


http://www.stratigraphy.org/index.php/ics-news-and-meetings/125-formal-subdivision-of-the-holocene-series-epoch
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S. Saha et al. / Quaternary Science Reviews 220 (2019) 372—400 379

Fig. 4. 3D Distribution of annual mean temperature (source: CRU CL. 2.0) and precipitation (source: TRMM) across the Himalayan-Tibetan orogen showing the strong N-S climatic
gradient. Note that the map is inverted for the ease of viewing, i.e., the view is looking southwestward; Google Earth map for reference. The height and the color scheme on the
maps represent the normalized values (1—0) of mean annual temperature and precipitation on each glacier. Normalization is achieved by dividing the climate variables by their
maximum value (cf. Sagredo and Lowell, 2012); i.e., 1 represents the highest temperature/precipitation value(s) among all the point clouds/glaciers and 0 is the lowest. Each glacier
is used as a point to extract the climate variables and their height is interpolated to create the 3D maps (see Saha et al. MethodsX for more details). The southern Himalayan glaciers,
in general, shows high precipitation and higher temperature, i.e., wet-temperate types, whereas the glaciers further north in the Transhimalaya and Tibetan Plateau experience
significantly low temperature/precipitation, i.e., cold-dry sub-polar types. Note also that the TRMM derived mean annual precipitation values have more extreme values (or spikes)
in the transitional zones (between the high and low precipitation regions) compared to the reanalysis temperature data. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Inventory (RGI 6.0; RGI Consortium, 2017), and climate data of New
et al. (2002; Fig. 4) to better compare the relative influence of the
prevailing climate systems on glaciers and for inter-regional vari-
ances in the Himalayan-Tibetan orogen.

Monthly surface temperature maps were generated using the
CRU CL 2.0 (at 10’ of latitude and longitude) reanalysis dataset for
the period 1961—-1990 (New et al., 2002). Due to poor resolution of
the reanalysis data (New et al., 2002), we generated monthly pre-
cipitation maps from the Tropical Rainfall Measuring Mission
(TRMM) data (4-km-horizontal x 250-m-vertical) for the period
1998—2009 (Bookhagen and Burbank, 2006). Nine climate pa-
rameters including annual mean temperature, annual temperature
range, annual total precipitation, annual precipitation range, total
summer monsoon precipitation, total winter precipitation, sea-
sonality concentration index (SCI), dimensionless seasonality index
(DSI), and relative entropy (RE), were derived from the monthly
temperature and precipitation data (see Saha et al. MethodsX for
definitions of these indices).

Sample glaciers used in our study covers ~27—35° N and
~67—103°E coordinates (Fig. 5A and S6), that is the focus of our
study. The climate data of the °Be dated sample glaciers that fall
north of latitude ~35° N, i.e., valley locations 1-10 of Fig. 1, are
extracted separately from the CRU CL 2.0 dataset, largely because
the gridded TRMM data is only generated up to 36° N (Bookhagen
and Burbank, 2006). They are then included in the analysis.

Glaciers with identical climate were grouped using Cluster
Analysis (CA; Zuming and Maohuan, 1989) and refined by Principal

Component Analysis (PCA; Sagredo and Lowell, 2012; Seaby and
Henderson, 2014) in the R statistical package (The R Core Team,
2018). These groups are defined herein as climatic regions. We
produced a cluster dendrogram (see Saha et al. MethodsX) by
grouping the most analogous samples (glaciers) using the
Euclidean distance and the unweighted pair-group method with
arithmetic averaging (UPGMA; Romesburg, 2004). To test the sig-
nificance of our clusters (groups), we calculated the cophenetic
distance between two samples (glaciers) in the cluster dendrogram
and performed a Pearson's product-moment correlation between
the sample Euclidean and cophenetic distances (Seaby and
Henderson, 2014; see Saha et al. MethodsX). Also, we performed
an analysis of similarities (ANOSIM), which in R is based on the
difference of mean ranks between groups and within groups (The R
Core Team, 2018). The function anosim is directly applied to the
dissimilarity function dist in R, which is then used to determine the
compositional dissimilarities between and within the groups. The
aim is to test whether the samples (glaciers) within groups are
more similar than would be expected by random chance (see Saha
et al. MethodsX).

3.6. Modeling past temperature

We reconstructed the Holocene (relative to present) tempera-
ture changes (T in Kelvins [K]) for 66 of the 77 high-altitude Hi-
malayan-Tibetan glaciated valleys using the medial length, average
slope, and annual total precipitation of the respective glacier. Past



380 S. Saha et al. / Quaternary Science Reviews 220 (2019) 372—400

atmospheric temperatures (T) were not reconstructed for the
remainder 11 study areas because essential parameters, e.g.,
existing glacier ice cover, well-defined laterofrontal and/or end
moraines to reconstruct glacier geometry, moraine ('°Be) ages, and
availability of reliable (contemporary) climate variables, were not
met.

We used a linear inverse glacier flow model of Klok and
Oerlemans (2003) and Oerlemans (2001, 2005). This flow model
is based on the first-order glacier dynamics (Oerlemans, 2001,
2005) and successfully applied to 169 globally distributed glaciers
since AD 1700 (Oerlemans, 2001, 2005). Unlike more explicit nu-
merical glacier/ice sheet models, that require many complex
geologic, climatic, and energy balance variables (cf. Azam et al,,
2014; Roe and Baker, 2014; Rounce et al., 2015) and are often
catchment specific (cf. Carr et al., 2010; Eaves et al., 2016; Pellitero
et al,, 2016; Putnam et al., 2013a,b), the current model requires a
limited number of variables and hence it is easy to reconstruct for a
wide range of Himalayan glaciers and widely different climatic
regions throughout the orogen. Although the model has its limi-
tations for site-specific applications and should be used cautiously
(Oerlemans, 2005), we argue that we are more interested in
capturing the inter-regional pattern of net temperature (AT) change
during Holocene glacier advances rather than absolute values
throughout the orogen and hence, is suitable for average broadscale
spatiotemporal analysis.

Also, the linear flow model considers climate sensitivity (c) and
response time (7) of the glacier to estimate the lag time (see Saha
et al. MethodsX for more details about ¢ and 7). If ambient tem-
perature primarily drives glacier fluctuations on a continental scale,
climate sensitivity (c), therefore, can be defined as the decrease in
equilibrium glacier length per K increase in temperature
(Oerlemans, 2005). A simple linear response equation is, therefore,
proposed (Oerlemans, 2005):

O _ L erqy Ly 1)

Here, T is a temperature perturbation (e.g., annual mean), t is
time, L is the medial glacier length with respect to present snout
position. Assuming a simple glacier advance scenario, we measured
respective mean moraine age and distance from the snout to
calculate t and L, respectively. dL is the linear interpolation over ten
years (dt) interval. ¢ and © were determined from a first-order
glacier dynamics theory (see Saha et al. MethodsX for details)
and explicitly explained in Schmeits and Oerlemans (1997),
Oerlemans (1997, 2001), and Oerlemans et al. (1998). We individ-
ually calculated c and = for each glacier, and hence, distinct for cold-
based/polythermal/temperate glaciers.

The inverse model to solve for T, thus, can be stated as:

dL(t)
TT] 2)

This linear inverse glacier flow model uses present annual
precipitation to estimate ¢ and t of the individual sample glacier
(see Saha et al. MethodsX to measure c¢ and t). Past change in
annual precipitation would, therefore, likely result in changes in ¢
and 7. Proxy and model studies based on lake shorelines and 3'80
also showed that precipitation increase in the western and interior
Tibet was ~55—200% higher than present during the Early Holocene
(Huth et al., 2015; Li et al., 2017; Shi et al., 2017). Since it is chal-
lenging to quantify the spatiotemporal evolution of past precipi-
tation, we added +30% uncertainties to c and 7t to account for this
unknown uncertainty of the model. Additional limitations of the
model are also presented in Oerlemans (2005). Further estimates of
uncertainties were made by combing T for sample glaciers in each

region and measuring a mean and +1c¢ from the data (see Saha et al.
MethodsX). We only present net temperature (4T) change in the
text following the recommendation of Putnam et al. (2013a,b).

4. Detailed study areas
4.1. Kulti valley

Kulti valley is occupied by the <10-km-long Sonapani glacier in
its upper reaches (>4000m asl). This debris-mantled glacier,
covering and area of ~32.5km?, consists of five hanging glaciers
that merge into a valley glacier that tapers into a narrow icefall at
~3860m asl and created a V-shaped gorge above the icefall
(Figs. 2A, 5A, S7A, B). Five sets of morphostratigraphically distinct
moraines were identified and mapped in the valley (Fig. 2A and S2).
These five sets of moraines (M[(], My2, Mks, Mka, MKS) in the Kulti
valley are traversed by the ~9-km-long Dugli Nala meltwater
stream (Fig. 2A, S7C, D, I, ]).

Mgki, located at ~3700—4000 m asl, is a ~1.8-km-long discon-
tinuous southeast trending laterofrontal moraine set on the south
side of the valley (Fig. S7A). The farthest laterofrontal ridge of the
moraine is ~2.9 km from the glacier snout (Fig. 2A). Glacial trimlines
are present in the north side of the valley (Fig. 2A and S7A). Inset
within the moraine are several <5-m-high northeast-southwest
trending ~100-m-long hummocks (Fig. S7B). No suitable boulders
were found to sample for dating. Fig. S2 presents detailed moraine
and boulder characteristics.

Two subdued northeast trending ~5-m-high and ~150-m-long
rounded lateral moraine ridges (Mkza, Mkop) are present ~0.9 km
from Mgy, at altitudes of ~3669—3676 m asl (Figs. S2, S7C, D). Two
boulders were sampled from the Mgy ridge (Figs. 2A and B; 3C, D).

A northwest-trending terminal moraine ridge, Mgs, is present
~2.1 km from Mg», at an altitude of ~3638—3640 m asl (Fig. 2A and
S7E). This ~30-m-high and ~450-m-long moraine ridge is referred
to as the Rataskal terminal moraine by Raina et al. (2015). No
samples for dating were collected from Mgs since post-depositional
hillslope deposits have partially buried the original terminal
moraine (Figs. S2, S7E, F). A broad braided channel with lacustrine
deposits is present upstream of Mgs, likely formed by damming of
the moraine (Raina et al., 2015).

Mg4 moraine set, ~0.9km from Mg at an altitude of
~3426—3500m asl consists of three northeast trending rounded
lateral ridges (Figs. S7G and H). Four boulder samples were
collected from Mggp and Mgy lateral ridges (Figs. 2A, C, 3A, B, S2).
These ridges are ~20-m-high and ~500-m-long and mainly pre-
served in the northwest of Dugli Nala. A subdued lateral moraine
ridge to the southeast is mostly buried under hillslope deposits
(Fig. 2Q).

A sharp-crested laterofrontal moraine set, Mgs, ~1.3 km from
Mka, is at an altitude of ~3164—3270 m asl. The moraine set trends
northeast with a sharp bend to the west at its frontal part (Fig. S71).
While the northwest ridge is ~0.5-km-long and does not contain
any large boulders, the SE ridge is ~1.1-km-long and contains
several larger boulders (Figs. S2 and S7]). We sampled six boulders
from this grass-covered ridge (Fig. 2A, C). We suspect recent hill-
slope deposits on the moraine surface because of the narrow valley
mouth (Fig. S7I). The moraine morphology and presence of lacus-
trine sediments capped with fluvial and debris flow sediments to
the east of the moraine, likely indicate blocking of the main
Chandra valley by the glacier (Owen et al., 1997).

4.2. Parkachik Valley

A large accumulation area (74%) and high steep peaks of Nun
and Kun feed Parkachik glacier in the Parkachik Valley, the largest
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glacier in the Nun Kun massif (Fig. 2D and S7K). This glacier is
unique in the Zanskar Range due to its large size and extent (Lee
et al., 2014). The glacier extends into four tributaries in the higher
reaches (Fig. 2D). There are three other cirque glaciers on the
northern flanks of the Nun Kun massif, and from west to east these
include Tarangoz, Rantac, and Sentick glaciers. The moraines of
these glaciers were previously dated by Lee et al. (2014) using '°Be.
Two moraine sets, Mpq, and Mpy, of Parkachik glacier, were mapped
based on morphostratigraphy.

