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ABSTRACT

Environmental changes since different timescales can be exhibited from lacustrine sediment sequences, and the reported changes can
be interpreted in terms of environmental fluctuations, change in vegetation patterns, intensification or weakening of weather phenomenon.
Paleoclimate can be reconstructed by using different proxies from the lake sediments. There are various scientific tools that can
uncover the evidences of past ecological and climate changes. The understanding of global environmental changes can be attended
by revealing the climatic and environmental changes since different time scales.

The high-altitude regions of Southern Himalayas are influenced by Indian Summer Monsoon (ISM) and severely affected by the
impacts of climate change. However, the available meteorological data are too short for long term trend analysis and influentially
forecast future. To fill this data gaps there are prospects of using other multi proxy climatic data including physical proxies such as
TOC, C/N ratio, isotopic and elemental analysis and biological proxies such as pollen and diatoms analysis. However, vast knowledge
gaps exist in this aspect because very few researches with limited scope have been carried out. There is lack of long instrumental
climatic data for enduring trend analysis, and develop suitable adaptation measures to cope with adverse impacts of this climate
change. This study aims to review the reconstructed climatic history of various region. The findings of the study will be useful to
academia, policy makers and researchers.
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INTRODUCTION

The Himalayan Tibetan plateau, various Indian
subcontinents and several regions in south-west China experience
Indian summer monsoon and its effects as its dominant climate
system in this region (Jin et al., 2009). Due to ISM variability
and its interconnected mechanisms (Fig. 1), it serves as a primary
source of fresh water for more than 1 billion people in South
Asia (Bird et al., 2014a). Many Indian subcontinents receive
enough precipitation from the ISM influencing the economic
and societal revolutions (Xu et al., 2018).

The composition of lake sediments is spatially
heterogeneous in nature. Many researchers thought that the
study of one part of the sediment could not lead to the real
outcome. The trend of studying multiple cores for sediment
deposition in both time and space has started (Engstrom and
Swain, 1986; Wang et al., 2009). Various closed and semi-
closed lakes in arid and semi-arid regions in the Tibetan Plateau
showed deposition of carbonates in the lake bed. Among three
forms of carbonate depositing in the sediment, endogenic and
authigenic carbonates are mostly used to reconstruct the paleo-

environment of the region (Ju et al., 2010). Sediments in the
lake can either originate natively i.e. autochthonous source or
deposit from other places than its origin known as allochthonous
source, serving as a laboratory for local or regional climate
archives (Korsman et al., 1999). The sediment depositional
process in the bed of the lake is not uniform due to differences
in energy and remoteness from sediment input point, resulting
in the distribution of fine sediments in the deep water whereas
the shallow parts inhabiting granular sediments (proxies like
total organic carbon (TOC), total nitrogen (TN), etc. (Schrimm
et al., 2004). While there are no sufficient records of such
examinations in the lakes of the Southern Himalayas. Similarly,
isotopes of oxygen (3'*0) and carbon (3"3C) values in the lake
sediments can be derived as a proxy for temperature and
precipitation. These isotopes have high significance in paleo
hydrology and reconstructing paleoclimates (Hardenbroek et
al., 2018). Likewise, the lithogenic composition of the watershed
highly contribute ionic discharge into the lake (Lami et al.,
2010). The ion composition of water provides an instinct towards
its source and controlling factors. Similarly, the composition of
elements in the lake sediment is very informative about its
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Fig. 1: Overview map showing atmospheric circulation systems (ISM, Indian Summer Monsoon; EASM, East Asian
Summer Monsoon; Westerlies in Indian subcontinents (Wang et al., 2010)

origin and is one of the important archives to reconstruct past
environmental changes (Li et al., 2008). As anthropogenic
changes presently push the climate system into a direction that
has not occurred in the last several millions of years, it is
essential to know the sensitivity of the various feedback systems
in climate. One of them can be achieved by studying different
phenomenon of climate like climate archives. Therefore, the
aim of many climate studies is to improve our understanding
of the mechanisms that drive the Earth’s climate, both by
investigating past climate changes and by studying modern
processes (Dixit and Tandon, 2016; Wang et al., 2016). The
alteration in the lake water depth is also resulted due to the
change in the climatic factors or dependent on the sedimentation
in the lake (Holmes et al., 2009). The water chemistry of the
lake can moreover be controlled by the continuous deposition
of carbonate minerals and weathering of silicate minerals in
limited extent in the lake sediments. This indicates the source
of minerals in the lake water and directs the deposition
mechanisms into the sediments (Ramanathan, 2007). The
seasonal fluctuations of various parameters like temperature,
wind speed and precipitation influence the water chemistry and
these fluctuations finally shade into the sediments after
depositional mechanisms. There are several researches that
intended to focus on water-sediment chemistry around the world
using several proxies such as pigments (Buchaca and Catalan,
2007), trace elements (Guo et al., 2018), and numerous other
elements.

