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Abstract: The Late Holocene fossil pollen records from the Zemu glacier, located in Yabuk, North
Sikkim, in the eastern Himalayas, effectively generated quantitative climate reconstructions based on
the transfer function model. The transfer function model was developed by establishing a modern
pollen–climate calibration set from the temperate alpine belt of North Sikkim. A redundancy analysis
was carried out to detect the pattern of variation of climatic variables in the modern pollen datasets.
The mean annual precipitation (MAP) and mean temperature of the warming month (MTWA)
had the strongest influence on the composition of the modern pollen samples among the climatic
variables considered in the analysis. Proxy data in the form of fossil pollen records were analyzed
for reconstructing past climate based upon the relationships between modern pollen vegetation
assemblages and climatic patterns. Transfer functions for MAP and MTWA were developed with
the partial least squares (PLS) approach, and model performance was assessed using leave-one-out
cross-validation. The validated model was used to reconstruct MAP and MTWA for the last 2992 cal
years BP (1042 BC) in North Sikkim. The variability observed in the reconstructions was analyzed
for past global climatic events. It was further compared with the available regional and hemispheric
proxy-based climate reconstructions. The reconstructions captured comparable Medieval Warm
Period (MWP) and Little Ice Age (LIA)-like events from the Zemu glacier region. The fossil pollen
data and climate reconstructions were further compared with the mineral magnetism data of the
subsurface sediment profile.

Keywords: Late Holocene; pollen; mineral magnetism; transfer function; PLS; MAP; MTWA

1. Introduction

The decadal-to-millennial-scale climate variability records of the Quaternary period
are of significant interest to scientists; their chronology and mechanisms have been widely
discussed, prompting extensive analysis and recommendations [1]. However, further
detailed analysis is needed in order to obtain a deeper understanding of the authenticity
of past climate change studies. An introspective look at the dynamics and functioning
of the past climatic system will allow us to understand its behavior and patterns in the
future. This will improve greatly if long-term climate data are available beyond the existing
instrumental records. Thus, palaeoclimatic data are essential to obtain comprehensive
information about the past climate system, without which reliable forecasting of future
conditions will not be possible [2]. High-elevation mountainous regions also represent
unique areas for the detection of climatic change and the assessment of climate-related
impacts [3]. One reason for this is that, as the climate changes rapidly with altitude over
relatively short horizontal distances, so do vegetation and hydrology [4]. Past climate
records from such high-elevation mountainous regions and remote areas can be used to
evaluate the regional climate and its association with global climate dynamics. These
high-altitude environments comprise glaciers, snow, permafrost, water, and the uppermost
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limits of vegetation and other complex life forms in the mountains, and they are the most
sensitive to climatic changes occurring on a global scale [5].

Instrumental meteorological records from high-altitude sectors of the Himalayas, such
as regions in proximity to glaciers, do not cover a longer time span as they were not
recorded before the last century. Thus, assessing long-term climatic variability in higher
elevations and remote regions of the Himalayas as well as its future impact is hindered by
the paucity of long-term meteorological and glaciological observations. For this, extensive
climate records from natural archives and proxies are required. Based on these natural
archives or proxy data, detailed climate reconstructions have been carried out globally [6,7].
Proxy-based climate reconstructions can be useful to place recent climate trends in the
context of a longer time scale. These climate reconstructions allow a comparison to be made
of recent trends with past climatic variation and with well-known climatic events of the Late
Holocene period, such as the Medieval Warm Period (MWA), or Epoch (MWE) [8], more
recently coined as the Medieval Climatic Anomaly (MCA) [9–11], and the Little Ice Age
(LIA) [12]. It also facilitates assessing the local pattern of climate variability in a regional,
continental, hemispheric, and global context. The quantitative climate reconstructions from
the Himalaya region are mostly available from tree-ring proxy records [13] and are highly
concentrated in the western Himalayan region [13]. Only a few tree-ring-based temperature
reconstructions are available from the eastern Himalayas, including parts of India [14,15]
and Bhutan [16]. Tree-ring data were used by Bhattacharyya and Chaudhary [14] for
temperature reconstruction from the eastern Himalayan region carried out in sites close to
the present pollen study sites.

The pollen grains preserved in sub-surface sediments have been extensively studied
as a proxy indicator of palaeoclimatic and palaeoecological changes during the Quaternary
period [7,17], and many methodological advances in various fields have been made during
the last five decades [18–22]. Palynological analysis of the Quaternary sediment from tem-
perate to alpine regions of the Himalayas has been carried out for past vegetation vis-à-vis
climate analysis [23,24]. These records mainly show qualitative past climate based on the
vegetation assemblages during the Late Quaternary. However, quantitative past climate
reconstruction using the pollen dataset is poorly studied in the Indian Himalayan region
and absent from Sikkim in the eastern Himalayas [25]. In spite of the fact that quantitative
climate reconstruction of temperature and precipitation based on modern pollen–climate re-
lationships are useful for perceiving Quaternary Palaeoecology and Palaeoclimatology [26],
various climatic variables such as mean annual temperature (MAT), mean temperature
of the coldest month (MTCO), mean temperature of the warmest month (MTWA), and
mean annual precipitation (MAP) are widely experimented climatic parameters. These
have been applied in several quantitative climatic reconstructions using a variety of proxies.
After the pioneering works of Iverson [27] and Grichuk [28], pollen data from lacustrine
and sedimentary archives became the most frequently used proxy to quantify changes
in the Holocene and Pleistocene climate from various geographical regions [29]. The al-
gorithm for the reconstruction of environmental variables using biological proxies was
introduced long ago by Imbrie and Kipp [30]. Since then, pollen climate transfer functions
have been widely attempted for the quantitative reconstruction of climatic parameters
on different geological time scales from various parts of the globe [31–52]. Pollen-based
quantitative climate reconstruction has made great strides over the past few decades in
various parts of the world, using several different reconstruction techniques [53]. Transfer
function-based climate reconstruction using pollen records has also made advances in
Asian subcontinents [54–66].

The strengths and weaknesses of quantitative climate reconstruction using pollen
as a proxy, modeled with discrete transfer function methods as demonstrated in the
reviews [17,20,26,37,38,67–76], are discussed by Birks [77]. However, these widely studied
climate reconstruction techniques have not been widely applied in the eastern Himalayan
region despite the availability of the pollen-based Late Quaternary records [25]. There are
few studies in which the coexistence approach has been used to reconstruct quantitative
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climate during the Late Quaternary period using pollen [78] and phytolith [79] records
from the eastern Himalayas. The coexistence approach was introduced by Mosbrugger
and Utescher [80] for the quantitative reconstruction of Tertiary terrestrial palaeoclimates
using plant fossils. It is not widely used for fossil pollen-based climate reconstruction,
especially for the Holocene. The limited take-up of the coexistence approach in Holocene
studies is because other related methods, such as direct transfer functions, are available [81].
However, this technique has been used in China for several Holocene pollen records [82,83].