Mp; is the youngest laterofrontal moraine set with two ice
contact ridges at an elevation of ~3595—3730 m asl (Fig. 2D, E, S7K,
L). Mpi, is closest to the glacier and presently unstable (Fig. S7L).
The ~0.6-km-long sharp-crested west lateral ridge of Mpy, was
sampled for 1°Be dating (Figs. 2D, E, 3E, F, S2). This moraine ridge is
well preserved, but the moraine flank, facing the glacier, is
currently undergoing base erosion by the meltwater stream
(Fig. S7L). We sampled four stable tabular boulders from this ridge
(Fig. 3E and F). The eastern lateral ridges are ~1.3 km long with no
suitable boulders for sampling.

Mp; moraine set, located outside of Mp; to the east, consists of
four grass-covered rounded ridges (Fig. S7K and M). These are steep
(20—30°), ~30-m-high, <0.35-km-long and discontinuous, and
more of bedrock-cored ridges than moraines. One of the outer
bedrock-cored ridges supports up-valley section of the west lateral
ridge of Mp; (Fig. S7K). The bedrock-cored ridges contain thin ve-
neers of matrix-supported pebbly diamicton that overlay the pol-
ished and weathered bedrock surfaces. We did not collect any
samples from this moraine due to the lack of suitable boulders for
dating (Fig. S2).

5. Results
5.1. Local glacial analyses

5.1.1. Dating results: Kulti valley

The oldest Mks laterofrontal moraine ridges were previously
assigned to the Kulti glacial stage by Owen et al. (1996, 1997, 2001)
based on their morphostratigraphic position and relative dating.
Their Kulti glacial stage was dated, using '°Be (recalculated here),
elsewhere in Lahul to ~12.3 + 0.6 or 13.7 + 1.3 ka by Eugster et al.
(2016). We have dated six boulders from the SE moraine ridge
(Fig. 5A). Our '°Be ages range from ~16.1 to 1.2 ka (Table 1; see also
Table 1 in Saha et al. Data in Brief) showing large scatter (x° = 464)
and possible influence of recent hillslope deposits. We discarded
four young ages (samples S19, S20, S23, and S24) from further
analysis. The remaining two ages yield a tentative mean age of
14.7 + 2.1 ka. However, if the sample S19 (~9 ka) is included (not
statistically recommended), a mean age of 12.7 + 3.6 ka is expected.

Four sampled boulders on the Myg4 moraine present an age
clustering with a x of 2.0 (see Table 1 in Saha et al. Data in Brief).
Ages in the distant moraine ridges (Mgsp and Mgyc) range from
~13.0 to 10.9 ka (Table 1), with a mean age of 12.2 + 1.0 ka (Fig. 5A).

No ages are available for our Mgs terminal moraine (Fig. 5A),
which Owen et al. (1996, 1997, 2001) previously assigned to the
Sonapani I glacial stage using relative dating.

Two boulders on the young Mg, moraine have ages of ~0.6 to 0.4
ka (Table 1; S 4) with a tentative mean age of 0.5 + 0.2 ka (Fig. 5A).

The formation of the Mg; moraine complex predates AD 1906
(Fig. 4A) based on the photograph taken by Walker and Pascoe
(1907 in Raina et al., 2015). According to their description, the
glacier snout was at ~3,711 m in AD 1906, only a few hundred
meters up-valley from the lowest moraine ridges of Mg; moraine
complex (see Fig. 15, page 38 of Owen et al., 1996). Owen et al.
(1996, 1997, 2001) assigned this moraine to their Sonapani II
glacial stage, a late 19th Century advance.

5.1.2. Dating results: Parkachik valley

Ages for the ice-contact Mp; moraine form a tight cluster that
ranges from ~0.2 to 0.1 ka (Table 1; see Table 1 in Saha et al. Data in
Brief) with a x of 5.4 (acceptable at 95% confidence interval). We
calculate a mean age of ~0.2+0.1 ka for this lateral moraine
(Fig. 5B). Lee et al. (2014) could not date the youngest ice-contact
moraine (TG4) adjacent to Parkachik glacier in the Tarangoz val-
ley of the Nun Kun massif (Fig. 2D). Their youngest dated moraine,
TG3, is dated to ~0.6 + 0.1 ka (see Table 1 in Saha et al. Data in Brief).
We suggest that the Mp; moraine likely represents the youngest
local glacial advance in the massif.

Rothlisberger and Geyh (1985a, b) used '“C dating of humic acid
to date the Parkachik moraine to 5055 + 381 cal yr BP (recalibrated
using CALIB 7.1 of Stuiver et al, 2018). In the absence of any
photographic evidence and precise coordinate systems, we were
unable to find their sample location or any organic materials in both
Mp; and Mp; moraine sets to verify these T4c ages.

5.1.3. Reconstructed ELAs and net temperature change

Sonapani glacier in the Kulti valley extended ~10 km from its
present position (Fig. 1B) at ~14.7 ka with a AELA of 259 + 109 m
(Table 2; Fig. 5A). A subsequent ~7.6 km advance (Fig. 1B) at ~12.2 ka
represents a AELA of 186 + 62 m (Table 2; Fig. 5A) in the valley and
comparable to the Early Holocene glacier advance (AELA
~182 + 57 m at ~10.5 ka) in Hamtah valley on the southern side of
the Chandra valley (Saha et al., 2018). The inverse glacier flow
model produces a net temperature increase of 2.7 + 0.2 °C (58.7% of
the total increase) for ~14.7—12.2 ka (note: for the ease of inter-
pretation, 4T K is expressed as 4T °C). Our undated Rataskal ter-
minal moraine (Mgs), located ~6.5 km (Figs. 1B and 5A) from the
present snout, had a AELA of 127 + 38 m.

Sonapani glacier also advanced ~4 and ~3 km (Fig. 1B) from the
present snout during the Late Holocene at ~0.5 ka and late 19th
Century, having AELAs of 106 + 30 and 92 + 31 m, respectively. We
modeled a net ambient temperature increase of ~0.9 + 0.2 (19.6% to
total change) and 1.0 + 0.2 °C (21.7%) for ~12.2—0.5 ka and ~0.5—0.1
ka, respectively. Since the ~0.1 ka advance, there has been a net
temperature increase of ~0.5 °C based on the linear flow model.

The glacier only extended ~0.3 km (Fig. 1B) from its present
snout at ~0.2 ka with a AELA of 20+ 9 m in the Parkachik valley
(Table 2; Fig. 5B). Based on the linear flow model, we calculated a
net temperature increase of 0.5 + 0.1 °C since ~0.2 ka.

5.2. Regional analyses

5.2.1. Climate groups and zones

Previous studies have shown a latitudinal gradient of contem-
porary snowlines (Benn and Owen, 1998; Owen and Benn, 2005;
Yao et al., 2012; Heyman, 2014), and longitudinal and latitudinal
variations of prevailing climatic systems (Vaux Jr. et al., 2012) across
the Himalaya and Tibet. While the winter mid-latitude westerlies
significantly influence the western end of the Himalaya and Tibet
(Molg et al., 2014), the ISM and East Asian Summer Monsoon (ESM)
largely dominate the southern and eastern (maritime) regions, and
to a limited extent the interior (continental) portions of the orogen
(Fig. 1A; Jin et al., 2014). Additionally, the Siberian high-pressure
system dominates the Tian Shan during the winter (Fig. 1A;
Cohen et al,, 2001). Three broad types of glaciers have been pro-
posed, which include wet-temperate glaciers, sub-polar (cold) arid-
semiarid glaciers, and polythermal transitional glaciers (Fig. 4;
Derbyshire et al., 1991; Yang et al., 2009a,b; Shangzhe et al., 2010;
Yao et al., 2012; Zhu et al., 2013). The temperate glaciers are mostly
melt-dominated, thick debris-mantled and have low-altitude
snowlines (Fig. 4; Derbyshire et al., 1991; Yang et al., 2009a,b;
Shangzhe et al., 2010; Yao et al., 2012; Zhu et al., 2013). They are
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Fig. 5. Cross-valley profiles (red lines) showing topography, major landforms, reconstructed ELAs, and '°Be moraine chronologies for the Kulti (A) and the Parkachik (B) valleys in
the NW Himalaya of northern India. The mean moraine ages with 1¢ uncertainties that are morphostratigraphically distinct represent the local glacial stages in respective valleys.
Both valleys show typical stair-case topography with steep ice falls. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

more susceptible to changes in temperature. The cold arid-semiarid
glaciers, in contrast, are sublimation dominated, usually debris-
free, and located at higher altitudes (Fig. 4; Derbyshire et al.,
1991; Yang et al., 2009a,b; Shangzhe et al., 2010; Yao et al., 2012;
Zhu et al.,, 2013). These types of glacier are more sensitive to
changes in precipitation. Polythermal transitional glaciers are in-
termediate between cold and temperate glaciers.

While local altitude, relief, aspect, hypsometry, microclimate,
pre-existing topography, debris cover, and slope deposits play a
crucial role in determining individual glacier dynamics at the
catchment-scale (Roe, 2011; Barr and Lovell, 2014), climate likely
plays a first-order role in defining glacier characteristics at the scale
of >10% km (cf. Sagredo and Lowell, 2012). We capture these glacier-
types using a comprehensive climate group map (Fig. 6).

Our CA dendrogram shows five major climate groups of glaciers
(Fig. 6A). These include:

e Climate Group 1 includes mostly sub-polar cold arid-semiarid
glaciers, spread across the northwest Himalaya, the western,
interior continental, and northeast Tibet, and parts of Pamir and
Tian Shan (Fig. 6B). Nearly 59.6% of sample glaciers fall in this
group.

e Climate Group 2 glaciers are transitional between arid-semiarid
and wet-temperate glaciers and distributed across the Kar-
akoram, the Great Himalaya, and edges of the south, east and

northeast (maritime) Tibet (Fig. 6B) and include 32.9% of the
sample glaciers.
Climate Group 3 consists typically of wet-temperate glaciers,
spread across the southern edges of Climate Group 2, i.e., along
the Lesser Himalaya, southeast Tibet, and in sporadic pockets of
high precipitation. This includes ~3.4% of sample glaciers, and
the glaciers in this group are directly influenced by maritime
changes (Fig. 6B).

Climate Group 4 are mainly a humid transitional type and

located in the further south and pockets of very high precipi-

tation (Fig. 6B) and include 3.5% of the sample glaciers.

e Climate Group 5 is likely the wettest and temperate type of
glacier (0.6% of sampled glaciers), is maritime climate domi-
nated, and distinctly located along the southern Nepalese
Himalaya and in some small loci of regionally high-peaks
(Fig. 6B).

A strong positive correlation (0.69 at 95% confidence level) ex-
ists between Euclidian and cophenetic distances in the dendro-
gram, further supporting the CA clustering (Fig. 6A). An ANOSIM
test also yielded a high R-value (0.73) at 99% confidence level which
supports the hypothesis that the samples within climate groups are
more similar than by random chance.

We have also refined our CA groups by running PCA (Table 3;
Fig. 6C). Our first three principal components (PCs) explain ~88% of
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Fig. 6. Cluster and Principal Component Analyses of Himalayan-Tibetan glaciers to identify identical climate groups. (A) The dendrogram (hierarchical tree) representing groups of
most similar glaciers based on the climate parameters. Each terminal of the hierarchical tree represents a single glacier (n =42,511). Each vertical line joins the groups at a certain
level of similarity. Five major climate groups are identified. (B) Each glacier point, based on its cluster, is interpolated over the region to generate a climate zone map and
superimposed over a hillshade map. Because our gridded TRMM data is only generated up to 36° N lat.; for study areas beyond 36° N see explanation in section 3.5. (C) PCA results
are shown in three dimensions (PC1, PC2, PC3). These three axes explain 88% of the total variance (PC1 53%, PC2 26% and PC3 9%). The groups derived in CA and PCA methods are
identical (see the key). (D) Biplot is showing the magnitude and sign of each parameter's contribution to the PC1 and PC2 (Table 3).