CLIMATIC SIGNIFICANCE OF THE PROXY
INDICES

The South Asian highlands have a diversified natural
archive suitable for the development of detailed paleo-climatic
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records (Cook et al., 2003; Gaire et al., 2013). Nearly all of the
experimental research performed on the Asian monsoon complex
has been derivated mainly from analyses of instrumental
meteorological data from India and South Asia (Cook et al.,
2003). Evidences of past climate reconstructions can serve as
a model or proof to determine the future environmental
conditions.

Lacustrine sediments are important archives for
paleoclimate reconstructions. Lake sediments are often used to
extract and investigate the climate-related information besides
it also provides vital information about the paleo-environment
changes. Similarly, the sediment accumulation rate in the lake
is often high and provides the high-resolution paleo-
environmental information (Lu et al., 2018; Sun et al., 2011).
Paleo-environmental conditions within the lake’s catchment are
roughly estimated by the physical and geochemical composition
of lake sediments (Eriksson and Olsson, 2015). The organic
matter content of lake sediments can be either large or small,
but its paleolimnological importance is always great. Its
composition includes a variety of elemental, isotopic, and
molecular indicators, or proxies that can be used to reconstruct
paleoenvironments of lakes and their surrounding land area.
Sediments in the lake are slowly deposited, and a huge amount
of information of climate and environment changes are hidden
inside. The climatic and environmental change recorded by the
lakes can be very useful to understand the past climate changes
and recover the history of terrestrial and environment deviations.

Dating methods (**C accelerated mass spectrometer dating)

Accurate dating method plays a pivotal role to study the
paleoclimate history. There are four categories of dating methods
i.e. 1) Radio-isotopic methods, ii) Paleo-magnetic methods, iii)
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Fig. 2: Principal dating methods used in paleo-climate research, Modified from (Bradley, 2015)

Biological methods, and iv) Chemical methods (Fig. 2). Radio-
isotopic method is based on the rate of disintegration of the
atoms of the samples which was established in the late 1970s
and early 1980s when small organic samples were successfully
dated using an accelerator coupled to a mass spectrometer,
known as AMS dating (Bradley, 2015). The age of the sediment
sample is determined by using *C dating which is used for the
chronology of recent several thousands of years. Similarly, the
use of 21°Pb and '3’Cs can be used to determine the recent 200
years of chronology (Engstroml and Swain, 1986). Paleo-
magnetic method depends on the Earth’s magnetism phenomena
and its connection with the samples. In other hand, biological
method is based on the organism’s growth occurrences and
comparison with the period of their existence. Whereas, the
chemical methods are time-dependent and measures the type
of chemicals such as organic and inorganic. With advancement
in technology, the reconstruction of the influx water signal and
the 8D of n-C,, can be taken as an IOSM proxy (Giinther et al.,
2015) and also the distribution of glycerol di-alkyl glycerol
tetra-ethers (GDGTSs) in the samples were used as a proxy for
temperature reconstruction (Sun et al., 2011).

Grain-size

The grain-size proxy indicates the millennial-scale
variations. It is used as a proxy for wind and monsoonal intensity
and transport through the monsoonal phenomena. Mineral
matters with different grain sizes and forms can tell us how the
climate has changed over time. The origin of the sediments can
be determined by the transport mechanisms of the material, past
physical conditions at the depositional site in the basin and
paleoclimate conditions in the watershed by recognizing the
clues from the sediments (Hu et al., 2015). Sequential loss on
ignition (LOI) method is widely used to determine the
concentration of organic and carbonate matter in the lake
sediments (Heiri et al., 2001).

Magnetic susceptibility (y,,)

Since the magnetic susceptibility in the lake sediments
varies with the depth, it can be calculated accurately and rapidly
by core correlation method by which other biological and
chemical characteristics of the lake sediments can be studied
(Thompson et al., 1975). The ferromagnetic components in the
lacustrine sediments are deposited from highly magnetic soils
from the catchments which can be a result of weathering of
magnetite rocks due to phase transformation and maghemitization
resulting in the decrease in the grain size (Hu et al., 2015). The
variation in the magnetic and paramagnetic minerals also highly
depends upon the depth of the water (Fig. 3) and circumstances
during depositing (Basavaiah et al., 2014). The ferrimagnetic
and paramagnetic concentration of the sediment can be
determined by magnetic susceptibility ()¢ serves as a proxy
that determines the variations in the environment like increasing
amount of debris input from the surrounding and provides an
instinct on erosional process (Kumar et al., 2018). The production
of magnetosomes by magnetotactic bacteria in the lake sediment
due to bacterial activity also produce magnetic minerals in the
lake sediments with 0.02-0.1 im stable single domain (SSD)
grain size (Oldfield et al., 2010). Therefore, the significance of
the bacterial magnetite in the lake sediments can be inferred
from the ratios of y ARM/yIf and yARM/ yfd. If the ratio is
greater than 1000, it indicated presence of high magnetic
materials contributed from the bacteria (Sandeep et al., 2015).