The fossil pollen studies previously carried out in Sikkim have mostly deduced past
vegetation with qualitative reconstructions of the climate. Late Holocene vegetation climate
history was reported based on fossil records from Khechipiri Lake [84] and Kupup Lake [85]
located in Sikkim, the Himalayas. In the adjoining temperate parts of this region, few fossils
pollen studies have been carried out [86,87]. Sharma and Chauhan [86] have reported
vegetation history dating from the Last Glacial Maximum (LGM) based on pollen records
from Mirik Lake, Darjeeling Himalaya. Other studies from Jore-Pokhari, a temperate lake
located in Darjeeling Himalaya [87], described qualitative climatic records since 2500 cal.
BP. In addition, there is no modern pollen climate calibration set that is a pre-requisite
for quantitative climate reconstruction. The surface pollen spectra from Sikkim Himalaya
have been studied at only one site [85]. The study included the relationship between
vegetation and modern pollen rain from the Kupup Lake vicinity using 12 surface samples,
but no quantitative comparisons with the modern climate of the region have yet been
established. Similarly, there is one recent study of only modern pollen data sets from the
North Sikkim region, and emphases have been placed on the feasibility of the data for future
palaeovegetation and palaeoclimatic reconstruction [88]. However, in this study, no pollen
fossil data sets were utilized for palaeoclimate reconstruction. Thus, the development of
pollen-based quantitative climate reconstruction using the transfer function model in the
eastern Himalayas is needed.

Here, we make the first attempt to reconstruct climate in quantitative terms and to
assess its past variation at the Zemu glacier, eastern Himalaya. We try to establish the pos-
sible roles of regional climate, global teleconnection, and long-term climate variation in the
Zemu glacier, eastern Himalaya. In this study, modern pollen climate calibration was estab-
lished and applied to a Late Holocene fossil pollen record from Yabuk, Zemu glacier, North
Sikkim, for quantitative past climate reconstruction. The reconstructed climatic variables
were further compared to the environmental geomagnetic data of the profile sediments.
The study of the mineral magnetic properties of sediments has become an increasingly
useful tool to understand the input of sediment flux in different depositional environments
containing iron mineral particles [89–93]. The technique is useful for reconstructing climate
and environment because the mineral magnetic characteristics of sediments are sensitive
to variations in climate, transport medium, and environmental conditions [90,91,94–96].
Lake sediment properties of magnetic susceptibility and remanence reflect past limnologi-
cal conditions and have been widely used as climate proxies in high-altitude Himalayan
palaeolake sediments [97–101].

The measured environmental magnetic parameters are also sensitive to magnetic
grain size variations, and, subsequently, the determination of environmental changes at
the site and depositional environments [89–91]. The magnetic grain size and thus domain
structure of iron minerals in sediments range between multidomain (MD), stable single
domain (SSD or SD), pseudo-SD (PSD), and superparamagnetic (SP) grains. Information
about the magnetic grain size in sediments can be used to identify sediment provenance
areas [102,103]. We describe here the magnetic mineral data with reference to the pollen
zone constituting the sediment profile. This has been carried out to identify the similarities
and significance of the magnetic data and the palynological interpretations.

Inferences were further drawn to highlight the changes occurring in the Late Holocene
climate at the Zemu glacier, North Sikkim, and their regional and global teleconnections to
other existing proxy-based qualitative and quantitative records.
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2. Materials and Methods
Study Sites, Environmental Setting and Vegetation

The Sikkim Himalayas are occupied by glacierized basins, mostly in the western and
northern regions of the state. Most of these glaciers drain their water into the Tista River
and are commonly termed Tista Basin glaciers. The four main glacier basins are the East
Rathong basin, Talung basin, Changme Khangpu basin, and Zemu basin, covering about
7172.21 km2. Among these, the Zemu Basin occupies an area of 2391.60 km2, covered by
250 glaciers. This basin contributes to two major tributaries, the Zema Chhu (‘Chhu’: river)
and Hema Chhu [104]. The Zemu Chhu is the main feeder of the river Tista. The present
study site is situated in the Zemu glacier basin, North Sikkim (Figure 1), which is part of
the eastern Himalaya region. The Zemu glacier lies on the eastern face of Kanchendzonga
peak and is the largest (41.2 km2) and longest (28 km) glacier in the Sikkim Himalaya
region [105]. The Zemu glacier originates from the eastern flank of the Kanchendzonga
ridge. The glacier flows in an easterly direction, draining towards the northern slopes of
Simvo and Sinialchu. The glacier has many trenches on its northern and southern sides
between the lateral moraine ridges and the rock wall [106]. These trenches have arisen
due to the lateral shrinkage of the glacier [106,107]. The Zemu glacier region is situated
towards the north of the Main Central Thrust (MCT) and is composed of Kanchenjunga
Augen-Gneiss. The porphyritic augen-gneisses with streaks of biotite are recorded towards
the north of Lachen [108]. Bands of calc-gneisses stratified along with the augen-gneiss
exist near the Zemu-Lachen confluence. In the northern region of Sikkim, there are many
granitic masses and aplitic veins found from Chungthang in the Tista valley to Jakthang in
the Zemu valley. There are also granite and pegmatite veins ranging from 1 cm to 1 km in
thickness between Chungthang and Lachen [104].

Sikkim is influenced by monsoon winds originating from the Bay of Bengal. The Bay
of Bengal lies towards the south of the Sikkim Himalaya and brings more rainfall to the
region from May to October. The high elevations are also under the influence of the Tibetan
Plateau, which plays an important role in generating the Asian monsoon and influences
the atmospheric circulation due to the freezing and thawing of the plateau [109,110]. The
topographical variations along the Teesta valley give rise to a mostly humid climate within
the mountainous walls of the region [111]. Apart from two meteorological stations, Gangtok
and Tadong, where fully-fledged meteorological observatories have been functioning since
1957 and 1978, respectively, other stations are mainly rain gauge stations, and records are
available from approximately 4 to 25 years ago [111] (Figure 2). The majority of the state
receives heavy rainfall throughout the year, while the months of October–March remain
comparatively drier. The mean annual rainfall is minimum (82 mm) at Thangu, North
Sikkim, and maximum (3494 mm) at Gangtok. Places with an altitude of 6065 m and above
are snowbound, and places as low as 3002 m come within the snowline in the winter. The
temperature in the lower altitudes fluctuates between 4 ◦C and 35 ◦C, and the temperature
of places with moderate altitudes (around 1829 m), such as Gangtok, varies between 1 ◦C
and 25 ◦C. In high-altitude areas (above 3993 m), the temperature never rises above 15 ◦C
and slides down to freezing point in winter [104].

