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Speleothem, tree-ring, and borehole archives represent the majority of publicly available proxy data from the

terrestrial Indian region for investigating local climatic responses to past global circulation changes. Increasing access

to data from lake-sediment archives will open new opportunities for climate research in this region.

A case for data

In the last decade, the paleoclimate field has
made tremendous progress in the domains
of statistical analysis of regional- to conti-
nental-scale proxy data (Tardif et al. 2019),
numerical modeling (Owen et al. 2018), and
data-model comparisons (Comas-Bru et al.
2019) to gain a better understanding of the
processes driving climate and to improve
future climate predictions. However, these
analyses are only possible if data are made
available by the initial data generators in
supplementary information sections of
published articles or in online data reposito-
ries. Synthesizing data from these different
sources for regional- to continental-scale
data analysis then requires further data
wrangling, which is estimated to consume
80% of researcher time in some scientific
fields (Dasu and Johnson 2003). The NOAA,
PANGAEA, and Neotoma repositories and
PAGES working groups address this issue by
standardizing and, in some cases, synthesiz-
ing data. Here, we examine proxy data from
the terrestrial Indian region available from
the aforementioned sources and suggest
the best ways to access data. We show gaps
between data that have been measured but
are not yet available, which will require an
archive-specific, community-based effort.
We highlight data that are available and
should be considered for future comprehen-
sive data-based analysis.

Distribution of accessible terrestrial
Indian paleoclimate data

The terrestrial Indian region has been
geographically divided into north, north-
east, and peninsular subregions, which have
distinct sources of moisture and climates
(Fig. 1). Paleoclimate records in databases
and repositories are available from speleo-
them, lake, tree-ring, and borehole archives.
North and peninsular India have a high den-
sity of paleoclimate records from multiple ar-
chives. Northeast India has only speleothem
records. Records from the central Indian
Indo-Gangetic plain are conspicuously lack-
ing. The geologically oldest proxy records
are from speleothems, with the north Indian
Bittoo cave record extending intermittently
to ~280,000 years before present (Fig. 2).
Most of the remaining speleothem records
from all three regions cover the last ~30,000
years. Lake records cover the last ~15,000
years, while tree-ring and borehole records
cover the last ~500 years.

The NOAA repository hosts the highest
number of tree-ring standard-growth

index and isotope records, all borehole
records (which are part of a single study),
and a few speleothem stable isotope and
trace element records (Table 1 in the html
version of this article). The highest number
of speleothem oxygen and carbon isoto-

pic proxy records with standardized data
and metadata have been made available

by the PAGES working group Speleothem
Isotope Synthesis and Analysis (SISAL) as sql
and csv files. Lake records can be found in
the PANGAEA and Neotoma repositories.
Many speleothem, tree-ring, borehole, and
lake records covering the last 2000 years
have been made available by the PAGES 2k
Network with extended data and metadata in
different formats in the NOAA repository and
in FigShare.

Opportunities and gaps

Speleothem oxygen isotopic records
provide sub-decadal- to millennial-scale
information of past circulation and monsoon
conditions from the terrestrial Indian region
(Kaushal et al. 2018). They can be used
forisotope-enabled climate model-data
comparisons to improve our process-based
understanding of controls on the monsoon
(Battisti et al. 2014) and increase confidence
in the ability of climate models to predict fu-
ture changes (Schmidt 2010). As of yet, only
very limited spectral analysis of existing oxy-
gen and carbon isotopic records from the
terrestrial Indian region has been performed
to identify sub-decadal- and decadal-scale
monsoon patterns (Midhun et al. 2020).
Similarly, speleothem carbon isotopic and
trace element records are increasingly being
used to understand past changes in local
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Figure 1: Spatial distribution of paleoclimate records from the terrestrial Indian region available in NOAA,
PANGAEA, and Neotoma repositories and made available by PAGES working groups. Detailed information of
archives, records and sources are given in the table hosted at https://doi.org/10.5281/zenod0.4292977.
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Figure 2: Temporal distribution of paleoclimate records from the terrestrial Indian region. CWP: Current Warm Period; LIA: Little Ice Age; MWP: Medieval Warm Period; RWP:
Roman Warm Period; 4.2 ka: 4.2 ka Dry event; mHCO: Mid-Holocene Climate Optimum; 8.2 ka: 8.2 ka event; YD: Younger Dryas; LGM: Last Glacial Maxima; MIS 3,5 and 7

are Marine Isotope Stages.

climatic and environmental conditions in
regions around the globe (Fairchild and
Treble 2009; Fohlmeister et al. 2020); how-
ever, there are currently few measurements
of trace elements or analysis of these proxy
data from the Indian region.

Tree-ring growth indices produced from
conifer and teak trees provide the highest
resolution information of terrestrial cli-

mate in India. Tree-ring data are useful for
continental-scale reconstruction and analy-
sis of past droughts and temperatures (Cook
etal. 2010; PAGES2k Consortium 2017).
Millennium-long tree-ring chronologies
developed in the terrestrial Indian region
(Yadav et al. 2011; Yadav 2013) offer an op-
portunity to decipher centennial-scale cli-
mate variability and to understand prevailing
climate during important phases such as the
Medieval Warm Period, Little Ice Age, and
Current Warm Period. The scarcity of trees
with annually resolved tree rings is one of
the main reasons for having only a few tree-
ring datasets from peninsular India (Fig. 1).
A "tree ring" defined based on the seasonal-
ity in the isotopic record of trees (Evans and
Schrag 2004) could provide the necessary
chronology to reconstruct past climate using
trees lacking discernible growth rings. Such
analysis can be used to decipher past vari-
ability in the frequency and intensity of the
dry spells during monsoons (Managave et al.
2010), and in simultaneously reconstructing
southwest and northeast monsoonal rainfall
(Managave et al. 2011).

Lake sediments provide archives of regional
to global climate change. Continuous
sedimentation allows climatic variability to
be assessed over several millennia through
analysis of organic (e.g. pollen, carbon
isotopes, total organic carbon, lipid bio-
markers, diatoms) and inorganic (e.g. grain
size, elemental chemistry, environmental
magnetism; e.g. Rawat et al. 2015a, b; Sarkar

et al. 2015) proxies. India hosts many natural
lakes extending from the high-altitude alpine
Himalayan regions to the tropical peninsula.
Because most Indian lakes are non-varved
and receive low sedimentation, they can
provide semi-quantitative rainfall estimates
only at centennial resolution. More than 76
lake records from India have been analyzed
in the literature (Misra et al. 2019); however,
as of yet only nine proxy records from four
lakes have been made available in data-
bases and repositories. A paleolimnological
community-based effort is required to both
produce new data from India's many lakes
and increase the availability of previously
collected lake-sediment records.

Summary

Our analysis suggests that paleoclimate
work in the Indian region can be improved
by (1) increasing the number and acces-
sibility of lake-sediment records region-
wide, (2) generating data from records
that extend beyond the last 15,000 years,
and (3) generating data from geographi-
cally under-represented subregions, such
as the central Indian Indo-Gangetic plain.
Combining information across the diverse
proxy records in the repositories and data-
bases will provide opportunities to assess
factors influencing major moisture drivers
and mechanisms associated with westerlies
and the Asian monsoon system.
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