Stable carbon and nitrogen-isotopes

The source of organic matter in the lake sediments is
highly relatable to the variations in the 8'3C values (Fig. 3).
The average 6'3C values for C3 and C4 plants are —27% and
—14% ranging from —-37% to —24% and —-19% to —9%
respectively (Table 1). In other hand, CAM (Crassulacean acid
metabolism) plants have broad ranges of '3C from 220% and
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Fig. 3: Variations of ferrimagnetic and paramagnetic
minerals with the water depth (Basavaiah et al., 2014)

212% composed of aquatic macrophytes. The HCO;™ in the
water is utilized by these plants for photosynthesis in which
case the emergent plants have even more values of $'3C (230%
to 224%). The regional physiochemical processes in the lake
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Fig. 4: Linear discriminant (LD) function analysis of the
stable carbon isotope composition of essential amino acids
demonstrates the “fingerprinting” of a range of primary
production sources (Hardenbroek et al., 2018; Larsen et al.,
2013)
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itself is the controlling factor that influences 8'°N values in the
lake sediments. Likewise, biogeochemical processes like
nitrogen-fixation, decomposition by bacteria and several other
factors like concentration of dissolved nitrate, kinetic isotopic
effects and climate change influence the values of 3'*N (Zhang
et al., 2014).

Total organic carbon and Total Nitrogen (TOC and TN)

The source of TOC in lake sediments can be either the
biomass of aquatic algae, aquatic macrophytes or terrestrial
plants deposited from the surrounding of the lake. The local
climate, anthropogenic influence and catchment condition is an
important contributor of organic matter into the TOC (Zhang
et al., 2014). The concentration of total organic carbon (TOC)
and total nitrogen in lake sediments serve as a proxy for biological
productivity as well as paleo-climate. TOC is the representation
of the fraction of organic matter that escaped remineralization
during sedimentation and describes the richness of organic
matter in the sediments (Cook et al., 2003; Meyers and Ishiwatari,
1993). CaCOj, proxy is used to determine the deposition of
carbonate and decomposition of organic matter (Sandeep et al.,
2017). Similarly, ratio of C: N (Table 2) is used as paleo-climate
proxy and its abundance indicates the occurrence of wet, cold,
warm, dry or humid conditions (Lone et al., 2018). With high
bio-productivity or algal growth, the content of TN is also
increasing, so it serves as the trophic level indicator of the lake
system (Zhang et al., 2014).

Biological proxies (diatoms, pollens, ostracods,
macrofossils)

Lacustrine pollen records provide paleo-climatic data
on the shift of vegetation, and can be used as paleo-temperature
and precipitation proxy (Li et al., 2011). Hence, pollen studies
can provide an improved understanding on the monsoonal
variations and can be used as regional elucidation of monsoonal
inclinations (Phadtare, 2000). In other hand, diatoms are
extensively used as paleoclimate proxy since their siliceous cell
walls are largely abundant, diverse, and highly conserved in the
sediments and serves as the proxy for aquatic bio-productivity
(Axford, Geirsdéttir, Miller, and Langdon, 2009; Krstic and
Zech, 2011). Hence, change in diatomic composition in the lake
sediments provides information on climate change phenomenon.

Table 1: Showing typical 3C and C: N values for different
organic matter (Eriksson and Olsson, 2015; Meyers and
Ishiwatari, 1993)

Source Typical § 13C Typical C:N ratio
values (%o)
C3 Terrestrial  -25to -27 20 and above
C4 Terrestrial -14to -17 20 and above
CAM  Terrestrial  Around -20 20 and above
Algae TLacustrine -24to -27 41010




Table 2: Showing some literatures of C: N ratio and

13C (%o) around the world (Badejo et al., 2014)

Source Lake Location Reference C:N ratio 13C (%0)
Surface sediments Daihai Lake China (Hou et al., 2013) 82to12.1 -

Surface sediments Baikal Lake Russia (Meyers & Ishiwatari, 1993) 11 -29.9

Surface sediments Michigan Lake North America (Meyers & Ishiwatari, 1993) 9 -26.3

Surface sediments Naples Harbour Italy (Rumolo et al., 2011) 039t068.83 -23.8t0-29.8
Surface sediments Welwich Marsh England (Lamb et al., 2007) 14.7 -21 to -28
Trench sediments Sangla Lake India (Badejo et al., 2014) 9-17 -25to -23
Surface sediments Hirekolale Lake South-India (Shetty et al., 2018) - -28.70

Core sediments Yellow Sea East-China (Lone et al., 2018) 6.15-12.57 -21.6to -25.84
Core sediments Xingyun Lake China (Zhang et al., 2014) 18.71 -18.37

(Krstic and Zech, 2011). The 880 values in ostracods serves
as a proxy for strengthening or weakening of monsoon (Kumar
etal., 2017). The 8"0 values from the ostracods play a significant
role in reconstructing the paleo-temperature and hydrology.
According to Dixit et al (2015), the mean value of 5'%0 from
more than 10 ostracods with higher 8'30 variability can be
served as a proxy for reconstructing long term climate changes.
Changes in macro-fossils assemblages in the lake sediment is
an important environmental proxy for variations in ISM.