Table 3

Principal component (PC) loading for all the variables used in this study.
Variables PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
Annual mean temperature 0.33 0.01 0.52 -0.26 -0.74 -0.03 0.01 0.00 -0.02
Annual temperature range -0.29 -0.05 -0.73 -0.13 -0.60 0.06 0.02 0.01 -0.01
Annual total precipitation 0.35 0.38 -0.24 0.06 —0.01 -0.77 -0.23 -0.16 0.03
Annual precipitation range 0.29 0.49 -0.14 —0.08 0.03 0.50 0.02 -043 0.46
Total summer monsoon precipitation -0.35 0.33 0.18 0.43 -0.18 0.02 -0.38 0.45 0.42
Total winter precipitation 0.35 -0.34 —0.18 -0.47 0.17 0.05 —0.40 0.44 0.36
Scl -0.38 0.26 0.14 -0.47 0.09 0.09 —0.59 -0.23 -0.36
RE -0.37 0.27 0.12 -0.53 0.11 -0.29 0.52 0.17 0.33

DSI 0.28 0.50 -0.14 —0.05 0.05 0.23 0.17 0.57 -0.49
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the total variance in the sample glaciers. We infer that PC1 (53% of
the total variance) corresponds strongly and positively to annual
total precipitation, annual precipitation range, and DSI (Fig. 6D,
Table 3). The influence of temperature parameters is only partial
and limited (Fig. 6D). Similarly, PC2 (26%) agrees more closely and
negatively to summer monsoonal precipitation, RE, and SCI and
positively to winter precipitation from the mid-latitude westerlies
(Fig. 6D, Table 3). PC1 appears to track the climate at the glacier
locations, whereas PC2 reflects the seasonal variability. Based on
the sensitivity analysis, the climate groups at the regional-scale are
more susceptible to changes in precipitation parameters.

The PCA yielded similar results to the CA (see Fig. 6), suggesting
robustness in the analysis. The first three principal components
(Fig. 5C; Table 3) also suggest that the climate groups are distinct
from each other except for climate group 4. Climate group 4 (humid
transitional climate) overlaps closely with climate group 2 (Fig. 6C).
Similarly, climate group 5 only encloses a few (0.6%) wettest
southern glaciers, possibly representing end members. For the
purpose of this study, we, therefore, discount climate group 4 and 5
and focus on latitudinally distinct climate groups 1—3 for the rest of
the analysis.

Our statistical treatment does not capture the longitudinal
climate zonation, i.e.,, maritime versus continental. The glaciers
located in the northeast and southeast of the orogen are more
sensitive to tropical maritime changes than the glaciers in the
northwest. Similarly, glaciers in the southern central part receive
more moisture than glaciers in the northwest part of the orogen.
The Sutlej river basin is considered the maximum extent of the
mid-latitudinal westerlies (Vaux Jr. et al., 2012). Since the longitu-
dinal climatic gradient is crucial for our inter-regional analysis,
additional climate variables, such as annual snowfall and 3'80
distribution, may be required to refine our initial climate groups.

Similarly, the published and new '°Be dated moraines used in
this study are limited (0.002% of the total 42,511 glaciers) and
disproportionately distributed with large longitudinal gaps (i.e.,
sample glaciers) across the orogen (Figs. 1A and 6B). For example, a
large longitudinal hiatus exists between northwestern and western
Himalayan sampled glaciers. The longitudinal gap is also prominent
between western and central Himalayan glaciers. We, therefore, did
not group, e.g., all the arid and semiarid glaciers of the north-
western and northeastern part of the orogen into a single category,
but further subdivided the climate groups 1—3 to additional cli-
matic zones to accomplish the objective of the analysis; that is to
compare Holocene glacier advances inter-regionally. Hence, our
latitudinal climatic groups are subdivided into longitudinal climatic
zones based on the approximate spatial extent of the prevailing
climate systems (cf. Vaux Jr. et al., 2012) and the distribution of '°Be
dated samples. The following framework (five climatic zones) is
proposed and used from here on:

e Climate Group 1: Arid and semiarid colder climatic region
including climatic zone 1a (Transhimalaya, northwestern Tibet,
Pamir, and Tian Shan), and climatic zone 1b (southern and
northeastern Tibet).

Climate Group 2: Transitional climatic region including climatic
zone 2a (western Himalaya), climatic zone 2b (central and
eastern Himalaya).

Climate Group 3: Wet and temperate climatic region including
climatic zone 3 (central and eastern Himalaya; since no mo-
raines in the western Himalaya are 1°Be dated).

5.2.2. Regional glacial stages, ELAs, and hypsometries
Within a broad zone, variability in reconstructed past and
contemporary ELAs at the catchment-scale may be attributed to

variable glacier hypsometries and corresponding (altitudinal)
temperature gradients (Blomdin et al., 2016). Since glacier hyps-
ometry is arguably influenced by a variety of factors including relief
and terrain conditions, and microclimate, we further evaluated the
intra-regional variability of glacier extents by assessing the average
glacier hypsometries and ELAs (Table 4; Fig. S5).

Climatic zone 1a: Arid and semiarid colder climatic region—
Transhimalaya, northwestern Tibet, Pamir, and Tian Shan.

We identified four distinct subgroups of glaciers based on
average hypsometry and contemporary ELA distributions of the
sampled ('°Be dated) glaciers in this zone (Table 4; Fig. S5). These
include the Muztag Ata massif of the northwestern Tibet, the Pamir
and the Tian Shan, the Karakoram, and the Ladakh and the Zanskar
ranges; the major orographic barriers. These wide-ranging glacier
hypsometries and ELAs likely play a crucial role in determining
variable glacier responses and amplitudes to identical climatic
perturbations.

Two tentative and five major regional stages of glacier advances
are identified using 47 local glacial stages from 15.0 to 0.2 ka
(Table 5; Fig. 7). A distinct (7.5% age OD) regional glacier advance
occurred during the Lateglacial (15.2—11.7 ka; Figs. S8A and S9A); a
tentative (n = 2) one in the Early Holocene (10.3—9.7 ka with 0% age
OD; Table 5; Figs. S8A and S9B); a well clustered (0% age OD) one in
the early Mid-Holocene at 8.0—7.7 ka (Table 5; Figs. S8B and S9C);
in the latter part of the Mid-Holocene and into the Late Holocene at
6.6—3.5 ka (23% age OD; Table 5; Fig. S8B); and three during the
Late Holocene at 2.3—1.3, ~1 (tentative), and <1 ka (28—39% age OD;
Table 5; Figs. S8C, D, SOE). For the <1 ka regional advance, we argue
that multiple overlapping local glacier advances at the century-
timescale are probable (Fig. S8D). We are unable to distinguish
further regional sub-stages for this period (Fig. 7).

Extensive AELAs are recorded in the Lateglacial (~300 + 200 m)
and Early Holocene (~670 + 160 m; see Table 2 in Saha et al. Data in
Brief; Fig. 7). Subsequent AELAs are progressively restricted over
time (i.e., ~355 + 235 mat 8.0—7.7 ka, ~270 + 140 m at 6.6—3.5 Kka,
~100 + 65 mat 2.3—1.3 ka, ~40 + 30 m at ~1 ka, and ~100 =95 m at
<1 ka; see Table 2 in Saha et al. Data in Brief; Fig. 7).

Regional Holocene glacier chronostratigraphies (or Himalayan
Holocene stages [HHs]) are previously developed by Saha et al.
(2018) for the northwestern Himalaya and Tibet. Their HHs

Table 4
Average hypsometric and contemporary ELAs across five climatic zones.

Glacier subgroups Toe Cirque head Present ELAs

(masl) (masl) (m asl)

Climatic Zone 1a: Arid and semiarid colder climatic region— Transhimalaya,
northwestern Tibet, Pamir, and Tian Shan.

Muztag Ata, NW Tibet ~4500  ~7000 ~4017-5749
Pamir and the Tian Shan ~3550 ~4500 ~3963—4144
Karakoram® ~3930  ~6000 ~4713-5057
Ladakh and Zanskar ~5450 ~6210 ~5489—-5870

Climatic Zone 1b: Arid and semiarid colder climatic region—southern and
northeastern Tibet

Southern and northeastern Tibet ~4500 ~6590 ~4407-5259
Climatic Zone 2a: Transitional climatic region—western Himalaya

Garhwal Himalaya ~3740  ~6020 ~4611-5062
Nun Kun, Lahul, and Gurla Mandhata  ~4000 ~6780 ~4500—-6152

Climatic Zone 2b: Transitional climatic region—central and eastern Himalaya
Central Himalaya ~4880  ~6780 ~5390-5809
Eastern Himalaya ~2980  ~7000 -

Climatic Zone 3: Wet-temperate climatic region—central and eastern Himalaya
Central and Eastern Himalaya” ~3930 ~6590 ~4440—-5584

2 Batura and Hunza glaciers are the largest (~57 km-long) and extending from
~2600 to 7540 m asl.

b Some smaller cirque glaciers (e.g., Syaktan, Yak Upper, Danfe, Macha Khola, and
Mailun Khola) have an altitudinal range from snout-to-cirque between ~4690 and
5450 m asl.
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A summary of Lateglacial and Holocene local and regional stages of glacial advances based on recalculated cosmogenic °Be surface exposure age data.

Location number as
shown in Fig. 1

Local glacial stage Local stage
age (ka)*

Regional stage
age range (ka)

Number of samples
used (outlier free)

¥ Gaussian

value® peak (ka)"

Kernel P (sigmaz2-tailed)
density fit between stages
(ka)?

Climatic Zone 1a. Arid and semiarid Transhimalaya, northwest Tibet, Pamir, and Tian Shan

5
11

11

10
11

11

11

15

13

14

15
11

15

13

Kitschi-Kurumdu-M2 (Zech, 2012) 15.16 +3.03
Mungo 2 stage-my; (Seong et al., 14.98 +0.29
2007)

Mungo 2 stage-mjp (Seong et al., 14.62 +0.32
2007)

Batura stage-t6 (Owen et al., 2002) 14.30 + 0.01
Mungo 2 stage-my; (Seong et al., 14.08 +0.23
2007)

AV (Abramowski et al., 2006) 14.02 +0.16
Mungo 2 stage-m;¢ (Seong et al,, 13.77 +0.53
2007)

Mungo 2 stage-m; (Seong et al., 13.44+0.19
2007)

BO8 stage (Rohringer et al., 2012) 13.18 +0.64
BOR 2 stage (Blomdin et al. (2016)) 13.08 +2.13
Mungo 2 stage-ms; (Seong et al., 13.06 + 0.40
2007)

Olimde 2 stage-msy (Seong et al., 13.01+0.14
2009)

Batura stage-t6 (Owen et al., 2002) 12.49 + 1.05
Mungo 2 stage-mjg (Seong et al., 12.41+0.33
2007)

Olimde 2 stage-msc (Seong et al., 11.71+0.40
2009)

Olimde 3 stage-msf (Seong et al., 10.25+0.16
2009)

Olimde 3 stage-msp (Seong et al., 9.69 +0.34
2009)

Olimde 4 Stage-mgyy (Seong et al., 7.98 +0.10
2009)

Olimde 4 Stage-mga (Seong et al., 7.80+0.29
2009)

Olimde 4 Stage-msa (Seong et al., 7.74 +0.27
2009)

Mungo 2 stage-myg (Seong et al., 6.64 +0.35
2007)

Askole 2 stage-myp (Seong et al.,,  5.98 + 0.69

2007)
Aksai (Koppes et al., 2008) 5.70+0.16
Olimde 5 stage-mgc (Seong et al., 5.05+0.14
2009)
KM-4 stage/mG2 (Hedrick et al., 4.66 +1.17
2011)

Olimde 6 stage-msy (Seong et al., 4.32+0.11
2009)

Olimde 6 stage-mgy (Seong et al., 3.97 +0.30
2009)

PM-2 stage (Hedrick et al., 2011; 3.50 +0.87
Saha et al.,, 2018)

Ladakh Chang La cirque (Dortch  2.29+0.28

et al., 2013)

mg; (Saha et al., 2018) 2.25+0.42
Olimde 7 stage-m7A (Seong et al., 2.20 +0.07
2009)

Olimde 7 stage-m7H (Seong et al., 1.66 +0.17
2009)

ms; (Orr et al.,, 2017a, b; Saha 1.42 +0.48
et al., 2018)

Olimde 7 stage-mj3; (Seong et al., 1.39+0.42
2009)

mg; (Orr et al,, 2017a, b) 1.33+£0.12
Askole 3 stage-my (Seong et al,, 1.03+0.28
2007)

myz (Saha et al., 2018) 1.00 £ 0.08
Olimde 8 stage-mga (Seong et al., 0.69 +0.27
2009)

myy; (Saha et al., 2018) 0.64 +0.09
BOR 1 (Blomdin et al., 2016) 0.64 +0.23
Pangong high cirque (Dortch et al., 0.54 +0.11
2013)

15.2-11.7

10.3-9.7
(tentative)

8.0-7.7

6.6—3.5

23-13

~1.0 (tentative)

<1.0

4
5

3

17.74 139+0.1
0.17

0.19

0.04
0.56

0.08
0.65
10.59
0.33

0.04

0.25

0.46

0.1 103 +0.1
043

006 74+0.1
0.48

0.41

0.68 4.4+0.1

0.92

0.33
13.12

0.19

17.79
202 21+0.0

9.37
0.19

0.75
21.83

4.58

0.82 1.0+0.0

0.9
10.19 ?

