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ABSTRACT

The Indian subcontinent preserves diverse Quaternary palaeoenvironmental archives that
record Indian Summer Monsoon (ISM) variability across contrasting climatic and environ-
mental settings. This review synthesizes speleothem, lacustrine, marine, fluvial, aeolian,
cryospheric, ecological, and archaeological evidence within a multi-archive framework that
explicitly considers proxy sensitivity, archive filtering, chronological uncertainty, and spa-
tial heterogeneity. Multi-archive evidence indicates weakened monsoon circulation during
the Last Glacial Maximum, rapid deglacial reorganization including the Younger Dryas, and
widespread monsoon intensification during the early Holocene. The subsequent middle-to-
late Holocene was characterized by generally declining monsoon strength superimposed by
substantial centennial-scale variability. Hydroclimatic instability around 4.2 ka was region-
ally important but spatially heterogeneous and not uniformly expressed among archives,
while the late Holocene and last millennium experienced recurrent drought–wet variability.
A central outcome of this synthesis is that apparent disagreement among palaeoclimate
records does not necessarily represent contradictory climate histories. Different archives
record distinct components of hydroclimate and transform climatic forcing through season-
ality, hydrological storage, sediment mixing, ecological response, temporal integration, and
other archive-specific processes. Consequently, speleothem, lacustrine, marine, fluvial, and
Himalayan records are most informative when interpreted as complementary constraints
rather than directly interchangeable climate indicators. Future progress requires process-
based and uncertainty-aware integration through proxy-system and isotope-enabled mod-
elling, climate data assimilation, standardized multi-archive networks, and coordinated
terrestrial–marine synthesis. This framework portrays the ISM as a spatially heterogeneous
and dynamically coupled hydroclimatic system and provides a long-term context for evalu-
ating contemporary hydroclimatic change across South Asia.
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Research Highlights

• Multi-archive synthesis reveals spatially heterogeneous Quaternary monsoon evolution across India.

• Archive-specific filtering explains major divergences among Indian palaeoclimate records.

• The 4.2 ka hydroclimatic transition was regionally significant but spatially non-uniform.

• Quaternary records reveal a dynamically coupled and non-stationary Indian monsoon system.

• Process-based modelling and data assimilation offer a pathway for future hydroclimate reconstruction.

1. Introduction

The Quaternary Period (2.58 Ma to the present)

is characterized by repeated glacial–interglacial cy-

cles, large-amplitude changes in atmospheric circulation,

cryospheric extent, sea level, and hydrological regimes

that have profoundly influenced terrestrial and marine en-

vironments worldwide. Therefore, Quaternary climate vari-

ability is fundamental not only to palaeoclimatology, but

also to geomorphology, hydrology, archaeology, and future

climate-risk assessment. The South Asian monsoon oc-

cupies a particularly important position among the world’s

major climate systems due to its role in redistributing heat

and moisture between the tropical oceans and the Asian

continent as well as its direct societal significance for the

Indian subcontinent [1, 2]. This review synthesizes Quater-

nary hydroclimate evolution across the Indian subcontinent
through a multi-archive framework that explicitly considers
how archive-specific sensitivities, filtering processes, and

chronological uncertainties influence the reconstruction of

monsoon variability.

The Indian Summer Monsoon (ISM) provides most of

the annual precipitation across large parts of South Asia

and exerts first-order control on river discharge, ground-

water recharge, ecosystem functioning, agriculture, and

water security for more than a billion people. Instrumen-
tal observations demonstrate substantial variability from
seasonal to multidecadal timescales, but the observational
record is too short to constrain the full range of natural hy-
droclimatic behaviour, including low-frequency variability,
megadrought recurrence, and abrupt monsoon reorgani-

zations. Geological and biological archives are therefore

critical for reconstructing long-term monsoon evolution un-

der contrasting climatic boundary conditions [3, 4].

The Indian subcontinent offers one of the world’s

most diverse Quaternary archive networks because of its

strong climatic gradients, tectonic complexity, extensive

coastlines, and varied geomorphology. From Himalayan

glaciers and Indo-Gangetic fluvial systems to peninsu-

lar and southern Indian lakes, northeast Indian karst ter-

rains, the Thar Desert, coastal environments, and adjoin-

ing marine basins of the Arabian Sea, Bay of Bengal, and

Andaman sector, the region preserves a wide range of

palaeoenvironmental records, including speleothems, lake

sediments, peat sequences, dune systems, marine sed-

iment cores, glacial deposits, and archaeological strati-

graphies [5–8]. Advances in uranium–thorium geochronol-

ogy, luminescence dating, stable-isotope geochemistry,

biomarker analysis, and numerical modelling have sub-

stantially improved temporal resolution and regional syn-

thesis during the last two decades. Major Quaternary

archive systems and dominant atmospheric circulation

pathways relevant to Indian hydroclimate reconstruction

are shown in Figure 1.