MECHANISMS OF ORGANIC MATTER
DEPOSITION IN THE LAKE

The study of chronological analysis is the basis for the
paleoclimate research from the lake sediments (Chen et al.,
2019). The high-altitude areas are highly prone to the impact
of climate change and the rate of geo-morphological processes
is also in an accelerated level, which endures the information
that can predict the future climate variations (Hasholt et al.,
2000). Organic matter from long cores are dated using “C dating
based on AMS. The use of single or multiple age-depth model
(Fig. 5) depends on the sedimentary changes, since any
lithological changes in the sediment core directly affect other
parameter like grain-size, there is a high chance of 14C reservoir
effect (REs) which influence the correlation between the depth
and '“C ages (Chen et al., 2019). The correlation between the
137Cs and 2'°Pb proxies is used to date the age of the sediments
(Kasper et al., 2012).

TRACING THE SOURCE OF ORGANIC MATTER

Carbonates: Calcium, magnesium, iron and manganese
carbonates are the major constituents found in the lake sediment
bed. Calcite (CaCO,) in the lake sediments mainly have four
major sources (Fuhrmann, 2002; Wang et al., 2010) i.e. detrital
carbonates, biogenic carbonates, inorganically-precipitated
carbonates, diagenetic carbonates. Similarly, dolomite (Ca-Mg
(CO,),) minerals also have detrital sources. They also have
similar deposition mechanism like calcite by fluvial input or
by erosional depositions (Fig. 6) (Fuhrmann, 2002; Zhu et al.,

2008). Whereas evaporative concentration of ground water and
primary dolomites also can be represented as the major source.
Dolomites from microbial decomposition and diagenetic
carbonates are also major sources for the dolomite precipitation
in the lake. Kutnahorite (Ca-Mn (CO,),) or (Mn-Ca) carbonates
have a huge importance in paleo-environmental reconstruction
since during the deposition of anoxic sediments manganese is
mostly depleted because Mn2+ ions have high stability in
aqueous solutions which results in the leaching of manganese
mineral from the sediments (Fuhrmann, 2002). Aragonite
(rhombic CaCO,) and Siderite (FeCO,) are also important
carbonates precipitating in the sediments from atmospheric
interaction of CO, in the water and interaction of hydrogen-
sulfide (H,S) with pyrite respectively.

Age (Cal yr BP)
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Fig. 5: Age—depth model shows “C AMS ages (after
calibration) and sedimentation rates at different depths
(Kumar et al., 2018)
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DISCUSSION

Paleo-climate studies from the Himalayas and their
implications to ISM

There are very less researches conducted to examine the
multi-decadal variability of the ISM (Kaushal et al., 2018).

Many researches in the Lake sediments of the Himalayas has
been conducted since 1970s in a different time scale (Table 3).
Generally, the Pleistocene and the Late Holocene time scales
has been covered for the climatic and the environmental changes
in the Southern Himalayas. The paleo-climate reconstruction
records over 2,500 years from lacustrine sediments in the
Himalayan regions. Here is a review from some selected places
in the Southern Himalayas and their response to the ISM (Tables
3 and 4; Figs. 7 and 8).

Recent time period

Khumbu valley

The lacustrine sediments from the two Himalayan lakes
in Khumbu Valley reconstructed diatoms population which
reported the time period between 300-900 AD had an occurrence
of cool but inconsistent climate, inferred the climatic
enhancement between 900—1400 AD, and the 1400 to 1900 AD
had a cool period (Lami et al., 2010; Rowan, 2017).

Pokhara valley

Studies from dolomitic cave recorded the summer

Table 3: List of literatures with the proxies used in this review, shown in Fig. 8

Source Lake Location References Proxies

Lake sediments Paru Co 29°46°N, 92°21’E (Bird et al., 2014) nCy alkanes

Lake sediments Qinghai Lake 37°18°N, 90°50’E (Thomas et al., 2016) nCss alkanoic acid

Marine sediments Bay of Bengal 19°58°N,90°2°E (Contreras-rosales et al., nCo alkanes

2014)

Lake sediments Gonghai Lake 38°54°N, 112°14’E (Chen et al., 2015) Pollen assemblages

Lake sediments Shantisagara Lake ~ 14°08’N, 75°52’E (Sandeep et al., 2015) AMS-!4C, stable carbon
isotope, mineral
magnetism

Lake sediments Riwasa Lake 28°47°N, 75°57E (Dixit et al., 2014) AMS-1C, 8130,
Ostracod

Lake sediments Lonar Lake 19°58°N, 76°30°E (Menzel et al., 2014) AMS-1C, 813C, grains
size, 3N, C/N, AMS -
uC, §180, §13C

Lake sediments Phewa Lake 28°12°N, 83°56’E (Sunet al., 2011) GDGTs

Marine Sediments Western Arabian 14°19° N, 57°21’ E (Sirocko et al., 2000) Trace elements