The vegetation of Sikkim has three discrete botanical zones: tropical, temperate and
alpine, distributed according to the elevation and characteristics of the vegetation [112].
The vegetation of the state is classified as low, middle, and upper hill forests, followed by
rhododendron-conifer zones and Alpine scrubs and grassland [112]. The present study
area falls under Rhododendron-conifer (cold temperate or sub-alpine zone, 2700–3600 m)
and alpine scrub and grasslands (3600–4300 m and above). The dominant tree taxa along
the sampling sites are mostly conifers: Abies densa, Juniperus recurva, Larix griffithiana,
J. squamata, Picea spinulosa, and Tsuga dumosa, and broad–leaved taxa: Betula utilis and
Rhododendron spp. At the termination of the tree line above 3600 m, J. pseudosabina and
J. recurva grow as scrubs on hill slopes. The stunted height of Rhododendron spp was ob-
served growing on exposed rock crevices at altitudes of 3600 m or above. Ephedra gerardiana
were found growing only on the hilltops around Thangu. A few species belonging to genera
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such as Ranunculus, Anemone, Delphinium, Rhus, Potentilla, Primula, Fragaria, Cassiope and
Allium were seen on the gentle slopes of open meadows. The detailed vegetation of Zemu
Valley in Sikkim Himalaya has been thoroughly enumerated by Smith and Cave [113].

The detailed methodology for the present study has been described in the Supplemen-
tary Information for surface and sub-surface sediment sampling, pollen analysis [114–116]
of modern and fossil pollen, mineral magnetism analysis [89–91], chronology, and age-depth
model [117], modern climate [111,118–120], numerical analysis [38,70,72,73,76,77,121–123],
and palaeoclimatic reconstruction [124–131]. We further describe the results obtained
from these particular analyses of the samples collected from Zemu glacier region and its
surroundings.
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Figure 1. (a) Site map showing location of modern pollen sites, fossil pollen site, and meteorological
stations are having temperature and precipitation records. (b) Snout of Zemu Glacier. (c) Broad
landscape of the fossil pollen sampling site. (d) Sampling trench for sediment collection and (e) fossil
sampling profile.
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Figure 2. Distribution of (a) precipitation meteorological station network with number of years
records. (b) The CRU 10 min climate grids points used to interpolate the modern climate data of
modern surface pollen sites. The map is generated using digital terrain elevation dataset SRTM30
(http://srtm.csi.cgiar.org, accessed on 10 January 2022).

3. Results
3.1. Modern Pollen Sites and Assemblages

The modern pollen sampling sites considered in the present study are well represented
in the north-west transect (Lachen to Zemu Glacier) but the densities are relatively low in
the northern transect of Lachen towards Thangu (Figure 1). These sites cover vegetation
zones ranging from sub-tropical to temperate to alpine, with both coniferous and broad-
leaved elements. The climatic variation of these sites ranges with gradients in MAT (1.4–10.6
◦C), MTCO (−7.4–2.6 ◦C), MTWA (9–16 ◦C), MAP (61–145.5 mm), and elevation (2600–4311
m) based on gridded climate data sets (Figure 3). The details of the gridded climate data
have been described in Supplementary Information.

3.2. Ordination

The unconstrained ordination using PCA showed that the first two axes capture 49.1%
(axis 1, 31.1%; axis 2, 18.0%) of the total variance. This suggests that only a few variables
dominate the data structure, but they are considered high in such high-elevation and
climatically contrasting regions. The constrained ordination using RDA with pollen and
climate data (MAP and MTWA) showed the eigen values of the first and second axes
are 0.1444 and 0.0421, explaining 77.43% of the total variance in the pollen assemblage
data (Figures 4 and 5). The RDA was also carried out with MAP and MTWA separately.
The first RDA axis captures 12.23% variance in the pollen datasets and shows significant
correlation with MAP (r = 0.696, p < 0.02), while with MTWA, the first axis captures 9.93%

http://srtm.csi.cgiar.org
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variance with significant correlation (r = 0.667, p < 0.046). The RDA with MAP and MTWA
variables shows a similar pattern to the PCA, suggesting that both the variables have a
strong influence on the underlying structure of the modern pollen data.
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Figure 5. (a) Ordination (Redundancy Analysis, RDA) diagram of climates and modern pollen
spectra. (b) Distribution of modern pollen sampling sites showed by RDA.

In RDA, some pollen taxa are grouped together and some are separated (Figure 5).
The RDA axis 1 segregated coniferous taxa (Juniper, Larix, Abies, Picea and Tsuga) and
broadleaved taxa (Juglandaceae, Quercus, Salix, Fabaceae and Oleaceae) on the left side.
The coniferous taxa (Pinus) and broadleaved taxa (Betula, Alnus, Acer, Corylus, Rhododendron
and Magnoliaceae) were separated on the right side of axis 1. It was shown that apart
from Pinus, all other conifer taxa were grouped together by axis 1. The RDA axis 1 also
differentiated in the pollen assemblage of wild grass (Poaceae < 50 µ) and cultivated grass
(Poaceae > 50 µ) on two sides of the axis. Most of the shrub and herb elements were
concentrated in the center of the ordination and did not show clear segregations.

The modern pollen sites were separated in RDA according to climatic influence
(Figure 5). The first RDA axis segregates sites with MAP (60.9–79.0 mm) and MTWA
(9.0–10.3 ◦C) from sites with MAP (116.5–145.5 mm) and MTWA (13.2–16.4 ◦C). The sites
separated by RDA axis 1 are comparable with the altitudinal gradient. The sites (SKM081,
SKM087, SKM090, SKM101, SKM105 and SKM0108) segregated on the right side of axis
1 (Figure 5) have low MAP and MTWA, are from a higher elevation (4016–4311 m), and
are mostly closer to the Zemu glacier and within its vicinity, which is in an alpine climate.
The sites (SKM022, SKM031, SKM034, SKM039, SKM046, SKM049 and SKM054) with
high MAP and MTWA segregated on the left side of axis 1 (Figure 5) are mostly from a
lower elevation (2600–3303 m) and are influenced by a cool, temperate climate. The sites
(SKM058, SKM060, SKM065 and SKM116), which are laid in intermediate and close to
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the center of both axes, and sites (SKM069, SKM074, SKM077), isolated on the left side
of axis 1, are mostly influenced by both the higher and lower elevation climatic condi-
tions of the region, with moderate MAP (95.9–109.7 mm) and MTWA (10.5–12.5 ◦C). The
altitudinal gradient of these sites ranges from 3501 to 3915 m, with a sub-alpine climate,
and seems segregated under the influence of RDA axis 2 (Figure 5). Similar segregation
was observed when the modern pollen data were grouped in zonation (Figure 4) using
unconstrained chord-distance clustering (CONISS) on a square-root-transformed modern
pollen percentage assemblage.

3.3. Chronology and Palaeo–Vegetation History

Based on the derived chronology using linear regression, the Yabuk sediment profile
covers the last 2992 cal years BP (1042 BC), confirming that these sediments belong to the
Late Holocene. So, the present fossil records represent the vegetation and climate records
since the Late Holocene. The chronology detail of the fossil sediment profile is provided
in Table 1. The rate of sedimentation calculated was mostly similar from top to bottom in
depth, and its average rate was 0.08 cm/year.

Table 1. Radiocarbon ages and calibration.