1.47
10.96
0.63

14.0+0.9 0

10.2+03 0

8.0+0.2 0
57+0.8 0
22+04 0
1.0+0.1 0
0.6+0.1 0

(continued on next page)
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Location number as  Local glacial stage Local stage Regional stage Number of samples A Gaussian Kernel P (sigmaz-tailed)
shown in Fig. 1 age (ka)* age range (ka) used (outlier free) value® peak (ka)* density fit between stages
(ka)
14 maye (Saha et al,, 2018) 0.52+0.20 3 24.25
Olimde 8 stage-mgc (Seong et al., 0.51+0.15 4 419
2009)
3 Ala Archa (Koppes et al., 2008) 0.49 +0.25 2
1 Daxi (Li et al., 2014) 0.33+0.02 4 0.49
15 PM-3 stage (Hedrick et al., 2011) 0.28 + 0.05 3 2.22
14 ma; (Saha et al., 2018) 0.26 + 0.08 3 6.78
Climatic Zone 1b. Arid and semiarid southern and northeastern Tibet
33 Group D moraines (Wang et al.,  13.45+0.25 13.5-12.9 2 13.2+0.7 0
2013)
34 LLL (Lasserre et al., 2002) 13.16 £ 1.05 6 1.66
35 Halong glacial stage (Owen et al., 12.89 +1.26 6 4.68
2003a)
32 PR (Owen et al., 2005) 11.47+0.70 11.5-9.5 4 1.56 108+1.0 0
35 Holocene moraine (Owen et al.,  10.08 + 0.53 1 -
2003b)
35 Halong glacial stage (Owen et al.,, 9.48 +1.70 2
2003a)
36 M2 moraines (Owen et al,, 2006) 8.04+0.74 ~8.0 (tentative) 2 8.0+0.7 ?
32 Youngest (Owen et al., 2005) 3.28+0.74 ~3.3 (tentative) 3 6.2 33+0.7 ?
Climatic Zone 2a. Transitional western Himalaya
22 M5 (Owen et al., 2010) 1530+0.60 15.3—-11.8 3 054 140+02 13.7+12 0
16 Mys (This study) 14.65 +2.06 2
16 Kulti glacial stage (Owen et al., 14.45+0.70 1 —
2001)
18 Tons Valley-location C (Scherler  14.06 +0.10 2
et al., 2010)
16 Kulti glacial stage (Owen et al., 14.03 +£0.16 2 0.05
2001)
16 Kulti glacial stage (Owen et al., 13.95+0.88 2 1.11
2001)
21 Moraine m2 (Barnard et al., 2004b) 13.71 + 0.69 1 -
20 mm1 (Murari et al., 2014) 13.62 +0.66 4 0.67
12 Anantick stage-ST-3 (Lee et al., 13.55+0.88 2
2014)
16 My4 (This study) 12.18 £0.99 4 2.06
16 Kulti glacial stage (Owen et al., 11.76 £ 0.59 2 0.54
2001)
18 Tons Valley-location D (Scherler  11.09+0.50 11.1-10.3 1 - 106+£0.2 10.8+05 0
et al., 2010)
16 mys (Saha et al., 2018) 10.48 +0.48 3 0.48
18 Tons Valley-location F' (Scherler  10.26 +0.35 2
et al., 2010)
20 mk1 (Murari et al., 2014) 10.25+0.83 5 0.64
22 M7 (Owen et al., 2010) 8.75+0.55 8.8—83 2 7.8+0.2 84+0.5 0
19 Kedar glacial stage (Barnard et al., 8.28 +0.45 (tentative) 2
2004a)
18 Tons Valley-Location F (Scherler 6.09+0.54 6.1-5.0 4 4 5.5+0.1 55+0.2 0
et al, 2010)
19 Shivling glacial stage (Srivastava, 5.22+0.27 7 0.63
2012; Sci. report)
22 M8 (Owen et al., 2010) 5.01+0.88 2
19 Gangotri glacial stage (Srivastava, 2.16+0.35 ~2.2 (tentative) 2 22+04 ?
2012; Sci. report)
18 Tons Valley-Location G (Scherler 0.66+0.34 <1 2 ? 0.3+0.1 0
et al, 2010)
17 Yn (Saha et al.,, 2016) 0.62 +0.15 2 213
21 Moraine m4 (Barnard et al., 2004b) 0.60 + 0.28 2
19 Gangotri stage (Barnard et al., 0.56 +0.30 5 445
2004a; Srivastava, 2012)
12 Lonp stage-TG-3 (Lee et al., 2014) 0.53 +0.13 2 12.53
16 My (This study) 0.51+0.16 2
22 M9 (Owen et al., 2010) 0.46 +0.10 4 2.57
20 mk2 (Murari et al. (2014)) 0.31+0.17 3 19.33
16 My1, (Saha et al., 2018) 0.26 +0.13 3 8.55
18 Tons Valley-Location E (Scherler  0.26 +0.08 2
et al., 2010)
22 M10 (Owen et al., 2010) 0.24+0.15 3 10.04
19 Bhujbas glacial stage (Srivastava, 0.21 +0.02 1 -
2012; Sci. report)
20 mbd1 (Murari et al., 2014) 0.21+0.02 3 0.61
20 mbd2 (Murari et al., 2014) 0.16 +0.15 5 103.54
20 mbd3 (Murari et al.,, 2014) 0.15+0.10 3 71.63
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Table 5 (continued )

2

Location number as  Local glacial stage Local stage Regional stage Number of samples b Gaussian Kernel P (sigmaz-tailed)
shown in Fig. 1 age (ka)* age range (ka) used (outlier free) value® peak (ka)* density fit between stages
(ka)?
20 mbd4 (Murari et al., 2014) 0.13+0.11 2
Climatic Zone 2b. Transitional central and eastern Himalaya
27 Puluo 2 moraine (Schaefer et al., 13.47 +0.58 ~13.5 (tentative) 4 0.41 ?
2008)
28 Chhukung glacial stage (Finkel 11.52+0.11 11.5-10.1 3 0.04 9.8+0.7and 0
et al.,, 2003) 11.3+0.7
28 Chhukung glacial stage (Finkel 10.97 +0.03 2
et al., 2003)
30 Local LGM moraines (Owen et al., 10.10+0.73 5 0.89
2005)
30 Recessional moraine (Owen et al., 6.03+1.97 6.0—3.2 2 4.6+0.7 0
2005)
28 Thuklha glacial stage (Finkel et al., 4.43 +0.32 3 1.08
2003)
29 T5c (Owen et al., 2009) 3.18£0.23 5 1.18
29 T6 (Owen et al., 2009) 2.08+009 -~2.1-1.0 3 0.51 21+0.1 1.0+02and O
30 Neoglacial moraines (Owen et al, 1.04+0.10 (tentative) 4 0.31 21+02
2005)
30 Little Ice Age moraines (Owen 046 +0.06 <1 2 0.5+0.2 0
et al., 2005)
29 T7 (Owen et al., 2009) 0.33+0.19 3 12.31
Climatic Zone 3. Wet-temperate central and eastern Himalaya
31 Ganhaizi (Kong et al., 2009) 12.97 +1.41 13.0-10.9 2 12.0+1.0 0
31 Ganheba (Kong et al., 2009) 11.96 + 1.94 2
31 Yulong (Kong et al., 2009) ? 0
23 Yak Glacier lower (Pratt-Sitaula, 11.66 +1.29 2
2005)
23 Lyapche Glacier (Pratt-Sitaula, 11.54 +0.80 3 2.02
2005)
24 LT3: Langtang Stage (Abramowski, 10.90 + 0.43 3 0.55
2004)
23 Syaktan Glacier (Pratt-Sitaula 948 +091 9.5-8.7 4 3.38 89+0.5 0
etal, 2011)
23 Danfe Glacier (Pratt-Sitaula et al., 8.87 +0.36 7 0.53
2011)
23 Yak upper (Pratt-Sitaula, 2005) 8.72+0.40 5 0.75
25 M3 (Gayer et al., 2006) 7.04+0.64 7.0-44 2 46+06and O
23 Lete (Zech et al., 2009) 6.36+1.21 1 6.2+05
26 Langtang glacial stage (Barnard ~ 5.47 + 0.40 2
et al., 2006)
26 MK4: LIA (Abramowski, 2004) 4.99 +0.92 4 2.83
26 Langtang glacial stage (Barnard ~ 4.60 + 0.33 1
et al., 2006)
26 LT6 (Abramowski, 2004) 442 +0.15 2
23 Neoglacial (Zech et al., 2009) 1.70+0.50 ~1.7 (tentative) 2 1.7+0.5 ?
26 Yala I glacial stage (Barnard et al, 0.76 +0.20 <1 (tentative) 6 061 ? 0.7+0.1 0
2006)
23 E moraine crest (Heimsath and 0.55+0.16 5 5.54

McGlynn, 2008)

All local stage age uncertainties are reported in 1c.
Corrected Chi-squared values are from outlier free distribution.
All regional stage age uncertainties are reported in 1c.

reconstruction included our climatic zone 1a plus the Lahul and
Nun Kun areas of the zone 2a, which together constitute ~52% of the
total 1°Be ages of this study (Table 5). Due to a large number of local
glacial stages, they statistically identified seven prominent HHSs.
However, in our study, we distinguished climatic zone 1a from zone
2a, and zone 1la constitutes only ~45% of the total °Be ages
(Table 5). We, therefore, identified four prominent and two tenta-
tive Holocene regional glacier advances for this zone (Fig. 7). This
suggests that our statistical treatment is sensitive to the number of
data, especially whether the stages are prominent or tentative and/
or further subdivision of regional stages may be possible if indeed
they are climatically perturbed.

Climatic zone 1b: Arid and semiarid colder climatic region-
—southern and northeastern Tibet. The sample glaciers in this re-
gion, from the toe-to-cirque head, have a hypsometric distribution

Kernel Density fit is performed using ksdensity function in MATLAB and using the PDF model after Dortch et al. (2013) and Murari et al. (2014).

between ~4500 and 6590 m asl (Fig. S5) and ELA distribution be-
tween ~4407 and 5259 m asl (see Table 2 in Saha et al. Data in
Brief).

Two prominent and two tentative regional stages are recon-
structed based on only eight local glacial stages (Fig. 7). Regional
glacier advances are recorded during the Lateglacial (13.5—12.9 ka;
Fig. S8K), Early Holocene (11.5—9.5 ka; Fig. S8K), Mid-Holocene
(~8.0 ka; Fig. S8L), and Late Holocene (~3.3 ka; Fig. S8L). The ~8.0
and ~3.3 ka regional glacial stages are tentative (n=1; Table 5),
indicating limited to insignificant glaciations during the Mid- and
Late Holocene in this climatic zone.