Sea

Lake sediments Rara Lake 29°31° N, 82°04’ E (Nakamura et al., 2012) Mu/Ti

Marine sediments Bay of Bengal 19°58°N, 90°2’E (Rashid et al., 2011) 3180, Mg/Ca

Lake sediments Panch Pokhari 28°02° N, 85°43° E (Krstic & Zech, 2011) TOC/N, Diatoms

Lake
Lake sediments Shantisagara Lake ~ 14°08°N, 75°52°E (Sandeep et al., 2017) Corg/N, 813C
Lake sediments Khumbu valley 27°57°N, 86°48’E (Lami et al., 2010; Rowan, Diatoms
2017)
Speleothem Siddha Baba Cave  27°54'N, 83°37E (Denniston et al., 2000) 229Th, 233U, 26U,

Lake sediments

Stalagmites

Lake sediments
Aeolian sediments
Lake sediments

Lake sediments

Tangra Yumco

Dongge Cave
Chandra Tal
Karsandi Lake

Paleo-Kathmandu
Lake
Lake Chen Co

30°45°N, 86°23°E
25°17'N, 108°5'E
32°24°N, 77°12°E
28°59°N 74°45’ E
27°49°N, 85°29°E

28°53’N, 90°33’E

(Ahlborn et al., 2016)

(Yuan et al., 2004)
(Rawat et al., 2012)
(Dixit et al., 2018)
(Hayashi et al., 2009)

(Zhu et al., 2009)

Mg/Ca

Grain-size, TOC, TN,
TIC

230Th 6180

Pollen

8180, 8D

Diatoms, TOC, C/N,
and 613C

TOC, TN, C/N, Fe/Mn,
CaCO:s, and pollen
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Fig. 7: Showing location of study sites used in this review (1: Qinghai Lake (Thomas et al., 2016), 2: Yellow Sea (Lone et
al., 2018), 3: Chandra Tal (Rawat et al., 2012), 4: Lake Rara (Nakamura et al., 2012), 5: Tangra Yumco (Ahlborn et al.,
2016), 6: Paru Co (Bird et al., 2014), 7: Lake Chen Co (Zhu et al., 2009), 8: Khumbu Valley (Lami et al., 2010; Rowan,
2017), 9: Panch Pokhari Lake (Krstic and Zech, 2011), 10: Paleo Kathmandu Lake (Hayashi et al., 2009), 11: Phewa Lake
(Sun et al., 2011), 12: Siddha Baba Cave (Denniston et al., 2000), 13: Riwasa Lake (Dixit et al., 2014), 14:Karsandi Lake
(Dixit et al., 2018), 15: Gonghai Lake (Chen et al., 2015), 16: Dongge Cave (Yuan et al., 2004), 17: Xingyun Lake (Zhang
et al., 2014), 18: Bay of Bengal (Contreras-rosales et al., 2014; Rashid et al., 2011), 19: Lonar Lake (Menzel et al., 2014),
20: Shantisagara Lake (Sandeep et al., 2017), 21: Arabian sea (Sirocko et al., 2000).

monsoon variability over the past 2,300 years using speleothem
proxy in Pokhara valley. The period between 2300-1500 yr BP
indicated the reduction of monsoon precipitation while the
monsoon conditions were increased after 1500 yr BP from the
records from Pokhara valley (Denniston et al., 2000; Singhvi
and Vishwas S, 2009). There are various records covering the
Pleistocene to mid to Late Holocene. Such regional paleoclimate
records provide important information to predict the proxy data
and their response of ISM.

Mid to Late Holocene

Lakes from China

The use of identical proxies for paleoclimate
reconstruction were conducted on two lakes namely Nam co
and Tangra Yumco on the southern Tibetan plateau. Records
from Tangra Yumco was compared with Nam Co, Tso Moriri,
and Naleng Co which revealed continuous development of
moisture availability on the southern Tibetan plateau. These
records along with monsoon intensity report suggested that
these lakes were influenced by ISM at 16k yr B.P. (Ahlborn et
al., 2016). Another study conducted by An et al. (2012) in

Qinghai lake sediments suggested that the ASM was very weak,
exhibiting no long-term change in the mean from 32 to 20k yr
B.P. using CaCO,, TOC flux as monsoon proxies. Records from
Southwest China suggests that the intensity of ISM significantly
increased during early Holocene with marked paleo-productivity
then decreased during the Heinrich event and the Younger Dryas
signified by TOC, and 4 15N isotope, grain-size, CaCO, proxies
(Zhang et al., 2014).

Shantisagara Lake

Study conducted by Sandeep et al. (2017) in Shantisagara
Lake, indicated that 11k cal yr B.P. was the longest report from
the SS-1 core from peninsular India which explains the
weakening of ISM between 11k-10.7k cal yr B.P. with depleted
a13C where C3 plants were higher than C4 plants. Similarly,
the researchers conclude that the end of the period may represent
the Younger Dryas cold event. The period between 10.7k to
8.6k yr B.P. characterized the Early Holocene period with the
intensified ISM with low Corg/N ratio. In contrast to Shantisagara
lake records, Rashid et al. (2011) studied VM 29-19 core from
Western Bay of Bengal indicated that the intensity of monsoon
was stronger in the Bolling/Allered period and weaker in the
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Fig. 8 a) Comparison of stalagmites record from Dongge cave (Yuan et al., 2004), b) Globigerina bulloides occurrence in
ODP Hole 723A from the Arabian Sea, and ¢) Mn/Ti ratio from Lake Rara (Nakamura et al., 2012)

Younger Dryas periods.