YABUK 12 YABUK 18

Depth (cm) 46 58.5
14C Radiocarbon age 540 ± 80 1030 ± 80
Calibrated age (cal yrs BP) 566 945
Calendar age (BC/AD) 1384 1005

Based on the CONISS of the percentage of pollen data, three zones, YAB–I, YAB–II
and YAB–III, were established to represent the major phase of vegetation change. Two
zones, YAB–II and YAB–III, are further divided into two sub-zones to represent the minor
vegetation changes within the broad phase (Figure 6). The vegetation changes in each zone
are described in Supplementary Information.
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3.4. Pollen–Climate Calibration and Transfer Function

The RDA shows that there is a statistically significant relationship between modern
pollen assemblages and the climatic variables MAP and MTWA (Figure 5). A transfer
function was developed for MAP and MTWA as these were the significant climatic variables
entered in the ordination analysis, RDA. Prior to final model development, we found
four samples (SKM022, SKM069, SKM074 and SKM101) producing extreme values in the
analyses. These sites were removed from the training set prior to performing PLS regression
and calibration. The improved pollen-climate PLS transfer function was finally developed
based on the screened dataset (Table 2). The performance of transfer function models
for MAP and MTWA assessed with components retained in the PLS regression approach
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and assessed by leave-one-out cross-validation showed the sixth component for MAP and
the fifth component for MTWA to be the best performing models (Table 2, Figure 7). The
sixth component of MAP showed the lowest value (17 mm) of RMSEP and the highest
value (0.585) of r2 between observed and predicted MAP (Table 2). A strong relationship
(r2 = 0.993, p < 0.01) was observed between observed MAP and the values predicted for the
study sites based on observed MAP (Figure 7). In the case of MTWA, the fifth component
showed the lowest value (1.1537 ◦C) of RMSEP and the highest value (0.696) of r2 between
observed and predicted MTWA (Table 2). A strong relationship (r2 = 0.982, p < 0.01) was
observed between the observed MTWA and the values predicted for the study sites based on
the observed MTWA (Figure 7). A comparison of observed MAP and MTWA and residuals
(predicted minus those observed for MAP and MTWA) showed that the calibration model
predicts values relatively well within the range of observed MAP and MTWA (Figure 7).

Table 2. Model performance statistics as assessed by leave-one-out cross-validation for the using first
x (x = 1–6) components of the partial least square regression (PLS). Component marked with * are
used for further analysis and for climate (MAP and MTWA) reconstruction.

Apparent Cross-Validated (Leave-One-Out)

PLS
Component RMSE Correlation (r2) RMSEP Correlation (r2)

MAP
Component 1 a 19.017 0.479 23.593 0.235
Component 2 a 14.034 0.717 25.818 0.207
Component 3 a 11.679 0.804 27.380 0.213
Component 4 a 9.412 0.873 33.026 0.129
Component 5 a 7.650 0.916 36.318 0.116
Component 6 a 6.674 0.936 38.949 0.105
Component 1 b 13.061 0.734 18.501 0.473
Component 2 b 8.783 0.880 18.918 0.480
Component 3 b 5.574 0.952 18.699 0.505
Component 4 b 4.062 0.974 18.688 0.514
Component 5 b 3.558 0.980 17.103 0.580
Component 6 b * 2.193 0.993 17.076 0.585
MTWA
Component 1 a 1.651 0.439 2.103 0.158
Component 2 a 1.198 0.705 2.180 0.176
Component 3 a 0.991 0.798 2.230 0.214
Component 4 a 0.794 0.870 2.641 0.133
Component 5 a 0.642 0.915 2.918 0.121
Component 6 a 0.562 0.935 3.084 0.109
Component 1 b 0.942 0.792 1.381 0.555
Component 2 b 0.604 0.915 1.309 0.609
Component 3 b 0.423 0.958 1.217 0.658
Component 4 b 0.332 0.974 1.215 0.663
Component 5 b * 0.279 0.982 1.154 0.696
Component 6 b 0.174 0.993 1.245 0.657

a Original dataset, n = 20. b Screened datasets, n = 16.

3.5. Late Holocene Quantitative Palaeoclimate Reconstructions

The successful validation of the transfer function models based on standard statistical
criteria [38] shows prospects for the quantitative reconstruction of both precipitation (MAP)
and temperature (MTWA) variables in the present study. This has led to the reconstruction
of MAP and MTWA over 2992 cal years BP (1042 BC) for the Zemu glacier region of
Yabuk, North Sikkim, eastern Himalaya (Figure 8). The application of the PLS MAP model
using the sixth component to the Yabuk fossil pollen records yielded precipitation values
between 98.9 and 144.9 mm. Similarly, for the PLS MTWA model using the fifth component,
temperature values between 12.2 and 15.9 ◦C were yielded. The reconstructions showed
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variability during several periods as dry and wet episodes in MAP and cool and warm
episodes in MTWA (Figure 8).
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The reconstructed MAP showed variability during several periods as higher (wet)
and lower (dry) episodes (Figure 8). The beginning of the reconstructed MAP, i.e., during
2992–2188 cal years BP (BC 1042–238), shows a lowering of precipitation, with the lowest
(90 mm) in 2870 cal years BP (BC 920). The precipitation was higher in 1551 cal years
BP and suddenly decreased until 1157 cal years BP (AD 793). Then, high precipitation
was observed from 1021 to 742 cal years BP (AD 929–1478), with a maximum peak in
869 cal years BP (AD 1081). The precipitation was lower during 421–107 cal years BP (AD
1529–1843), ranging between 98.8 and 113.9 mm. However, in 296 cal years BP (AD 1654),
the precipitation showed a higher value of 125.8 mm. During the recent phase of the
reconstructed MAP, it showed an increasing trend in precipitation.

The reconstructed MTWA (Figure 8) shows variability during several periods, such
as rising (warm) and lowering (cold) episodes in temperature (Figure 8). The beginning
of the reconstructed MTWA, i.e., during 2870–2992 cal years BP (BC 1042–920), shows
a lowering of temperature (13.9–12.6 ◦C). The temperature rises from 1551 to 2188 cal
years BP (BC 238 to AD 399), with (14.2–15.4 ◦C) and then lowered (12.4–13.2 ◦C) during
1157–1021 cal years BP (AD 793–929). The temperature started rising in 869 cal years BP
and reached its maximum in 472 cal years BP (AD 1478) at 15 ◦C. After this continued
warming period, a gradual cooling phase was observed. The temperature slowly lowered
in 421–170 cal years BP (AD 1529–1780) to (12.9–13.9 ◦C). The reconstructed MTWA around
107 cal years BP (AD 1843) shows the advent of warming after the preceding cold episodes.

3.6. Magnetic Parameters, Fossil Pollen and Quantitative Palaeoclimate

The reconstructed quantitative precipitation and temperature records were compared
with the pollen zones developed in the fossil data and supplemented with magnetic
parameters, which are described in detail in Supplementary Information (Figure 9).
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4. Discussion
4.1. Modern Pollen Distribution

The samples collected for modern pollen analysis have a distinct pattern of dominance
of species that is also segregated also in terms of the variation in the altitude of sampling.
The instances of grouping and/or clustering in both CONISS and ordination statistics
following the same trends are evident. The first group (Group I) of samples or clusters
included higher altitude samples (SKM90, SKM81, SKM87, SKM77, SKM101, SKM116,
SKM108), occupying an altitudinal range of (3608–4300 m) and samples (SKM22) of lower
altitude (2600 m). These samples showed a high dominance of alpine taxa. However,
taxa such as Tsuga, Quercus pollen, and a few instances of Larix pollen were also present,
probably arriving from adjoining regions.