Extensive AELAs are recorded in the Lateglacial (~590 + 200 m),
followed by progressively restricted glacier advances in the Holo-
cene (AELAs: ~160 + 35 mat 11.5-9.5 ka, ~170 + 70 m at ~8.0 Kka,
and ~80 + 70 m at ~3.3 ka; see Table 2 in Saha et al. Data in Brief;
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Fig. 7. Timing and amplitude of Lateglacial and Holocene regional glacier advances across the Himalayan-Tibetan orogen compared with continuous proxy records. Five climatic
zones (Climate Groups 1-3) are used (see section 5.2.1) for inter-regional comparisons. Local glacial stages (mean '°Be ages in x-axis) for each region are combined (see Table 1 in
Saha et al. Data in Brief) and compared against the corresponding AELA (in y-axis; see Table 2 in Saha et al. Data in Brief). Uncertainty bars are +1c. Regional Himalayan-Tibetan
Holocene stages (HTHS) for the whole orogen (this study) are compared against Himalayan Holocene stages (HHs) reconstructed for the NW Himalaya and Tibet in Saha et al. (2018).
A simplified summary of major Lateglacial-Holocene climatic events is shown by shaded blue and red bars, representing significant dry-wet and cold-warm periods, respectively.
These periods are reconstructed after Demske et al. (2009), Wiinnemann et al. (2010), Berkelhammer et al. (2012), Rawat et al. (2015a, 2015b), Srivastava et al. (2017). The color
scheme for the red and blue bars only represents the time range and not the magnitude of the change. Reconstructed orbital trend at 65°N latitude (after Berger, 1978), oxygen
isotopes from speleothems (Sanbao cave, China after Dong et al., 2010), and from Guliya ice cores (Guliya ice core, Tibet after Thompson et al., 1997) are shown at the bottom for
climatic interpretation. The Sanbao cave speleothem SB10 data is shown as red and SB43 speleothem data as black. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

Fig. 7).

Climatic zone 2a: Transitional climatic region—western Himalaya.
We have identified two distinct hypsometric subgroups of glaciers
in this region based on their average toe-to-cirque head distribu-
tion (Table 4; Fig. S5) and ELAs (see Table 2 in Saha et al. Data in
Brief). There are more monsoon-influenced glaciers in the
Garhwal Himalaya and transitional glaciers in the Nun Kun, Lahul,
and Gurla Mandhata (Table 4; Fig. S5).

Two tentative and four major stages of regional glacier advances
are identified based on 37 local advances during the Lateglacial and
Holocene (Fig. 7; Table 5). Glaciers advanced extensively between
15.3 and 11.8 ka (AELAs 335 + 215 m; Table 2 in Saha et al. Data in
Brief; Fig. 7, S8E, S9]), becoming progressively restricted during
the Early Holocene at 11.1—10.3 (AELAs 285 + 165 m; Table 2 in Saha
et al. Data in Brief; Fig. 7, S8E, S9K) and 8.8—8.3 ka (AELAs
170 + 185 m; Table 2 in Saha et al. Data in Brief; Fig. 7 and S8F), the
Mid-Holocene at 6.1-5.0 ka (AELAs 190 + 85 m; Table 2 in Saha

et al. Data in Brief; Fig. 7), and the Late Holocene at ~2.2 and <1
ka in the region (AELAs 30 + 10 m; Table 5; Table 2 in Saha et al.
Data in Brief).

The ~2.2 ka glacier advance is tentative (local stage=1) and
hence, is not considered further (Fig. 7). The 16 local glacier ad-
vances during <1 ka, however, are highly scattered (79% OD) and
bimodal (Fig. S8G). We refrain from assigning any peak stage/sub-
stages for the last 1 ka due to the possibility of a high degree of
inheritance and highly scattered local glacial stages.

Climatic zone 2b: Transitional climatic region—central and eastern
Himalaya. Two subgroups of glaciers are evident based on their
general hypsometries (Table 4; Fig. S5) and ELAs (see Table 2 in
Saha et al. Data in Brief). They include the Central Himalayan
transitional glaciers (e.g., Nyalam, Khumbu, and Rongbuk) and the
Eastern Himalayan transitional glaciers, e.g., Renhe, Baishui, Gan-
heba, and Hailuogou glaciers.

The number of reconstructed local glacial stages for this region
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is limited (n = 11; Table 5). Based on the available °Be ages, three
tentative (~13.5, ~2.1-1.0, and <1 ka) and two prominent (11.5-10.1
and 6.0—3.2 ka) regional glacial stages are recognized (Table 5;
Fig. 7 and S8J).

The estimated AELAs are ~145 + 180 mat 6.0—3.2 ka and only
~65 + 55 m during the last 1 ka (Fig. 7). The AELAs during the rest of
the regional stages are highly speculative and tentative (see Table 2
in Saha et al. Data in Brief).

Climatic zone 3: Wet and temperate climatic region—central and
eastern Himalaya. All sample glaciers in the region have average
hypsometric distribution from ~3930 to 6590 m asl (toe-to-cirque
head) and ELAs of ~4440—5584 m asl (see Table 2 in Saha et al. Data
in Brief), except the glacier hypsometries for a few smaller cirque
glaciers (Table 4).

Two tentative and three major regional stages of glacier ad-
vances are reconstructed between the Lateglacial and the Late
Holocene using 18 local glacier stages (Table 5; Fig. 7). Extensive
local glacier advances are reconstructed during the Lateglacial-
Early Holocene transition at 13.0—10.9 ka (AELAs ~625 + 455 m;
Table 2 in Saha et al. Data in Brief; Fig. 7 and S8H), followed by
restricted glacier advances in the Early Holocene at 9.5—8.7 ka (6.3%
age OD; AELAs ~330 + 180 m; Table 2 in Saha et al. Data in Brief;
Fig. 7, S8H, S9S). However, the Mid-Holocene glacier advances at
7.0—4.4 ka (age OD 9.2%; Figs. S8I, S9T) are significantly more
extensive (AELAs ~515 + 270 m; Table 2 in Saha et al. Data in Brief;
Fig. 7) than the two tentative Late Holocene glacier advances at ~1.7
(local stage=1) and <1 ka (local stage =2) (AELAs ~150 + 65 m;
Table 5; Table 2 in Saha et al. Data in Brief; Fig. 7 and S8I) in this
zone.

The overlapping Lateglacial-Early Holocene regional glacier
advances (13.0—10.9 ka) could likely be a result of limited data and/
or signify distinct hypsometric influences in local glacier advances
to the same climatic perturbation (cf. Pratt-Sitaula et al., 2011). Late
Holocene glacier advances are also poorly reconstructed for this
zone, and it is, therefore, difficult to infer any climatic significance
to them.

5.2.3. Past atmospheric temperature changes

The modeled past temperature change based on glacier flow
modeling is better defined for ages <9.5 ka for all climate groups
1-3 (Fig. 8). For ages >9.5 ka, the number of glaciers used is very
small (1-5), except for the transitional (climate group 2) and humid
(climate group 3) climatic regions (Fig. 8), providing lower confi-
dence in our model results for Lateglacial advances. Due to
enhanced precipitation during the Early to Mid-Holocene relative
to today (Fig. 7), we also argue that ¢ and 7 calculated using a (+)
30% increase in precipitation is probably a better representative
scenario for the modeled T.

Climatic zone 1a: Arid and semiarid colder climatic region—
Transhimalaya, northwest Tibet, Pamir, and Tian Shan. The recon-
structed regional atmospheric temperature (a total of 24 valleys)
for this zone indicates a net temperature (4T) change
of =31 + 0.1, +1.7 = 0.2, —1.1 + 0.2, and —2.1 + 0.5 °C (AT K is
expressed as AT °C) during 14.0—12.7, 12.7—-11.7, 11.7-9.7, and
9.7—7.7 ka, respectively (Fig. 8). Our model results are tentative
because there are very few suitable older local glacial stages (only
2—4 valleys) that can be used to estimate regional T for these times.

We estimated a significant 4T increase ranging from ~1.9 (+1.1)
t0 6.0 (+£0.7) °C for regional glacial advances between the early Mid-
(8.0—7.7 ka) and Mid-to early Late Holocene (6.6—3.5 ka) (Fig. 8).
During the subsequent Late Holocene regional glacial stages, i.e.,
~3.5t02.3—1.3 kaand 2.3—1.3 to 1.0 ka, the AT increase is estimated
to be ~1.0+ 1.3 and ~0.5 + 0.3 °C, respectively (Fig. 8). During the
latest 1.0 to 0.2 ka regional glacial stage, however, the 4T rise is
significant in this zone (~1.4 + 0.9 °C; Fig. 8).

Climatic zone 1b: Arid and semiarid colder climatic region-
—southern and northeastern Tibet. Only four glacial valleys were
suitable for reconstructing regional past temperature change in this
zone (Fig. 8). The best approximation of regional AT decrease of
0.9+0.1°C is estimated for the Early and Mid-Holocene regional
glacier advances, i.e., between 10.0 and 9.5 and ~8.0 ka, respectively
(Fig. 8). However, a 4T rise ranging from ~1.9 (+1.1) to 2.7 (+0.7) °C
is reconstructed between the Mid- (~8.0 ka) and Late Holocene
(~3.3 ka) regional glacier advances (Fig. 8).

Climatic zone 2a: Transitional climatic region—western Himalaya.
We modeled the past temperature change in this zone based on 20
glaciated valleys. The 4T increase is estimated to be ~0.7 +2.9°C
between the Younger Dryas (12.7—11.8 ka) and Early Holocene
(11.1-10.3 ka; Fig. 8). The 4T increase is estimated to ~1.6 + 0.0 °C
during the two Early Holocene advances (11.1-10.3 to 8.8—8.3 ka;
Fig. 8). The AT increase during the Early (8.8—8.3 ka) to Mid-
Holocene (6.1-5.0 ka) glacier advances was ~1.2 + 0.0 °C (Fig. 8).
The AT rise is estimated to ~1.9 + 0.0, ~0.7 + 1.5, and ~0.8 + 0.4°C,
during the three Late Holocene glacier advances in this zone at
6.1-5.0 to ~2.2 ka, ~2.2 to ~1.0 ka, and ~1.0 to 0.13 ka, respectively
(Fig. 8).

Climatic zone 2b: Transitional climatic region—central and eastern
Himalaya. We used seven local glacier advances to estimate the past
temperature change in this zone. During the Lateglacial (~13.0 ka)
and Early Holocene (11.5—10.1 ka) regional glacier advances, a AT
increase of ~2.9+2.2°C is calculated, which is relatively higher
than the 4T increase in the transitional western Himalaya (i.e.,
~1.8 + 1.0 °C; Fig. 8). Since only 1—2 local glacial stages are used for
ages >10.1 ka, the sharp fluctuation in temperature during
11.5—10.1 Ka, is likely due to limited data and/or extreme scenario
(Fig. 8).

The AT increase range from ~1.3 + 1.3 to 2.5 + 1.9 °C from Early
(11.5—10.1 ka) to Mid-Holocene (6.0—3.2 ka) in this zone (Fig. 8).
The 4T increase is modeled to be ~0.6+16, ~0.6+0.9, and
~0.7 + 00 °C for the subsequent three Late Holocene advances at ~3
to ~2.1, ~2.1 to ~1, and ~1 to 0.14 ka, respectively (Fig. 8).

Climatic zone 3: Wet and temperate climatic region—central and
eastern Himalaya. The reconstructed temperature profile for the last
11.4 ka for this zone is based on eleven valleys. A AT increase of
~1.6 +£ 0.0 °C is modeled between the two Early Holocene advances
(11.4—10.9 and 9.5—8.7 ka) in the zone (Fig. 8). A similar 4T increase
of ~1.5 + 0.2 °C is also estimated from the Early (9.5—8.7 ka) to Mid-
Holocene (7.0—4.4 ka; Fig. 8). The AT increase is estimated to
~1.5 + 0.1 °C between the Mid- (7.0—4.4 ka) and Late Holocene (~1.7
ka; Fig. 8). The AT increase is ~0.8 + 0.7 °C during the last ~1.0 to 0.2
ka in this climatic zone (Fig. 8).