Chandra Tal

According to a research conducted on AMS dated pollen
samples from Chandra Tal, Himalayas lake sediments, the
termination of the Allerad interstadial and the beginning of the
Younger Dryas event occurred at 12.8k cal yrs B.P. which is
similar to the global Younger Dryas event (Rawat et al., 2012).

Indian Region Lakes

According to the Indian region lake records, the climatic
conditions during the early Holocene (10 to 8.2 kyr BP) was
reflected to be wet by C: N proxy records. On the contrary, the
mid and late Holocene (8.2 to 2.8k yr B.P.) experienced the
irregular arid conditions while enhancement of C: N ratio during
7.8-2.3k yr B.P. indicated the lowering of lake level with lowest
precipitation. It also suggested the Holocene period had a very
strong influence of South-west monsoon and was responsible
for the expansion of lakes in the Indian regions. Similarly, the
paleo-climatic records from the Indian Lakes suggest the
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fluctuation of climate during the Holocene from dry, arid and
wet phases as an effect of shifting of the monsoonal pattern
(Lone et al., 2018).

Lake Rara

Nakamura et al. (2012) compared the ISM wind intensity
between the Arabian Sea region with the terrestrial Himalaya
region during the Late Holocene and concluded that the long
scale variability in those records were contemporaneous with
weak wind intervals equivalent to drier period in East-Asia.
Nakamura et al. (2012) detected several intervals of weak ISM
wind strength at 0.7, 1.1, 1.5, 2.7, 3.3 and 4.3k yr B.P. from
profiles of Mn/Ti which was the first evidence of terrestrial
summer monsoon wind strength changes from Lake Rara,
western Nepal, based on Mn/Ti ratios, a proxy for lake
stratification.

The Fig. 8 from the study by Nakamura et al. (2012)
suggested that centennial to millennial-scale changes in the
strength of wind occurred synchronously between the Arabian
Sea and the Himalayas. Studies by Nakamura et al. (2016)
reported less abrupt but arid climatic conditions around 4.2-3.7



kyr B.P. from sediment samples from Lake Rara. Similarly,
these four weak wind events similar to Lake Rara were also
noted in the East Asian summer monsoon U/Th-dated speleothem
record from Dongge Cave, southern China (Yuan et al., 2004).

Panch Pokhari Lake

The study of sediment sample from Panch Pokhari Lake
in central Nepal indicated the strengthening of summer monsoon
at two intervals at 14.8k yr B.P. and in between 13.7 and 12.8k
yr B.P. based on the ratio of TOC/N (Krstic and Zech, 2011).

Paleo-Riwasa Lake and Lonar Lake

The use of @180 record of biogenic carbonate inferred
the weakening of the ISM in Indian subcontinent at around 8.2k
yr B.P. was recorded and the 8.2-k yr desiccation of paleo-lake
Riwasa suggested an abrupt response of the ISM to forcing
from the North Atlantic and supports previous results of a strong
teleconnection between monsoon Asia and North Atlantic climate
(Dixit et al., 2014). In another study by Dixit et al. (2015), the
researchers noticed the strengthening of ISM during 9.6 to 8.3
k yr which was indicated by the significant decrease in 5!*0O
isotope values in ostracods from the same study site.

There are several terrestrial records observed in the
Indian subcontinent at around 4.2k yr B.P. The ~4.2 ka B.P.
event can be considered as a defining event of the Mid-Late
Holocene transition period, and is marked by extreme drought
(Giesche et al., 2018). Phadtare (2000) also reported similar
findings from Northcentral India where arid conditions prevailed
at around 4.0-3.5k yr B.P. Similar findings were documented
by (Menzel et al., 2014) using 3'%0, 5'*C in central India at
around 4.6-3.8k yr B.P. in Lonar Lake supporting the previous
findings (Giesche et al., 2018).

Mawmluh cave

Berkelhammer et al. (2012) also reported abrupt climate
change event at around 4.1-3.9 k yr B.P. in Mawmluh cave
using 8'%0 isotopes of precipitation, while Dixit et al. (2014)
also reported arid conditions during 4.1k yr B.P. in Kotla Dahar
northwest India.

Karsandi Lake

Another study by Dixit et al. (2018) inferred 6D, §'%0
and d-excess proxies from Karsandi reported wet conditions
during 5.1-4.4k yr B.P and later reported the abrupt dryness of
lake during 4.4-3.2k yr B.P. In contrast reports from various
studies from the marginal lakes from Thar Desert (Deotare et
al., 2004; Enzel et al., 1999; Singh, Wasson, and Agrawal, 1990)
suggested the lake dried centuries ago and absence of 4.2k yr
B.P. event.