High-resolution speleothem records from Mawmluh

and Sahiya caves provide evidence of Indian monsoon

variability during the Younger Dryas, the Holocene, the 4.2

ka interval, and the last millennium [9–11]. Lake records

from northwest India have changed the understanding of
the hydroclimatic conditions relevant to Indus Civilization
landscapes [7, 12]. Arabian Sea and Indus-margin ma-

rine archives show strong interlinking with monsoon vari-

ability and wider ocean–atmosphere circulation systems

[5, 6]. Recent studies indicate the importance of tropical

Indo-Pacific teleconnections, Himalayan cryosphere inter-

actions, and abrupt deglacial transitions in defining the

evolution of Indian hydroclimate [13–15].

Despite these advances, a major interpretative chal-

lenge remains: different archives can produce contrasting
reconstructions of the same climatic interval because they
record different components of the hydroclimate system,
respond over different timescales, and preserve signals
through distinct physical and biogeochemical pathways.
For example, speleothem δ18O may integrate changes

in rainfall, moisture source, recharge seasonality, and
karst hydrology, whereas lacustrine and marine proxies
commonly reflect combinations of water balance, sedi-
ment routing, runoff, salinity, circulation, and ecological re-
sponse [16, 17]. Apparent disagreement among records

may therefore arise from differences in proxy sensitivity,

chronological uncertainty, temporal integration, storage ef-

fects, and genuine spatial heterogeneity rather than from

mutually incompatible climate histories.
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Figure 1. Major Quaternary palaeoenvironmental archives and hydroclimatic pathways across the Indian subcontinent.

The figure illustrates the distribution of representative speleothem, lake-sediment, marine, aeolian, and glacial archives

with major ISM moisture pathways from the Arabian Sea and Bay of Bengal, winter westerly disturbances affecting the

Himalaya, and major river systems including the Indus, Ganga, and Brahmaputra.

Against this background, the review has four specific

objectives: (i) to evaluate the principal terrestrial and ma-

rine archives used in Indian Quaternary hydroclimate re-

construction; (ii) to synthesize major phases of monsoon

and hydroclimate evolution from the Late Pleistocene to

the recent period; (iii) to examine why apparently coeval

records may diverge by considering archive sensitivity,

temporal resolution, chronology, and environmental filter-

ing; and (iv) to assess emerging approaches, including

proxy-system modelling, isotope-enabled simulations, and

climate data assimilation, for improving multi-archive syn-

thesis. Rather than treating individual archives as compet-

ing reconstructions, the review evaluates them as com-

plementary records of different components of a spatially

heterogeneous hydroclimate system, with broader impli-

cations for interpreting monsoon variability across South

Asia.

2. Geological and Climatic Controls on Hydroclimate

Variability Across the Indian Subcontinent

The hydroclimate evolution of the Indian subconti-

nent represents a complex interaction of tectonic architec-

ture, monsoon circulation, cryosphere dynamics, ocean–

atmosphere coupling, and regional physiography. Situated

between the Indian Ocean and the Himalayan–Tibetan

highlands, South Asia receives one of the world’s most en-

ergetic seasonal circulation systems and is highly sensitive

to insolation forcing, sea-surface temperature variability,

glacial boundary conditions, and remote climate telecon-

nections [1, 8]. Therefore, Indian Quaternary archives pre-

serve both regional hydroclimatic variability and broader
responses to large-scale climate-system reorganization.
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2.1. Tectonic and Physiographic Framework

The modern physiography of the Indian subcontinent

largely reflects India’s Cenozoic collision with Eurasia and

subsequent upliftment of the Himalayan–Tibetan system.
The Himalaya acts as both a thermal and mechanical bar-
rier, intensifying orographic precipitation and modulating
seasonal pressure gradients crucial for monsoon circula-
tion. Long-term uplift of the Himalayan–Tibetan region is
widely considered to play a major role in the evolution of

Asian monsoon [18], although the timing, magnitude, and

underlying mechanisms of this influence remain debated.

The Indian subcontinent contains several contrast-

ing geomorphic and physiographic domains, including the

Himalayan mountain belt, Indo-Gangetic foreland basin,

Peninsular Indian shield, Thar Desert, northeast Indian

karst terrains, coastal plains, and adjoining marine basins

of the Arabian Sea and Bay of Bengal. These regions dif-

fer substantially in rainfall regime, sediment routing, hy-

drology, and archive preservation potential. Himalayan en-

vironments preserve glaciers, moraines, and high-altitude

lake systems sensitive to changes in both precipitation and

temperature, whereas the Indo-Gangetic basin records

fluvial migration, sediment flux, and floodplain evolution.