6. Discussion
6.1. Dating uncertainties

We rejected 125 '°Be age outliers from a total age population of
519 ages in our study based on the criteria highlighted above. A
large scatter in our young ages (<15 ka) is evident from the high %2
values (Fig. 9A). Nearly 21% of our data have % < 1, which indicates
that the limited scatter is largely a result of laboratory analytical
uncertainties. The rest of the data with 2> 1 have a high age
scattering and could be explained by geomorphic process-
uncertainties (Applegate et al., 2012, 2010; Owen and Dortch,
2014). Nearly 51% of our data (Fig. 9A) display positive skewness,
convex upward cumulative probability distribution, and older age
tails that are likely influenced by inherited 1°Be (cf. Applegate et al.,
2012). Recent studies on Late Holocene moraine boulders in the
NW Himalaya have emphasized the problem of inherited °Be (cf.
Saha et al., 2018). There are two possible ways prior exposure, often
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Fig. 8. Reconstructed past temperatures in different climatic zones (1a, 1b, 2a, 2b, and 3) using the inverse linear flow model (after Oerlemans, 2001, 2005) based on glacial records
in 66 local glaciated valleys. Ages >9.5 ka have overall lower confidence due to a limited number of glaciers used. We added +30% precipitation uncertainties to account for the
errors associated with ¢ and 1. The sharp jumps are associated with the number of data available. A large reduction in the number of modeled local glacier T results in a larger
regional shift. Regional net temperatures (4T) are estimated after theses modeled temperature graphs. Only glacier advances are recorded using the moraine positions, and hence,
the modeled T does not capture relative cooling. Glaciers, broadly, were more extensive in the Early Holocene and progressively more restricted over time, which also explains the

gradual rise in modeled T profiles.

referred to as inheritance, are possible: 1) as a part of the bedrock
slope system before incorporation into the glacier system
(Heimsath and McGlynn, 2008); and 2) the '°Be production in
boulders en transit to deposition through the supraglacial system
(Shroder et al., 2000; Ward and Anderson, 2011; Lukas et al., 2012;
Gibson et al., 2017; Scherler and Egholm, 2017). Bedrock inheri-
tance depends on several factors including, but not limited to
catchment erosion rates, the stochastic rockfalls, and avalanche
debris, and periglacial weathering rates (cf. Dithnforth et al., 2010;
Ward and Anderson, 2011).

Inherited ages as high as 0.7—6.3 ka may be possible depending
on the microclimate, tectonic and geomorphic regimes, and glacier
dynamics (cf. Heimsath and McGlynn, 2008). Additional
complexity may be imposed by reworking of older glacial deposits
and/or rock glacier deposits especially in cold-based semiarid and
arid glacier settings with low erosion rates (cf. Shroder et al., 2000;

Ciner et al., 2017). Studies that use both 1°Be and 2°Al on moraines
boulders in the central and eastern Tibet (Scafer et al., 2002;
Tschudi et al., 2003), Karakoram (Owen et al., 2002), and Lahul
(Owen et al., 2001) have average 26Al/'°Be ratios between ~5.5 and
~6.0:1, i.e., slightly lower than expected 6.75:1 (Balco and Shuster,
2009), and may suggest the less erosive power of cold-based gla-
ciers. Hence, supraglacial exposure may overestimate boulder ages
by as much as ~0.3—0.1 ka in cold-based glaciers in the NW
Himalaya (cf. Shroder et al., 2000; Ciner et al., 2017) and ~0.9—0.05
ka in the humid glaciers in the central and eastern Himalaya
(Heimsath and McGlynn, 2008; Murari et al., 2014). Alternatively,
instability in young moraines, including post-depositional boulder
toppling, may be responsible for a deficit in “Be concentration,
often referred to as incomplete exposure (28% of the total 121
moraines; Fig. 9A), yielding apparent ages younger than the true
age of the landform. Unlike LGM or older moraine boulders, this
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Fig. 9. Scatter diagrams showing reduced %2 values. A. Scatter diagram showing ¥ and skewness distribution. Positive skewness with %2> 1 indicates older tail distribution (e.g.,
likely inheritance) and vice-versa. B. Latitudinal and longitudinal distribution of %2 values of 121 local glacial stages in the Himalayan-Tibetan orogen from Lateglacial to Late
Holocene. More erosive glaciers in the wet-temperate and transitional central and eastern Himalaya show overall low ? values compared to less erosive glaciers in the arid and

semiarid regions.

undetectable perturbation on the 1°Be inventory can be substantial
for young Holocene boulders, which systematically contributes to
the high degree of scattering (Fig. 9). Any Holocene °Be chrono-
logical comparisons, therefore, should be made with extreme
caution.

Additionally, inter-regional comparisons of the y2-values
(Table 5) also suggest that more erosive temperate glaciers in the
humid and transitional central and eastern Himalaya have less
scatter relative to less-erosive glaciers in the arid and semiarid
interior and western Tibetan Plateau, Transhimalaya, and north-
western Himalaya (Fig. 9B). Our °Be results from larger
polythermal-to-temperate broad valley glaciers in the north-
western Himalaya largely indicate tight age clustering (except
recent hillslope deposits on Ms), and ?-values are within the 95%
confidence interval (see Table 1 in Saha et al. Data in Brief). We,
thus, argue that high-resolution Holocene chronostratigraphies
may be better defined in more erosive glacier settings where
geological uncertainties contributing towards inheritance are
comparatively limited.

6.2. Local glacier advances

We obtained chronologies for three new °Be dated local glacier
advances in the Kulti valley and one new local glacier advance in
the Parkachik valley of the NW Himalaya (Fig. 5). The oldest and
most extensive (AELA of 259 + 109 m) local glacier advance in the
Kulti valley is dated to ~14.7 + 2.1 ka or ~12.7 + 3.6 ka if the ~9 ka
outlier is included during the Lateglacial (Fig. 5A). Coeval Lategla-
cial local glacier advances with similar AELAs (e.g., ~340 + 61 m) are
also defined in the adjacent glaciated valleys of the upper Chandra
(Fig. STA; Owen et al.,, 2001; Eugster et al., 2016) and the upper
Yunam catchments (Saha et al., 2016), indicating catchment-wide
glaciation during this period. Additionally, a few overlapping
drumlins and polished bedrock (°Be) ages also suggest site-specific
glacier retreat during this time in the upper Chandra catchment
(Fig. S1A). Glacier advances during the Lateglacial are widespread
throughout the Himalayan-Tibetan orogen, and stronger summer
monsoons are recorded in several glacial proxy records (Figs. 7 and
10; Owen et al., 2001, 2002; Lasserre et al., 2002; Barnard et al.,
2004a; Abramowski et al., 2006; Seong et al, 2007, 2009;
Schaefer et al., 2008; Rohringer et al., 2012; Wang et al., 2013;
Murari et al.,, 2014).

A subsequent glacier advance at ~12.2 + 1.0 ka is also recorded in
the Kulti valley, which overlaps with the oldest preserved moraine
(Mks) age at +10 if the ~9 ka outlier is considered. This may likely
suggest that Mgy is either a result of: i) a subsequent readvance (if
~9 ka is an outlier) with Sonapani glacier changed its direction,
resulting in the survival of the moraine on the upslope; or ii) a
recessional moraine formed during the stillstand or retreat of the
glacier after the Mgs advance (Fig. 2A, C). We are unable to resolve
this conundrum at this point with the information available to us.
However, one should note that similar Early Holocene (~12.3—10.4
ka) glacier advances, with identical AELAs of ~180 m, are also re-
ported in the two other valleys of the upper Chandra catchment
(Figs. 5, 7 and 10; Owen et al., 2001; Saha et al., 2018). In addition,
recent OSL dating of lacustrine sediments, inset within the mo-
raines in the Miyar Valley, ~100 km downstream of the Kulti valley,
indicate a glacier advance that predates ~10—8 ka (Deswal et al.,
2017). An OSL dated (~9 ka) outwash terrace also indicate an
Early Holocene glacier advance in the adjacent Yunam catchment
(Sharma et al., 2016). Early Holocene local glacier advances/read-
vances are, therefore, regionally widespread and similar in ampli-
tude and may provide more credence to the glacier readvance
theory in the Lahul region (Fig. S1A). The 2.7 + 0.2 °C AT increase
between the Lateglacial and Early Holocene in the Kulti valley is
greater (58% of the total increase) than subsequent local glacier
advances. This warming may be linked to the initiation of peat
accumulation near the adjacent Chandra Tal (Lake) at ~12.9 + 0.2 ka
(Owen et al., 1997, Rawat et al., 2015a, 2015b) and suggest wetter
conditions. Sharma et al. (2016) proposed stronger Early Holocene
monsoons as the major driving force for these widespread local
glacier advances of equal amplitudes in the region.

We could not date the Rataskal terminal moraine (~6.5 km from
the snout; Fig. 5A) of the Kulti valley but based on the ages of other
moraines we speculate that it may have formed during the Early to
Mid-Holocene.

The late Holocene glacier advance in the Kulti valley was limited
in extent (AELA: ~106 +30m; Fig. 5A) suggesting a significant
change in the forcing factors from Early to Late Holocene. This is
equivalent to several restricted local glacier advances at ~0.5 + 0.2
ka in the Lahul (AELAs: ~57—167m) and elsewhere in the
Himalayan-Tibetan orogen (AELAs: ~1—-370 m; Figs. 7 and 10; Saha
et al., 2018 and references therein). Historical data from the
Geological Survey of India (Walker and Pascoe, 1907; Owen et al.,
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Fig. 10. Spatial distribution of AELAs throughout the Himalayan-Tibetan orogen during coeval regional glacier advances from Lateglacial to Late Holocene. Five climatic zones are
superimposed on a hillshade map; the hillshade map is sourced from www.geomapapp.org.

1996, 1997, 2001; Raina et al., 2015) further indicates a glacier still-
stand and the formation of subdued hummocky moraine complex
(Mg1) in the Kulti valley during the late 19th Century, ~3 km from
the snout of Sonapani glacier (Fig. 5A). Our dated moraine (Mpq) in
the Parkachik valley of the Nun Kun massif also has a mean age of
~0.2+0.1 ka (Fig. 5B). The Late Holocene glacier advance in the
Parkachik valley, however, is relatively restricted with a AELA of
~20 m as compared to the Kulti valley with a AELA of ~95 m. This
may indicate a further decline in the strength of the forcing factors
northwestward. Equivalent Late Holocene glacier advances/still-
stands are also historically (mapped) recorded in the Miyar valley
(Harcourt, 2010; Saini et al., 2016), the upper Bhagirathi valley
(Raina et al., 2015 and references therein), and dated in the adjacent
Hamtah valley (Saha et al.,, 2018; Fig. S1). There is additional
research based on ice cores, tree rings, lake sediments, and his-
torical documents elsewhere in the orogen which further supports
glacier advances during the ~18th—19th centuries (Yang et al.,
2009a,b, Xu and Yi, 2014; Liang et al., 2015). We argue that the
late 19th Century advance/still-stand in the region were wide-
spread and may be distinct from the ~0.5 ka advances. Since the
relative uncertainties for the dated <1 ka moraines are high and
preclude from identifying regional-scale century or decadal glacier
fluctuations, extensive historical evidence of a ~18th—19th century
advance in the region is particularly noteworthy.

6.3. Regional glacier advances

Three major groups of glaciers (climatic groups 1-3) are iden-
tified for inter-regional Holocene chronostratigraphical compari-
sons (Fig. 6), which remarkably capture the orographically
influenced latitudinal climatic gradient (cf. Li et al., 2017). We are
unable to capture the longitudinal climatic gradient because we
only used temperature and precipitation, which are largely affected
by the latitudinal distribution of topography (Fig. 4). These climatic
groups are, therefore, further subdivided into climatic zones 1a, 1b,
2a, 2b, and 3 for inter-regional analysis based on the available °Be-
defined Holocene local glacial chronologies and influence of pre-
vailing climatic systems.