Sahiya cave

Findings by Kathayat et al. (2017) from Sahiya Cave
in northwestern India reconstructed the trend of monsoon

strength which shows an abrupt decrease in 6'%0 reflected an
increase in monsoon strength during 4.3-4.15 k yr B.P. and an
arid condition occurred after 4.15 k yr B.P.

Last Glacial Maximum

In addition to this, some studies covering Last Glacial
Maximum has also been reported in the Himalayas (Sakai et
al., 2016). According to some sources, the Last Glacial maximum
period must have peaked at around 20 k to 18 k yr B.P. and
came to the end about 10,000 years ago (Mead, 1983). The
Holocene is an important period causing impacts in ecosystems
with changes in climate and environment which is the transition
from the Last Glacial to the current Interglacial (Giinther et al.,
2015).

Paleo-Kathmandu Lake

Paleo-Kathmandu Lake project first reported the terrestrial
climatic record in South Asia which was continuous. In the
paper, millennial-scale climatic changes in the valley from 50k
yr to 12 k yr, was reported and attempted to compare the results
with the glaciation in the Himalaya and the ice cores in both
Greenland and Antarctica (Fujii et al., 2004). Fujii and Sakai
(2002) also studied the lacustrine sediments in the Kathmandu
using palynological proxies which reported at least seven
repetitions of warm and cold climates, corresponding to the
global glacial-interglacial cycles. This study was similar to the
result by Maki et al. (2004) suggesting that a wet climate during
warm-interglacial and dry climate prevailed during cold-glacial
periods in the Kathmandu Valley (Fujii and Sakai, 2002). The
co-existence of minor key genera and floral richness are important
characteristics of the pollen assemblage to reconstruct the past
vegetation and climate. Palynological studies of 200 arboreal
pollen grains identified from the sediment samples in the
Kathmandu valley suggested the fluvial and lacustrine deposits
of the younger stage were dated to the Last Glacial Age by the
Radio-carbon method. The Gokarna formation and the Patan
formation were dated to about 25 k to 30 k yr. BP and 11 k to
19 k yr. BP, respectively. The paper also concluded that the
climate of Kathmandu valley shifted from cold to dry from the
past (Igarashi and Yoshida, 1988).

Chen Co

A multi-proxy study conducted in Lake Chen Co in 2009
tried to outline the late glacial environment change since past
30 k yr in Southern Tibet, which concluded that the environment
was warm and moderately humid during the 30 k-26.5 k yr BP
which shifted to cold and dry in 26.5 k to 20 k yr BP and again
deflected to warm and humid phase from 20k to 18k yr BP
reported with decline in vegetation pattern (Zhu et al., 2009) .

Arabian Sea

Temporal variations of the trace elements from the
Arabian Sea as a function of changing monsoonal intensity,
atmospheric circulation and hydrographic conditions during
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Table 4: Major Climatic scenarios during different timescales from the Himalayas

Location of proxies Age Inferences References Timeline
Range
Khumbu valley 300-1900 | 300900 AD had cool inconsistent climate, | Lami et al., 2010;
A.D. climatic enhancement between 900-1400 AD, and | Rowan, 2017
the 1400 to 1900 AD had a cool period
Pokhara Valley 2300 yr | 2300-1500 yr BP indicated the reduction of | (Denniston et al,
BP monsoon precipitation, increased after 1500 yr BP | 2000; Singhvi and
Vishwas, 2009) Recent
Nam Co, Tso Moriri, Influence of ISM at 16k yr BP Ahlborn et al,
and Naleng Co 2016)
Shantisagara Lake Weakening of ISM between 11k-10.7k cal yr B.P. | (Rashidetal., 2011)
Indian region Lakes Strong influence of South-west monsoon (Lone et al., 2018)
Lake Rara Weak ISM wind strength at 0.7, 1.1, 1.5, 2.7, 3.3 | (Nakamura et al.,
and 4.3k yr B.P. 2012)
Panch Pokhari Lake Strengthening of summer monsoon at two (Krstic and Zech,
intervals at 14.8k yr B.P. and in between 13.7 and | 2011)
12.8k yr B.P.
Paleo Riwasa, Lonar Weakening of the ISM in Indian subcontinent at (Dixit et al., 2014;
Lake around 8.2k yr B.P. Dixit and Tandon,
strengthening of ISM during 9.6 to 8.3 k yr 2016)
Karsandi Lake Strengthening of monsoon at 5.1-4.4k yr B.P, (Dixit et al., 2018)
weakening at 4.4-3.2k yr B.P. Holocene
Paleo Kathmandu Seven repetitions of warm and cold climates, (Fuyjii and Sakai,
Lake corresponding to the global glacial-interglacial 2002)
cycles.
Chen Co Warm and moderately humid during the 30k— (Zhu et al., 2009)
26.5k yr BP, cold and dry in 26.5k to 20k yr BP,
warm and humid phase from 20k to 18k yr BP Last
Arabian Sea Weakening of Indian summer monsoon during (Chandana et al., | Glacial
LGM 2018) maximum
Gokarna Valley Temperature of the Kathmandu valley was (Bhandari et al.,
lowered by 6-7°C 2011)
Lukundol Formation Warm climate history than present (Bhandari and
Paudayal, 2007)
Paleo Kathmandu Lake level decreased at 38k yr and 48k yr, (Sakai et al., 2016)
lake Strengthening of ISM (Hayashi et al.,
2009)
Nal Sarovar Lake increment of lake level during ~7.2-6.1 kyr BP (Prasad et al., 1997)
and the lowering of lake level at ~6.1-5.4 kyr BP
Dharmasthali Warm climate at Pleistocene which cooled after Humagain and
formation 780k yr Paudayal (2018) Pleistocene
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last 25 k yr by Sirocko et al. (2000) have been reported based
on sediment core from western Arabian sea (Chandana et al.,
2018). The following report suggested the weakening of Indian
summer monsoon during LGM. It also suggested the low
calcareous productivity could be due to the favoring of silicate
over carbonate productivity as a function of ISM strengthening
(Sirocko et al., 2000).