In the second group (Group II), the samples (SKM54, SKM74, SKM65, SKM58, SKM34,
SKM69, SKM39, SKM46, SKM49, SKM31, and SKM60) collected at various sites in the
valley had an altitude range of 2800–3700 m. These sets of samples recorded the dominance
of subalpine tree taxa, a few shrubs and herbs, and larger grass pollen and aquatic taxa.
This variation in taxa can again be attributed to the lower temperatures at this altitude
and increased soil moisture due to snow melt and a higher amount of precipitation. This
sampling area is exposed to variable climatic conditions, allowing mixed species to appear
in the sediments. However, a slight shift towards higher altitude taxa cannot be overruled.
There is one sample (SKM 105), which was collected from the distant region of Chopta
Valley, that has similar taxa but high levels of Rhododendron in the sample, consequently
forming a separate node in the second group or cluster of samples. However, the ordi-
nation statistics and RDA imply considerations for species grouping, including climatic
parameters. Hence, it is imperative that all the data and sample groups are separated not
only based on the species and climate variables (MAP and MTWA), but also according to
the altitude of sampling. To further strengthen the results of RDA, the CONISS results are
also comparable, giving a definitive pattern to the species distribution in the region.

4.2. Pollen–Climate Relationships

The relationship between pollen assemblages and the environmental variables estab-
lished using the ordination method showed the significant influence of MAP and MTWA
on vegetation. The climatic variable MAP with axis 1 showed a high correlation compared
to MTWA, which is slightly less correlated with axis 1, but both are statistically significant
(p < 0.05). This suggests that the control of precipitation over the distribution of surface
pollen could be the primary environmental driver controlling vegetation and species vari-
ations. It has been observed that sites with arid or semiarid climatic conditions, with
vegetation cover and composition, are mostly controlled by moisture availability [62]. The
analysis of the satellite-based normalized difference vegetation index (NDVI) compared
with rainfall data from states in India showed a strong relationship between them. The
study showed that NDVI is affected positively by the amount and intensity of rainfall [88].
This relationship is stronger during the monsoon season, the period that contributes the
maximum percentage of water availability in annual rainfall. The NDVI precipitation result
also supports the fact that precipitation has a stronger effect on vegetation distribution
in the present high-elevation study area of the eastern Himalayas. In North Sikkim, pre-
cipitation in the form of rain or snow occurs throughout the year. Thus, in the present
study region, precipitation has a strong influence throughout the year, which supports the
present findings that highlight the significant influence of precipitation on the regional
vegetation. However, in Sikkim, the rainfall/precipitation decrease sharply at higher ele-
vations (>2000 m) in all seasons except during winter [111]. Hence, the availability of soil
moisture for most taxa is high at all times, either due to rainfall or snow. However, due
to the variation in altitude, the precipitation and temperature distribution at all sampling
sites vary within a wide range. In the glacier region (>4000 m), the temperature decreases
with snow cover, and precipitation also loses its intensity. In the cool, temperate region
(2600–3300 m), both precipitation and temperature are usually at their peak during the
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south-west monsoon months (June to September). The rise in temperature could lead to
high evapotranspiration and become the limiting factor for vegetation. The significant
relationship observed with temperature could be possible, because the growth of the plants
varies greatly along both latitudinal and altitudinal gradients. In the present study, the influ-
ence of both temperature and precipitation might be due to the fact that both temperature
and precipitation vary greatly with altitudinal gradients. Due to this altitudinal-climatic
distribution, both temperature and precipitation become the important limiting factors for
the growth of plants in this region. The altitudinal influence on climate cannot be ruled
out in mountainous and high-altitude regions. As the elevation increases, the temperature
decreases in most of the mountainous region [4,132,133], in addition to precipitation, as also
observed in the present study sites (Table S1) and reported for the entire region of Sikkim
by [111]. Similar inferences on pollen–temperature–precipitation have been observed from
adjoining regions such as the Tibetan Plateau, China, and Mongolia [57,59,62,134–137] on
modern pollen-climate calibration, along with the statistical parameters observed in the
transfer function model. The influence of precipitation as a primary environmental factor
can also be explained by the fact that modern pollen sites are located in high-elevation
areas with arid or semiarid climatic conditions, where vegetation cover and composition
are mostly controlled by moisture availability.

4.3. Environmental Geomagnetism and Climate Reconstruction

The reconstruction of mean annual precipitation (MAP) has been based on magnetic
minerals within a soil in various studies using different quantitative techniques [96,138–142].
Magnetic minerals such as magnetite/maghemite, hematite, and goethite abundances in
soils have been identified to have a quantitative relationship with precipitation [96,142,143].
Magnetic palaeo-precipitation proxies have been studied widely in the Quaternary to recent
Loess–paleosol systems in China [138,144], New Zealand [145], Alaska [146], North Amer-
ica [147–149], and Russia [150,151]. These records exhibit that the relationship between
magnetic minerals and MAP differs spatio-temporally [96]. The Loess–Paleosol sequences
of China have shown that variation and aeolian dust fluxes are influenced by regional mon-
soonal climate patterns and increases in pedogenic processes due to high precipitation and
temperature [96,138,152–154]. Thus, the strong relationship between iron oxide mineralogy
in soil sequences and climatic variations has been well established globally [96]. However,
the magnetic palaeo-precipitation proxies used to estimate MAP have been said to have
certain uncertainties [96,155,156].

In this study, we do not attempt a direct palaeo-precipitation reconstruction using
mineral magnetic data. We have attempted to make a comparison of the reconstructed MAP
using palynological data with magnetic mineral variations. Mineral magnetism data are an
additional tool to identify the variations in the palaeoclimate of the Zemu glacier. Similar
variations comparable to the reconstructed climate (MAP, MTWA) at Zemu glacier were
found. There were many controlling factors, such as soil moisture, glacial melt, detrital
deposition, podogenic processes, and regional sediment influx at the Zemu glacier. All
these factors, along with the climatic parameters, control the magnetic mineral variations in
the sediment. Here, the fossil pollen data also correspond to vegetation changes along with
climatic variations at the Zemu glacier. The fossil pollen data in zone YAB–I is less, but an
increase in the ferromagnetic mineral content is concurrent with the high MAP and MTWA
and high pollen counts. In the other two zones, the vegetation gives a pattern similar
to the changes in MAP and MTWA, along with the mineral magnetic. The glacier also
demonstrated changes regarding the type of sediment influx at the sampling site during
high precipitation periods in zones YAB–II and YAB–III, which are composed of coarse
gravel with sand and silty clays. Such changes are visible in the lithology profile of the
samples collected near the Zemu glacier. It is evident that material coming down from the
snout of the glacier and the surrounding topography influenced the magnetic mineralogy.
The vegetation, climate, and sediment flux in the valley during the Late Holocene are clearly
linked together in our record. Both palynological and environmental geomagnetic data
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provide strong evidence of the influence of MAP and MTWA as climatic factors working in
the Zemu glacier valley.