Peninsular India contains diverse lacustrine, peat, cave,

and coastal archives, including records from the West-

ern Ghats and southern India that capture regional vari-

ations in southwest and northeast monsoon influence.

Marine sediments from the Arabian Sea, Bay of Ben-

gal, and Andaman sector provide complementary records

of monsoon-driven changes in circulation, freshwater dis-

charge, productivity, and continental environmental con-

ditions. Representative Quaternary archive systems dis-

tributed across the Indian subcontinent and their principal

climatic interpretations are summarized in Table 1. The

representative records are selected to capture the major

geographical sectors and principal terrestrial and marine

archive systems relevant to Quaternary hydroclimate re-

construction across the Indian subcontinent and adjoin-

ing marine regions. Although palaeoenvironmental and ar-

chaeological records from Sri Lanka and the Maldives pro-

vide important complementary evidence for South Asian

monsoon variability, coastal evolution, and Holocene sea-

level change, the present synthesis focuses primarily on

the Indian subcontinent and its adjoining marine sectors;

these records are therefore considered selectively rather

than comprehensively. The compilation is not intended

to be exhaustive; priority is given to records with ad-

equate chronological control, clearly established proxy–

environment relationships, sufficient temporal coverage or

resolution for the climatic interval considered, and demon-

strated relevance to regional monsoon or hydroclimatic

variability. Geographical representation and diversity of

archive type are also considered to facilitate comparison

among proxy systems with different sensitivities and re-

sponse characteristics.

Table 1. Representative Quaternary palaeoclimate archives across the Indian subcontinent and adjoining marine re-

gions, showing their principal proxy systems and hydroclimatic interpretations.

Region Archive
Approx. Age

Range
Key Proxy

Climatic

Interpretation

Representative

Studies

Northeast India
(Meghalaya)

Speleothems

(Mawmluh
Cave)

Holocene–

Recent

δ18O, trace

elements, laminae

ISM intensity,

abrupt
hydroclimatic

events, 4.2 ka

variability

[3, 9, 10, 19]

Northern India

(Uttarakhand)

Speleothems

(Sahiya Cave)

Late Holocene–

Recent
δ18O

Last-millennium

monsoon

variability and

megadroughts

[4, 11]

Northwest India

(Haryana–

Rajasthan)

Lake sediments

(Kotla Dahar

and related

basins)

Holocene

Salinity indicators,

isotopes,

sedimentology

Effective moisture

balance and

late-Holocene

aridification

[7, 12]

Thar Desert
Dune and

aeolian deposits
Late

Quaternary

Grain size,

luminescence

ages

Aridity fluctuations

and
monsoon-margin

shifts

[20, 21]

Central

Himalaya

Lake and glacial

archives

Late

Quaternary–

Holocene

Sediment flux,

isotopes,

geomorphology

Monsoon–

westerly

interaction and

hydroclimate

variability

[14]

419



Gogoi and Bhuyan Earth Systems, Resources, and Sustainability, 2026, 1(4), 416–440

Table 1. (Continued).

Region Archive
Approx. Age

Range
Key Proxy

Climatic

Interpretation

Representative

Studies

Western

Himalaya

Glacier and

moraine

systems

Late

Quaternary–

Holocene

Glacier extent,

cosmogenic

dating

Temperature and
snowfall variability

[22, 23]

Ganga Plains
Fluvial/alluvial

archives

Late

Quaternary–
Holocene

Sedimentation,

palaeochannels

River

dynamics and

monsoon-driven

discharge

variability

[18]

Peninsular India

(Lonar Lake)
Lake sediments Holocene

Geochemistry,

pollen, isotopes

Holocene

monsoon

variability and

environmental

change

[24]

Southern India

(Western

Ghats)

Lake sediments

(Pookode Lake)
∼6.2 ka–Recent

Sediment texture,

geochem-

istry/CWI,

phytoliths, pollen,

diatoms

SW monsoon

variability, lake

hydrology,

vegetation and
catchment

response

[25]

Southeastern
India

Coastal
sediments

Holocene

Sedimentology,
geochemistry and

multi-proxy

indicators

Coastal palaeoen-
vironmental and

hydroclimatic

variability

[26]

Arabian Sea
Marine

sediment cores

Late

Quaternary–

Holocene

Upwelling

indicators,

foraminifera,
isotopes

Regional

monsoon
circulation and

wind intensity

[1, 5]

Eastern Arabian

Sea

Marine

sediment cores
∼200 ka

Pollen, δ18O,

organic carbon

Glacial–

interglacial
monsoon,

precipitation,
vegetation and

surface-ocean

hydrographic

variability

[27]