Our modeled T profiles are reconstructed for a wide variety of
glaciers across the entire orogen and regionally averaged to account
for the limitations associated with the individual catchments (cf.
Pratt-Sitaula et al.,, 2011). However, the model is probably not well
defined for the past mass-balance effect (c and 7) of individual
glaciers, because P increase in some areas of the western and
interior Tibet was much higher (~55—200%) during the Early Ho-
locene than present (Huth et al., 2015; Li et al., 2017; Shi et al,,
2017). The actual P increase, therefore, may exceed our assumed
+30% change in P in the semi-arid and arid regions and probably
suggest that the actual T increase was much less than our modeled
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T from the Early to Mid-Holocene (Fig. 8). We also assumed a
simplistic glacier advance scenario (cf. Putnam et al., 2013b) where
glaciers become progressively more restricted over time, or in other
words, continuous rise in T. The detailed geologic records of glacier
fluctuations (advances and retreats) are not available for this study
and hence, the model does not capture relative cooling. Additional
limitations of the model include: 1) simplified energy and mass-
balance relationship; 2) the influence of meteorological variables
other than T and P are not considered; 3) the number of glacier
length records and degree of spatiotemporal coverage varies across
all the climate zones; and 4) our assumption is violated for the Mid-
Holocene when P decrease in the semi-arid regions (climatic zone
1a) was substantial than T.

The model T, therefore, may not accurately capture the exact
(absolute) changes in ambient temperature, but the sense of change
(4T) is significant, especially when compared inter-regionally. We
thus interpret the results from glacial chronologies, AELAs, and
model T results to show that the long-term changes in glacier ge-
ometries have taken place differently across discrete climatic zones
(1a,1b, 23, 2b, 3) of the orogen and likely modulated by changes in P
during the Early to Mid-Holocene, and changes in T from Mid-to
Late Holocene. In contrast, at the catchment scale, individual
glacier hypsometries may determine the relative change in their
glacier geometries during the Holocene (cf. Pratt-Sitaula et al,,
2011).

Regional glacial stages across all the zones of the orogen are
further simplified, and synchronous regional advances are dis-
cussed below. Based on 121 local glacial stages, we have recon-
structed five inter-regional Holocene glacial stages across the
orogen, that we call Himalayan-Tibetan Holocene stages (HTHS),
plus a Lateglacial stage. We include the Lateglacial advance as a
comparison with Holocene glacial stages below.

6.3.1. Lateglacial advance (~15.3—11.8 ka)

Extensive regional glacier advances are recorded during this
time throughout the Himalayan-Tibetan orogen (Figs. 7 and 10)
with regional mean AELAs ranging from 270 to 600 m (Figs. 7 and
10). The AELA uncertainties are also very high at the catchment-
scale in these areas (AELAs 30—1020 m) due to widely variable
glacier hypsometries and corresponding temperature gradient in
the Transhimalaya, northwestern Tibet, Pamir, and Tian Shan (cli-
matic zone 1a; Fig. S5). However, in general, regional glacier ad-
vances are more extensive (AELAs are ~100—400 m lower) in the
colder arid and semiarid regions (climatic zones 1a and 1b) during
this stage relative to the transitional climatic regions (climatic
zones 2a and 2b; Fig. 10). We suggest that locally variable but
relatively enhanced moisture supply and corresponding radiative
cooling likely favored extensive Lateglacial glaciations among the
arid and semiarid glaciers relative to the southerly transitional
temperate glaciers. While Saha et al. (2018) identified two discrete
glacial advances at this time in the northwestern Himalaya and
Tibet, e.g., ~15.4—12.7 and ~12.6—11.4 ka, such distinction is not
clear in the arid and semiarid northeastern Tibet (climatic zone 1a),
transitional (climatic zone 2b) and wet-temperate (zone 3) central
and eastern Himalaya due to limited robust local glacial stages
(Fig. 10).

The regional glacier advances during this time likely coincide
with the climatic changes associated with warm-wet Bglling-
Allered Interstadial and cold-dry Younger Dryas Stadial (Chiang
et al, 2014; Denton and Broecker, 2008; Marcott et al., 2019)
throughout the orogen. Evidence of widespread cooling is detected
in lake records in Lahul (Rawat et al., 2015a, 2015b), Zanskar
(Demske et al., 2009), the northeastern Tibet (Ji et al., 2005a;
Thomas et al., 2016), and the southeastern Tibet (Kramer et al.,
2010a) and further corroborate our results.

6.3.2. HTHS 5 (~11.5—9.5 ka)

Extensive Early Holocene HTHS are identified in all zones
(Fig. 7). We estimated the greatest glacier extent among the
moisture-sensitive glaciers of the arid and semiarid Transhimalaya,
northwestern Tibet, Pamir, and Tian Shan (climatic zone 1a; Fig. 7)
with an average AELA of ~300—400 m lower than the transitional
western Himalaya (climatic zone 2a) and the wet-temperate cen-
tral and eastern Himalaya (climatic zone 3). The average AELA is
estimated to be ~400—600m lower in the arid and semiarid
Transhimalaya, northwestern Tibet, Pamir, and Tian Shan (climatic
zone 1a) as compared to the transitional central Himalaya (climatic
zone 2b), and the arid and semiarid northeastern Tibet (climatic
zone 1b; Fig. 10). Enhanced moisture supply to the northwest of the
orogen and corresponding radiative cooling possibly explain such
spatial pattern of glaciation and AELAs (Rupper and Roe, 2008;
Rupper et al., 2009). However, HTHS 5 (equivalent to HH 7 in Saha
et al., 2018) consist of several tentative local glacial stages in cli-
matic zones 1a, 1b, 2b, and 3 (Fig. 7) and require significant future
improvement with additional chronologies.

Early Holocene wetter-warmer climate associated with strong
summer monsoon is widely evident in several continuous proxy
records in the orogen (Dong et al., 2010; Dykoski et al., 2005;
Fleitmann et al., 2007, 2003; Gasse et al., 1996; Herzschuh et al,,
2006; Hu et al., 2008; Hudson et al., 2016; Thompson et al., 1997;
Wang et al., 2005). Sediment core records from the Arabian Sea also
support wetter-colder phase during this time (Rawat et al., 2015a,
2015b; Azharuddin et al., 2017).

Our linear flow model results also indicate that the net tem-
perature increase between the Lateglacial and HTHS 5 in the
transitional central and eastern Himalaya (climatic zone 2b) is
~1.8+1.0°C higher than that of transitional western Himalaya
(climatic zone 2a; Fig. 8). Comparatively greater Early Holocene
warming in climatic zone 2b, therefore, is likely responsible for this
restricted glaciation.

Colder but drier Early Holocene climate is evident from several
lake records of the central ( Ji et al., 2005a; Yanhong et al., 2006; Yu
et al., 2006), eastern (Mischke and Zhang, 2010), and northeastern
Tibet ( Ji et al., 2005a). This relative dryness may be responsible for
the subdued Early Holocene glacier advances in the arid and
semiarid northeastern Tibet (climatic zone 1a; Figs. 7 and 10).

6.3.3. HTHS 4 (~8.8—7.7 ka)

Prominent regional glacier advances during this Early to Mid-
Holocene transition are evident in two (climatic zones 1a and 3)
and tentatively in two (climatic zones 1b and 2a) climatic regions of
the orogen (Table 5; Fig. 7). This stage coincides with the ~8.2 ka
abrupt climate cooling in the North Atlantic (Matero et al., 2017).
Glaciers in the more westerlies-dominated arid and semiarid
northwestern Tibet (climatic zone 1a) advanced extensively during
this time leading to mean AELA ~50—400 m lower than the glaciers
in the distant arid and semiarid northeastern Tibet (climatic zone
1b; Figs. 7 and 10). More moisture and colder climate teleconnected
via the mid-latitudinal westerlies (Molg et al., 2013) possibly
favored high glacier activity in climatic zone 1a. Whereas, aridity in
the east may be responsible for the muted glacier response in cli-
matic zone 1b. Although our model results indicate net tempera-
ture decrease (e.g., ~2.1 + 0.5 and ~0.9 + 0.1 °C, respectively) in both
the arid and semiarid regions between HTHS 5 and 4, given the
limited data set, we are unable to confirm this cooling in the Early
Holocene.

Similarly, in the more temperature-sensitive wet-temperate
central Himalaya (climatic zone 3), extensive regional glaciation is
recorded with average AELA ~90—200 m lower than the transi-
tional western Himalaya (climatic zone 2a; Fig. 10), a pattern
anticipated during large-scale ambient cooling. However, since our
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HTHS 4 is tentative to absent in most of the zones, additional
chronologies are needed to evaluate our results.

Lacustrine and pollen (proxy) records indicate a widespread
cold-wet spell during this phase in the northwest (Wiinnemann
et al., 2010) and western Himalaya (Phadtare, 2000), and in the
southern Tibet (Hudson et al., 2016). Similarly a cold-dry (aridity)
spell prevailed in the central (Dong et al., 2010), northeast (Ji et al.,
20054, Ji et al., 2005b; Mischke and Zhang, 2010), and southeast
Tibet (Kramer et al., 2010a) during this stage, which further sup-
ports our initial inferences.

6.3.4. HTHS 3 (~7.0—3.2 ka)

The glacial records in the orogen show extensive glaciation
during this HTHS in the more temperature-sensitive wet-
temperate central and eastern Himalayan glaciers (climatic zone 3;
Fig. 10). In climatic zone 3, the mean AELA is 60—400 m lower than
the arid and semiarid NW Tibet (climatic zone 1a) and 100—400 m
lower than the transitional western (climatic zone 2a) and central
and eastern Himalaya (climatic zone 2b; Fig. 7). The least glacier
activities occurred in the arid and semiarid northeastern Tibet with
AELA of only ~81+71m (climatic zone 1b; Fig. 10). Enhanced
cooling, as also recorded in other proxy records (Bisht et al., 2017;
Azharuddin et al., 2017; Srivastava et al., 2017), is suggested to
explain such spatial pattern of glaciation across all climate zones.
However, HTHS 3, in general, shows age overdispersion of 9—23%
with poor chronologies for climatic zones 2b and 3. Further sub-
divisions (e.g., HH 5 and 4 of Saha et al., 2018 for the northwestern
Himalaya; Table 5, Fig. 7), of HTHS3 across the orogen are quite
possible upon additional chronological reconstructions.

The majority of the proxy records in the orogen indicate
intensified warming and stronger monsoon at ~7.0—6.0 ka, fol-
lowed by a decline in monsoonal strength (Phadtare, 2000; Ji et al.,
20054, Ji et al., 2005b; Wiinnemann et al., 2010; Srivastava et al.,
2017). An abrupt shift is detected during ~5.5—4.8 ka towards
colder and drier climate over the orogen (cf. Srivastava et al., 2017).
A decline in the monsoon intensity and strengthening of the mid-
latitudinal westerlies associated with North Atlantic cooling are
proposed for this shift (Clift et al., 2012; Leipe et al., 2014). From
Early to Mid-Holocene, our model results indicate a significant 4T
increase of ~1.9—6.0 °C in climatic zone 1a (Fig. 8), whereas the AT
rise in other regions are comparable (e.g., climatic zone 1b:
~1.9-2.7°C, climatic zone 2b: ~1.3—2.5°C, and climatic zone 2a:
~1.2—1.5K; Fig. 8). This significant temperature increase modeled
after glacier length in climatic zone 1a is not supported by proxy
data. We speculate that part of the intensive glacier retreat since ~8
ka in climatic zone 1a (or muted response in climatic zone 1b) is
associated with extreme aridity (Ji et al., 2005a, Ji et al., 2005b;
Herzschuh et al., 2006; Zhu et al., 2009; Kramer et al., 2010a,b;
Mischke and Zhang, 2010; Wiinnemann et al., 2010; Berkelhammer
et al., 2012; Huang et al., 2016; Shi et al., 2017). This also suggests
that our model assumption that ambient temperature primarily
drives glacier fluctuations on a continental scale is not always true
at the 103~ years timescale.