The environmental magnetism parameters are significantly low in terms of their
numerical values throughout the sediment profile. They successfully capture the signals
and oscillations in the environment and climate at the Zemu glacier. These parameters were
analyzed for all the samples, which included samples not analyzed for palynomorphs due
to the high sand content. Though we managed to obtain the entire profile data, it is possible
that including all the sample data reduced the possibility of easily identifying the magnetic
behavior of the minerals in the profile. However, it was important that we supported our
climatic interpretation and reconstruction based on other supportive evidence.

4.4. Evaluation of Climate Reconstructions

The climate of the Late Holocene, especially the last 1000–1500 years, sets the back-
ground for 20th-century climate warming. The climate records during this period are
required to perceive the natural variability in the climate system. The proxy-based long
climate records emphasize the interest in quantitative climate data beyond the range of
instrumental records. Long-term climate reconstructions derived from various well-dated
proxy data indicate that the past millennium is the best documented interval with both
historical and climate data [157]. The present pollen-based quantitative climate (MAP
and MTWA) reconstructions successfully captured well-known global climate events of
the recent millennium. These climatic signals helped us assess the background for recent
century-long climate warming in the largest glaciated region of the eastern Himalayas.

In the present reconstructed MTWA, the high temperature covering the time span
of 929–472 cal years BP (AD 1021–1478) is comparable with the MWP. After attaining a
gradual rise in temperature during 509–472 cal years BP (AD 1441–1478), the significant
lowering of temperature until 421 cal years BP (AD 1529) could be related to the cooling
period near the beginning of the LIA. This cooling period observed in the present MTWA
reconstruction is comparable with a widely known event, the Spörer Minimum, observed
during AD 1460–1550 [158]. Jiang and Xu [158] clearly demonstrate that if the Spörer
Minimum extended from AD 1460 to 1550, it could be a specious result; if its extent was
AD 1400–1510, it could be determined as an actual feature of solar variability during that
time. The slight decrease in temperature after attaining the increasing trends in our MTWA
reconstruction during 296–233 cal years BP (AD 1654–1717) is comparable with a cold event
widely known as the Maunder Minimum (AD 1645–1715) in the middle of the LIA [159].
The Maunder Minimum refers to a period of low solar activity [160]. The physical link
between low sunspot activity and cooling temperatures has not been established, but
the coincidence between the Maunder Minimum and the deepest trough of the LIA is
suggestive of such a connection [161]. The present reconstructed MTWA has not captured
this event significantly compared to the Spörer Minimum. Thus, the overall lowering of
temperature covering a time span of 421–170 cal years BP (AD 1529–1780) suggests that
the LIA event was present around the Zemu Glacier Valley. The LIA episodes observed
in the reconstructed MTWA showed a sudden decrease in temperature in the early part
of the initiation of the cold period, and gradually the temperature increased, with a slight
decrease during the middle of the LIA. The reconstructed temperature around 107 cal years
BP (AD 1843) shows the arrival of warming after the cold episodes of LIA in the Zemu
glacier valley and is similar to the Current Warming Period (CWP).

The reconstructions from our records captured comparable well-known climatic events
(MWP and LIA), but the timing identified is indeed not the same as that recorded in
various studies (described in Sections 4.5 and 4.6). The MWP was a time of warm climate
during AD 1100–1300, which peaked in the 11th century and ended abruptly around
1300 AD [8]. Similarly, the LIA event is a known widespread climatic cooling event that
lasted approximately from the 14th to the 18th centuries AD [12]. Later, Mann et al. [10]
argued that MWP might be related to other climate events around the world and occur
from about AD 950 to 1250, and that the cooling event LIA lasted from AD 1400 to 1700.
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However, Graham et al. [11] reported the duration of MCA/MWP as ca. 900–1350 AD and
the LIA as ca. 1500–1850 AD. The present climate reconstruction shows cool (dry) and warm
(wet) variability within the LIA and MWP, respectively. We observed cold (dry) climatic
records punctuated within the ‘warm (wet)’ period of MWP. Similarly, warm (wet) records
are observed during the ‘cool (dry)’ period of LIA. This illustrates the fact that ‘Medieval
Warm Period’ and ‘Little Ice Age’ are moveable terms depending on region. However, the
present finding supports that the worldwide climatic variability of MWP with a warm (wet)
climate and LIA with cold (dry) periods also exists in this remote region of the Zemu glacier
valley in the eastern Himalayas. Wanner et al. [162], based on a synthesis review of mid-to-
late Holocene global climate change, concluded the existence of warm and cold periods,
especially hemispheric-scale warming leading to the MWP and subsequent cooling into
the LIA. The possible role of this climatic variability could be due to various natural factors.
These could be fluctuations in solar activity, large tropical volcanic eruptions, internal
variability in oceanic oscillations, including the El Niño Southern Oscillation (ENSO) and
the North Atlantic Oscillation (NAO), changes in the thermohaline circulation, and complex
feedback mechanisms between the ocean, atmosphere, sea ice, and vegetation [162]. The
strong coupling between the biogenic proxies and reconstructed total solar irradiance
during the last millennium from the northeastern Arabian Sea also suggested solar control
on the intensity of the Indian monsoon and likely the MWP and LIA as well. Moreover,
the large eruptions in the tropics and high latitudes were the primary drivers of inter-
annual to decadal temperature variability in the Northern Hemisphere during the past
2500 years [163]. Based on the model simulations, Polanski et al. [157] stated that the
eastern Himalayas are affected by summer variations in the temperature gradient between
the Bay of Bengal and Indian subcontinent and by a zonal band of intensified Indian-East
Asian monsoon link north of 25◦ N.

Apart from these broad global events of MWP and LIA, our climate reconstruction
is also comparable with other climatic events that occurred elsewhere in the globe [164]
but were not widely explained compared to MWP and LIA. These events were recorded in
the reconstruction before the MWP period. The cooling of temperature at the beginning of
the reconstructed MTWA (2992–2870 years BP, BC 1042–920) might be linked with the Sub-
Atlantic Cold Period (SACP) that occurred during BC 975–250 [164]. The rise in temperature
in the present MTWA reconstruction during 2188–1551 cal years BP (BC 238–399) is similar
to the Roman Warm Period (RWP) observed during BC 250–AD 450 [164]. Another event
known as the Dark Age Cold Period (DACP), which took place during AD 450–950 [164],
is also comparable with the cooling events observed in our temperature reconstruction
during the later part of 1157–1021 cal years BP (AD 793–929). However, we do not support
the claim that these events were strongly captured in our reconstruction due to the fact
that the palynological samples are smaller at the beginning of the chronology. However,
at the same time, we can argue that the present reconstruction has the ability to capture
climatic fluctuations that occurred during the Late Holocene elsewhere. In future studies,
the observation can be strengthened with an increase in palynological sample numbers and
a higher-resolution chronology. Thus, greater emphasis was given to MWP and LIA events,
which were compared with other records in detail.