Pleistocene

Paleo-Kathmandu Lake

Bhandari et al. (2011) at Gokarna Formation in
Kathmandu valley inferred macro-fossils assemblages from the
Late Pleistocene time scale, and demonstrated that the
temperature of the Kathmandu valley was lowered by 6-7°C.
Similar results were obtained by Nakagawa et al. (1996) from
pollen samples in the Gokarna formation suggested the
domination of cold climatic taxa over warm climatic taxa
supporting the preceding study. In contrast, the environment
evolution since Pleistocene in the fluvial-lacustrine deposits in
the Lukundol formation was revealed to have warm climate
history than present (Bhandari and Paudayal, 2007). Study on
the basis of two climatic records from BDP99 core and RB core
from Paleo-Kathmandu Lake and Lake Baikal discussed regional
differences of vegetational responses to glacial/interglacial
climate changes in representative areas in Asia. And the
researchers referred to the environmental changes during the
mid- Pleistocene transition on the basis of the relative abundance
of pollen genera in the sample as they recognized nine cycles
of warm-wet and cold-dry period during 750 cal kyr (Maki et
al., 2004). Sakai et al. (2016) also studied the macro-fossil
assemblages and many different proxies in former-Kathmandu
Lake and recorded the water events of the lake was dropped in
Late-Pleistocene lacustrine sediments at 38k yr and 48k yr. The
paper also proposed the tectonic event might be responsible for
the lowering of the lake levels and the occurrence of wet and
warm climate during the Pleistocene. A multi-proxy analyses
of the cores of Paleo- Kathmandu Lake during the last 600k yr
were reconstructed and the history of vegetation and monsoon
climate, ecological changes of diatom, and changes in TOC,
C/N, and 8"3C of organic matter were revealed. Fossil diatom
assemblages and biogenic silica revealed bio-productivity
variations which might occurred due to summer monsoonal
rainfall which can be linked with global and Indian monsoon
climate changes on glacial and interglacial time scales which
increased the diatoms assemblages (Hayashi et al., 2009).

Nal Sarovar Lake

In contrast reports from Nal Sarovar Lake in the Indian
region experienced the increment of lake level during 7.2-6.1
kyr BP and the lowering of lake level at 6.1-5.4 kyr BP (Prasad
et al., 1997).

Dharmasthali formation

Similarly, Humagain and Paudayal (2018) inferred the
Pleistocene climate of Dharmasthali formation to be warm
which later cooled after 780k yr.

North East China

A group of researchers summarized the late-Pleistocene
climate of northeast China as periglacial. According to their
findings, they described two cold intervals (35 k-26 k yr BP
and 23 k-12 k yr BP) characterized by cold-adapted fauna
dominated by woolly mammoth and woolly rhinoceros. Their
paper also suggested that the vegetation in that region at about
18k yr BP was dominated by tundra north of 45N, open steppe
to 42N, and northern conifer forests to 39N. Late glacial
temperatures inferred from the bio-geologic evidence were 8-
10? lower than the modern temperature at the same regional
settings (Winkler and Wang, 2015).

CONCLUSION

Southern Himalayas is highly influenced by the
monsoonal influence due to which it serves as a natural laboratory
of paleoclimate archives and records the monsoonal influence.
Various proxies like grain-size, C: N, TOC, CaCO,, stable
isotopes, etc. records the monsoonal response and paleoclimate
and environmental changes can be reconstructed from them.
According to the literatures, during the Holocene period, the
intensity of the Indian summer monsoon was weakened but
intensified around 4.2 k yr event. Similarly, there was weakening
of ISM during the last glacial maximum which concluded that
the weather of Southern Himalaya shifted from cold to dry.
While during the Pleistocene, the lake level was distinctly
dropped indicating weak ISM intensity.
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