6.3.5. HTHS 2 (~2.3—1.0 ka)

Mostly tentative and restricted glacier advances (AELAs of
21-222 m) occurred during 2.3—1.0 ka in the orogen. Saha et al.
(2018) recently proposed two glacial stages (their HH 3 and 2) in
the northwestern Himalaya, which encompass HTHS 2. We spec-
ulate that orogen-wide two substages (~2.3—1.7 and ~1 ka) are
possible, but given the systematic inheritance for ages <2 ka and
high age overdispersion, we cannot verify these individual sub-
stages. For instance, neither lake proxy records (cf. Huang et al.,
2016) nor any glacier records are detected during HTHS 2 in the
arid and semiarid northeastern Tibet (climatic zone 1b). Detailed

Late Holocene chronological reconstructions are required to eval-
uate HTHS 2 and assess whether glaciers advances during this
HHTS are associated with climate/non-climatic factor(s)/intrinsic
climatic variability (Ji et al., 2005a; Ji et al., 2005b; Phadtare, 2000;
Srivastava et al., 2017; Wiinnemann et al., 2010).

6.3.6. HTHS 1 (<1 ka)

Approximately 30 local glacier stages (25%) have exposure ages
<1.0 ka. We are unable to define any substages for this period due to
high age overdispersion (18—79%) likely due to inheritance. Indi-
vidual glacier advances including the Little Ice Age (LIA) can be
reconstructed at the catchment-scale (see section 6.2), but at the
regional-scale large uncertainties preclude from further analysis.

The extent of glaciation for HTHS 1 is generally very restricted
across all climate zones (average AELA ~100—150 m; Fig. 10). High-
glacier amplitudes are evident in the wet-temperate central
Himalaya (climatic zone 3) with mean AELAs of ~40—100, ~50—100,
and ~90—150m and are lower than the transitional western
Himalaya (climatic zone 2a), the arid and semiarid Transhimalaya,
northwestern Tibet, Pamir, and Tian Shan (climatic zone 1a), and
the transitional central and eastern Himalaya, respectively (climatic
zone 2b; Fig. 10).

AT increase is approximately identical (~0.8 °C) in all zones of
the orogen (Fig. 8) from ~1.0 to 0.2 ka, except in zone 1a where the
AT rise is ~1.4 + 0.9 °C (Fig. 8).

We suggest possible cold-dry climate in the arid and semiarid
northwestern Tibet, and cold-wet climate in the Transhimalaya and
transitional western Himalaya based on the spatial distribution of
AELAs and AT for this period. Proxy records also corroborate this
spatially distinct general climate pattern (Liu and Thompson, 1998;
Phadtare, 2000; Srivastava et al., 2017; Thompson et al., 1997;
Wiinnemann et al., 2010; Singh et al., 2019).

7. Global Holocene glacial signal

Our regional glacial chronostratigraphical reconstruction in-
dicates one Lateglacial, and at least five synchronous HTHSs.
Additional substages may also be possible for some regions where
10Be glacial chronologies are sufficient and widespread (cf. Saha
et al., 2018). We herein add to initial Holocene glacial chro-
nostratigraphical reconstructions of Saha et al. (2018) and provide a
detailed orogen-wide inter-regional pattern of Holocene glaciation.
Detailed studies of AELA suggest overall high glacial amplitude in
the Lateglacial and Early Holocene, which coincide with the
northerly shift of Earth's thermal equator (ITCZ) and increased
monsoonal precipitation (Dykoski et al., 2005; Jennerjahn et al.,
2004; Lea et al., 2003; Severinghaus et al.,, 2009; Wang et al,,
2001, 2004), as well as abrupt North Atlantic cooling during the
Younger Dryas Stadial and at ~8.2 ka (Denton and Broecker, 2008;
Matero et al., 2017). Corresponding Early Holocene (~11.5—9.5 and
~8.8—7.7 ka) extensive glacier advances are also identified in the
glacial records of the European Alps (Moran et al., 2016, 2015;
Schimmelpfennig et al.,, 2014, 2012; Schindelwig et al., 2012),
Greenland (O'Hara et al., 2017), Arctic Canada (Young et al., 2012),
Svalbard (Van der Bilt et al., 2015), tropical Andes, Africa, and
Southern Hemispheric extratropical regions (Solomina et al., 2015;
2016 and references therein).

Progressively restricted glacier advances over time are evident
in subsequent glacier advances in the orogen (Figs. 7—9). A
considerable Mid-Holocene regional glacier retreat is apparent in
the arid and semiarid regions and supports a major shift towards
extreme aridity in the orogen (Fig. 8). Subsequent Late Holocene
glacier advances, including during the LIA, were accordingly
restricted (Fig. 9). These changes are attributed to reduced northern
hemisphere insolation and corresponding north Atlantic cooling
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(Chiang et al., 2014; Denton and Broecker, 2008; Lund et al., 2006).
The enhanced mid-latitude westerly winds likely teleconnected the
Late Holocene cooling events in the Himalayan-Tibetan orogen
(Molg et al., 2014; Srivastava et al., 2017; Yancheva et al., 2007).

Overall, our study reinforces the view of Saha et al. (2018) that
the orbital forcing primarily modulates the long-term pattern of
Holocene glaciation in the Himalayan-Tibetan orogen. The relative
strength/weakness of both summer monsoon and mid-latitude
westerlies, that are teleconnected to the north Atlantic oceanic-
atmospheric changes (Ivanochko et al., 2005; Goswami et al.,
2006; Rajeevan and Sridhar, 2008; Deplazes et al., 2014; He et al,,
2017; Kakade and Kulkarni, 2017), on the other hand, determine
the amplitude of short-term Holocene glacier advances in different
regions of the orogen as highlighted by the HTHSs. Precipitation
changes played a major role in forcing glaciation throughout the
Holocene and will likely contribute significantly to future cryo-
spheric changes in this alpine environment.

8. Conclusions

Our geomorphic mapping, cosmogenic °Be surface exposure
dating, ELAs, glacial hypsometry, and inverse linear flow model
approach yielded the following conclusions:

i. The Kulti valley in the Lahul Himalaya and the Parkachik
valley in Nun Kun massif, located in the transitional north-
western Himalaya, had relatively large (>10-km-long) and
broad polythermal-to-temperate valley glaciers that pro-
duced a series of young moraines during the late Quaternary.
Three sets of morphostratigraphically distinct moraines in
the Kulti valley are dated to ~14.7 or ~12.7 (Mks), ~12.2 (Mka),
and ~0.5 ka (Mgz), whereas the youngest moraine complex
(Mgq) is historically dated to the late 19th Century. The AELA
was 259 + 109 m during the Lateglacial in the Kulti valley.
The glacier cover became progressively less throughout the
Holocene. The modeled 4T increase in the valley is maximum
(58% of the total increase) between the Lateglacial and Early
Holocene.

ii. Parkachik glacier in the Parkachik valley of the Nun Kun
massif advanced at ~0.2 ka (Mpq) with restricted AELA of
~92 +31 m. Based on our analysis and dating results, it is
evident that high-resolution Holocene chronostratigraphies
may be better reconstructed in more erosive glacier settings
where geological uncertainties are comparatively limited.

iii. Initially, five climate groups (1-5) of glaciers with compa-
rable climatic characteristics are identified in our study using
CA. Further refinement by PCA indicates climate groups 4
and 5 are either overlapping or are small end members and
hence are not considered for further comparisons. Three
major climate groups (1—3), however, are used for inter-
regional comparisons. These climate groups include: 1) cli-
matic zone 1a - arid and semiarid Transhimalaya, north-
western Tibet, Pamir, and Tian Shan, and climatic zone 1b -
arid and semiarid southern and northeastern Tibet; 2) cli-
matic zone 2a - transitional western Himalaya, and climatic
zone 2b - transitional central and eastern Himalaya; and 3)
climatic zone 3 - wet-temperate central and eastern Hima-
laya.

Our PCA vectors and sensitivity analyses confirm that most
of the Himalayan-Tibetan glaciers are highly susceptible to
changes in precipitation at the regional scale. The pro-
nounced north-south and east-west climatic transacts,
mainly for precipitation, therefore, probably control the
large-scale variability of contemporary and Holocene glacial
extents across the orogen. In contrast, at the catchment-

scale, glacial hypsometries likely play a crucial role. This
observation must be reconciled with future glacier-climate
models to quantify variable glacier responses to identical
climatic perturbation.

iv. Building on the work of Saha et al. (2018) who identified
seven prominent Himalayan Holocene stages (HHs) for the
NW Himalaya and Tibet and using 121 local glacial stages, we
reconstructed regional glacial stages from the Lateglacial to
Late Holocene in five discrete zones (1a,b, 2a,b, and 3) across
the orogen (Fig. 10). These are assigned to: 15.2—11.7,
10.3-9.7, 8.0—7.7, 6.6—3.5, 2.3—1.3, ~1, and <1 ka in climatic
zone 1la; 13.5-12.9, 11.5—9.5, ~8.0 and ~3.3 ka in climatic
zone 1b; 15.3—11.8, 11.1-10.3, 8.8—8.3, 6.1-5.0, ~2.2 and < 1
kain climatic zone 2a; ~13.5,11.5—-10.1, 6.0—3.2, ~2.1-1.0, and
<1 ka in climatic zone 2b; and ~13.0—-10.9, 9.5-8.7, 7.0—4.4,
~1.7, and <1 ka in climatic zone 3. Our regional synthesis
shows at least five inter-regional Himalayan-Tibetan Holo-
cene stages (HTHS) and a Lateglacial stage across the orogen.

v. The spatial distribution of AELAs in the orogen during
~15.3—11.8 ka shows locally variable but relatively enhanced
monsoonal moisture supply and amplified cooling in climatic
zones 1a and 1b (Fig. 10A).

The enhanced ISM during the Early Holocene at ~11.5—-9.5
ka may also result in relatively extensive glacier advances in
climatic zone 1a (Fig. 10), whereas higher net temperature
increase between the Lateglacial and Early Holocene ad-
vances in climatic zone 2b may be responsible for its
comparatively subdued response during the Early Holocene
relative to climatic zone 2a.

The subsequent glacier advances during ~8.8—7.7 ka sug-
gest wet-cold climate in climatic zone 1a, enhanced cooling
in the climatic zone 3, and extreme aridity in climatic zone
1b (Fig. 10). During the Mid-Holocene at ~7.0—3.2 ka the
regional glacier advances were forced by intensified cooling
in climatic zone 3 (Fig. 10). The significant modeled net
temperature increases in climatic zones 1a and 1b, from Early
to Mid-Holocene, however, suggests extreme aridity in these
regions.

The overall cold-dry climate is detected in AELAs and
modeled temperature in the (tentative) Late Holocene
regional glacier advances in the orogen during ~2.3—1.0 ka.
Between the last 1.0 and 0.2 ka, we suggest possible cold-dry
climate in climatic zone 1a, and cold-wet climate in climatic
zone 2a (Fig. 10). The net temperature increase in the last 1 ka
is remarkably identical (~0.8°C) in all the zones of the
orogen.

vi. Overall, 1°Be, AELAs and AT show a major regional shift in the
relative strength of the prevailing climate systems in the
orogen during the Mid- and Late Holocene transition.
Generally, enhanced monsoonal humidity is likely replaced
by relative cooling and aridity driven by forcing due to North
Atlantic climate change teleconnected by mid-latitude
westerlies. Northerly sub-polar-type glaciers in the orogen
are more affected during this latter part of Mid- and the early
part of the Late Holocene than the southerly temperate gla-
ciers in the orogen. We, therefore, reinforce the concept of
long-term orbitally influenced Holocene glaciation in the
Himalayan-Tibetan orogen, and that changes in strength/
influence of summer monsoon and mid-latitude westerlies
determine the amplitude of short-term Holocene glacier
advances in different regions of the orogen.
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