4.5. Climate Reconstructions Comparison

In the present study, we provide the first quantitative climate (precipitation and
temperature) reconstruction of the Zemu glacier valley in the eastern Himalayas using
the transfer function model. In order to look at our climate reconstructions of the Zemu
glacier from a larger geographical perspective, we compared them with proxies-based
climate reconstructions carried out in India and adjoining areas, including south Asian
continents and the northern hemisphere. For this comparison, two approaches were
considered: (i) qualitative climate inference made from different proxy-based studies
and (ii) quantitative climate reconstruction from various proxies available from NOAA
data contributors (www.ncdc.noaa.gov, accessed on 10 January 2022) and obtained from

www.ncdc.noaa.gov
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personal contribution on request. For both approaches, comparisons were made for past
climatic events and variability recorded during the Late Holocene.

4.5.1. Climate Reconstructions Comparison—Qualitative Approach

The climatic variability during the MWP and LIA time periods recorded in the present
pollen-based climate reconstructions is comparable with other pollen and proxy-based
studies carried out in different regions of India, the Himalayas, and the adjoining oceanic
region. The time span and climatic inference made for the MWP and LIA periods in these
studies [16,84,85,87,158,165–204] are presented in Figures 10 and 11, respectively, and are
described in the following section. We have given an extensive explanation and comparison
of these records in Supplementary Information.
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Darjeeling, eastern Himalaya [87], (5) Paradise Lake, Arunachal Pradesh, eastern Himalaya [165],
(6) Bhutan, eastern Himalaya [16], (7) Lower Brah Velley, Northeast India [171], (8) West Assam,
Northeast India [172], (9) East Nepal [173], (10) Nepal [200], (11) South Central Tibetan Plateau [174],
(12) Pinder glacier, Kumaon Himalaya [175], (13) Tipra Bank glacier, Kumaon Himalaya [176],
(14) Bhujvas, Gangotri glacier, Garhwal Himalaya [177], (15) Spiti valley, Himachal Pradesh [179],
(16) Spiti valley, Himachal Pradesh [183], (17) Parvati valley, Himachal Pradesh [180], (18) Batal,
Himachal Pradesh [181], (19) Chandra valley, Himachal Pradesh [182], (20) Badanital Lake, Garhwal
Himalaya [184], (21) Uttarkashi, Garhwal Himalaya [185], (22) Chorabari Glacier, Garhwal Hi-
malaya [186], (23) Central Himalaya [187], (24) Sasikul Lake, Pamir [188], (25) Southeast Madhya
Pradesh, Central India [191], (26) Southwest Madhya Pradesh, Central India [192], (27) Orissa [193],
(28) Central India [194], (29) East Arabian Sea [195], (30) Northwest Arabian Sea [196], (31) Near
Oman, Arabian Sea [197], (32) Southeast Arabian Sea [198] and (33) Northeast Arabian Sea [199].
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Himalaya [84], (4) Jore–Pokhari, Darjeeling, eastern Himalaya [87], (5) Paradise Lake, Arunachal Pradesh,
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eastern Himalaya [165], (6) Bhutan, eastern Himalaya [16], (7) Lower Brah Velley, Northeast In-
dia [171], (8) West Assam, Northeast India [172], (9) East Nepal [173], (10) Nepal [200], (11) South
Central Tibetan Plateau [174], (12) Pinder glacier, Kumaon Himalaya [175], (13) Tipra Bank
glacier, Kumaon Himalaya [176], (14) Bhujvas, Gangotri glacier, Garhwal Himalaya [177], (15) Spiti
valley, Himachal Pradesh [179], (16) Spiti valley, Himachal Pradesh [183], (17) Parvati valley,
Himachal Pradesh [180], (18) Batal, Himachal Pradesh [181], (19) Chandra valley, Himachal
Pradesh [182], (20) Badanital Lake, Garhwal Himalaya [184], (21) Uttarkashi, Garhwal Himalaya [185],
(22) Chorabari Glacier, Garhwal Himalaya [186], (23) Central Himalaya [187], (24) Sasikul Lake,
Pamir [188] [188], (25) Southeast Madhya Pradesh, Central India [191], (26) Southwest Madhya
Pradesh, Central India [192], (27) Orissa [193], (28) Central India [194], (29) East Arabian Sea [195],
(30) Northwest Arabian Sea [196], (31) Near Oman, Arabian Sea [197], (32) Southeast Arabian Sea [198]
and (33) Northeast Arabian Sea [199].

4.5.2. Climate Reconstructions Comparison—Quantitative Approach

The quantitative climate (precipitation and temperature) reconstructions developed in
the present study were compared graphically with available Late Holocene reconstructions
(Figure 12). For this comparison, reconstructed temperature and precipitation data using
other proxy data were procured from NOAA data contributors and also provided by the
author of the research paper.

The MAP reconstruction is compared with available precipitation, drought, and ice
core records. The MAP is compared with 3500 years of annual precipitation reconstruction
from the Northeastern Tibetan Plateau based on tree-ring data [205] and the north central
China 1800-year decadal precipitation index reconstruction using stalagmite and historical
document records [206] shows similar trends in the later period of MWP and LIA. The
reconstructed Palmer drought severity index (PDSI) from the Monsoon Asia Drought Atlas
(MADA) [207] from the nearest grid point (88.75/28.75) in the present study site also shows
consistency in the trends during LIA. The MAP has been also compared with ice core records
of Rongbuk Glacier [173], Dasuopu [208,209], Guliya [210], Dunde [211], and Puruogangri
core I and II [212]. Apart from Puruogangri core II, all other ice core records compared with
the present reconstructed MAP shows similar variability in the reconstruction.

Similarly, the present reconstructed temperature (MAT) has been compared with
temperature reconstructions from adjoining areas and regional, Arctic, hemispheric and
global records (Figure 13). The tree-ring-based June–August temperature reconstruction
from Bhutan [16] shows cold conditions during the early 15th, 16th, and late 17th to early
18th centuries. Another tree-ring-based temperature reconstruction from Nepal [200] also
shows a lowering of temperature during AD 1670–1770, which falls in the period of LIA. In
addition, temperature reconstruction for Asia [213] using multi-proxy records, temperature
reconstruction using stalagmite records from Beijing, China [214], temperature reconstruc-
tion in China using proxy records with methods of principal component regression and
partial least squares regression [215], and Arctic-wide temperature reconstruction for the
past 2000 years [216] also show comparable variability with the present reconstructed
temperature. The temperature reconstructions available from various hemispheric and
global levels include: multi-proxy reconstructions of the extra-tropical northern hemisphere
(30–90◦ N) mean temperature [217]; reconstructions of northern hemisphere temperatures
and climate forcing over the past 1000 years using multi-proxy records [218]; low-frequency
temperature signals reconstructed using Regional Curve Standardized tree-ring chronolo-
gies from 14 sites in the northern hemisphere extra-tropics [219]; northern hemisphere
high-elevation tree-ring-based temperature reconstruction using the regional curve stan-
dardization technique [220]; multi-proxy northern hemisphere temperature reconstruction
using inverse regression-truncated EOF climate field reconstruction [221]; northern hemi-
sphere temperature reconstruction calculated by combining low-resolution proxies with
tree-ring data [222]; multi-proxy northern hemispheric surface temperature reconstruc-
tion [223]; and multi proxy global surface temperature [224] also show similar temperature
variability to the present temperature reconstruction in different time periods, especially
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during MWP and LIA (Figure 13). However, the differences in variability in both the
temperature and precipitation comparative analysis with the present climate reconstruction
might be due to the differences in the proxy data used, the reconstructed seasons, and the
resolution of the proxies.
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Figure 12. Comparison of (a) reconstructed MAP (present study) with other proxy-based climate
reconstruction (b) annual precipitation from northeastern Tibetan Plateau [205], (c) decadal precipita-
tion index from northcentral China [206], (d) PDSI from Monsoon Asian Drought Atlas (MADA) [207],
(e) ice core record from Rongbuk glacier, Nepal [173], (f) ice core record from Dasuopu [208,209],
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and II [212] and (j) ice core record from Dunde [211].
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ature reconstructions (b) summer temperature from Bhutanese Himalaya [16], (c) February-June
temperature from Nepal [200], (d) Pages 2k Consortium temperature reconstruction [213], (e) sta-
lagmite based warm season temperature from Beijing, China [214] (f) temperature reconstruction
from China [215], (g) temperature reconstruction from Arctic [216], (h) extra-tropical Northern Hemi-
sphere temperature reconstruction [217], (i) Northern Hemisphere temperature reconstruction [218],
(j) Northern Hemisphere temperature reconstruction [219] (k) extra-tropical Northern Hemisphere
temperature reconstruction [220] (l) global surface temperature reconstruction [221] (m) global sur-
face temperature reconstruction [222] (n–p) Northern Hemisphere temperature reconstruction [223]
(q) Northern Hemisphere temperature reconstruction [224].



Quaternary 2023, 6, 32 22 of 31

4.6. Climate Reconstructions and Fluctuation of Sikkimese Glaciers

The present findings of LIA in the climate reconstructions might have linkages with
the advances and retreats of the Zemu glacier and other glaciers in Sikkim, Himalaya. In
1995, a study team at the Khangchendzonga Biosphere Reserve reported that since the
LIA, the Zemu glacier, Onglokthang glacier, and Rathong Chu glacier in North Sikkim had
retreated by 3–4 km, ~500 m, and ~600 m, respectively [225]. A similar response of the cold
and dry period of climate on glacier advancement has been recorded in the glacier region
of Sithikher Bog, western Himalayas [179], and the Sonapani glacier advance stage II in the
Lahaul valley, western Himalayas [226]. The climate reconstruction from this largest glacier
of the eastern Himalayas also shows consistency with the climatic observations of the Late
Holocene made from the other largest glacier of the western Himalayas [177]. Chaujar [186]
also reported that the northern and southern hemispheric glaciers started their retreat in
the mid-18th century, which indicates the end of the LIA climatic period. This temporal
linkage suggests the possible existence of a common trend in the mountain regions of both
hemispheres and the Himalayas, and, thus, its occurrence is a global phenomenon.

Observations made during the early 1940s and 1970s [106,227,228] also suggested the
expansion and then receding of the Zemu glacier. The valley has its maximum depth at the
center, where the thickness of the glacier ice exceeds 300 m. This suggests that the glacier
once occupied the entire valley, extending from the northern to the southern rock walls,
and that it has undergone considerable lateral shrinkage, giving rise to the northern and
southern trenches. Subsequent movement of the glacier, confined by the lateral moraine
ridges, has eroded the bedrock to a greater extent in the central zone than that underlying
the trenches from which the glacier has receded to its present position [106].

The Zemu Glacier, located in in Sikkim, the Himalayas, which was visited by the
2nd German Himalaya Expedition in 1931, has been receding since 1891 [227,228], which
correlates with evidence from our records of warming trends in temperature. These
observations support the evidence of LIA-like events and recent warming phases recorded
in our quantitative temperature reconstruction.

The climate oscillation recorded in the present climate reconstruction, especially during
the well-known global climate periods of MWP (warm–humid climate) and LIA (cold–dry
climate), could be related to glacier behavior and tree line fluctuations. During the warm
and humid period, the glaciers might have retreated in this region, and, as a consequence,
tree line might ascend to higher elevations. During the cold–dry period, the glacier of this
region as well as the tree line might have advanced towards the lower elevations. Thus, the
pollen-based climate reconstruction from the glacier region enabled a chronology of glacier
activity for the LIA and more recent periods to be established.

The model simulations support the suggestion that the LIA may have been brought
about by low northern hemisphere orbital forcing during the Late Holocene, with coinci-
dentally unusually low solar activity and a high number of major volcanic events [162].
So, we can contemplate that this region of the Himalaya was also influenced by solar
fluctuations and volcanic activities that occurred elsewhere during the LIA period. The
tree-ring studies carried out in the adjacent Bhutan Himalaya [16] also reported that the
cooling of the climate during LIA was influenced by solar and volcanic eruptions.

5. Conclusions

The calibration set for modern pollen–climate (temperature and precipitation) pro-
vided the development of quantitative climate reconstructions from sub-surface sediment
pollen spectra from the Zemu glacier region, eastern Himalayas. The development of a
transfer function model using a linear model based on Partial Least Square regression led
to the reconstruction of the mean annual precipitation (MAP) and the mean temperature of
the warmest month (MTWA). Precipitation has the strongest influence on the composition
of the modern pollen samples among the other climatic variables considered in the analysis.
The climate reconstruction based on pollen data, supplemented with environmental mag-
netism analysis, cumulatively indicates the changing climatic scenario around the Zemu
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Glacier during the later part of the Holocene. In the absence of long-term instrumental
records from this largest glacier region of the eastern Himalayas, proxy-based quantitative
climate reconstructions provide an understanding of the relative contribution of changes
in temperature and precipitation in glacier environments. The present study provided
valuable insight into past precipitation and temperature changes, which helped us identify
shifts in climatic conditions as demonstrated by various research outputs, from regional
to hemispheric. The climatic variability reconstructed in this study clearly demonstrates
close agreement between oscillatory climatic phenomena of the past in the region of the
North Atlantic Ocean and the distant Himalayas. Our climate reconstructions capture
well-documented world-wide climatic events, such as the MWP and LIA, as well as those
of the even earlier Dark Ages Cold Period and Roman Warm Period. Since the present
climate reconstructions have been carried out at a remote location in the largest glaciated
region of the eastern Himalayas, the observed warming during the late 19th century and
then the cooling trend during the early 20th century are most likely of natural origin and
not due to any anthropogenic influences. The overall assessment of quantitative climate
reconstruction in the Zemu glacier area and its temporal trends, which are comparable with
regional, continental, hemispheric perspectives and from a global perspective, should look
forward to a more comprehensive analysis with both spatial and temporal coverage.
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