Indus

Margin/Arabian

Sea

Marine

sediments
Holocene

Terrigenous flux,

isotopes

Hydroclimatic

reorganization

near 4.2 ka

[6]

Bay of Bengal
Marine

sediment cores

Late

Quaternary–

Holocene

Salinity proxies,

runoff indicators

River discharge

and monsoon

rainfall variability

[28, 29]

Andaman

Islands/Bay of

Bengal

Marine
sediments

Middle–Late
Holocene

Planktic

foraminifera,

pteropods,

isotopes,

sedimen-

tary/geochemical

proxies

Monsoon-related

freshwater input,

stratification,
thermocline and

productivity

variability

[30, 31]

Central India

Peat and

wetland

archives

Late

Quaternary–

Holocene

Pollen, organic

matter, charcoal

Vegetation

response and

hydroclimate

variability

[21, 32, 33]
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2.2. Monsoon Circulation and Seasonal Hydroclimate

The dominant climatic feature of South Asia is the

seasonal reversal of winds associated with the monsoon

system. During boreal summer, continental heating gener-
ates low pressure over the Asian landmass, drawing mois-
ture inland from the Arabian Sea, Bay of Bengal, and equa-
torial Indian Ocean. The resulting ISM supplies most an-
nual rainfall across large parts of the subcontinent.

Two principal moisture pathways characterize the

summer monsoon: the Arabian Sea branch affecting west-
ern and central India, and the Bay of Bengal branch sup-
plying eastern India, northeast India, and the Himalayan
foothills. Orographic uplift along the Western Ghats, Khasi
Hills, and Himalayan front produces strong spatial rain-
fall gradients, ranging from hyper-arid conditions in north-

west India to some of the world’s highest precipitation to-

tals in Meghalaya. The major circulation pathways, sea-

sonal ITCZ migration, and interactions between monsoon

branches, westerlies, and topographic barriers are illus-

trated schematically in Figure 2.

This seasonality has important implications for

palaeoclimate interpretation because archives differ in the

seasonal and hydrological components they preferentially

record. Speleothems may preferentially reflect summer

recharge, lakes commonly integrate water balance over

longer periods, and Himalayan systems may preserve

varying combinations of summer-monsoon and winter-
westerly influences [16].

2.3. Orbital Forcing, Glacial Boundary Conditions and Telecon-

nections

On Quaternary timescales, orbital forcing exerted a

first-order control on monsoon intensity through modula-

tion of Northern Hemisphere summer insolation and land–

sea thermal contrast. Asian speleothem syntheses indi-

cate strong correspondence between precessional inso-

lation variability and monsoon strength [8]. During glacial
intervals, expanded ice sheets, reduced greenhouse-gas

concentrations, lower sea-surface temperatures, and re-

duced atmospheric moisture transport generally weak-
ened monsoon circulation. Warmer ocean conditions do
not necessarily produce stronger monsoon circulation. Ev-
idence from the Last Interglacial indicates that elevated In-
dian Ocean sea-surface temperatures could weaken the

South Asian monsoon by reducing the land–sea ther-

mal contrast, illustrating the nonlinear influence of oceanic

boundary conditions on monsoon strength [34]. Associ-

ated glacial–interglacial sea-level changes modified coast-

line position, continental-shelf exposure, land–sea ge-

ometry, and sediment routing around the subcontinent.

These changes are particularly relevant to coastal and

marine archives because variations in depositional set-

ting and freshwater–marine connectivity may influence the

recorded palaeohydroclimatic signal in addition to atmo-

spheric monsoon forcing.

Figure 2. Schematic representation of major atmospheric circulation systems influencing Indian hydroclimate, including
the Arabian Sea and Bay of Bengal monsoon branches, seasonal ITCZ migration, western disturbances, and topo-

graphic controls exerted by the Himalayan–Tibetan system.
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Superimposed on these orbital trends were abrupt

reorganizations linked to ocean–atmosphere teleconnec-

tions. Millennial-scale North Atlantic events such as Hein-

rich stadials and the Younger Dryas are recorded in In-

dian speleothems and marine archives, implying strong

coupling between tropical hydroclimate and high-latitude

circulation changes [5, 19]. Changes in the Atlantic Merid-

ional Overturning Circulation (AMOC) can alter interhemi-

spheric heat transport and contribute to latitudinal dis-

placement of the Intertropical Convergence Zone (ITCZ),

providing a potential mechanism linking North Atlantic

cooling with changes in South Asian monsoon hydrocli-

mate. At shorter timescales, El Niño–Southern Oscillation

(ENSO) and the Indian Ocean Dipole (IOD) influence rain-

fall distribution, moisture transport, and monsoon persis-

tence, although these relationships appear non-stationary

through time [13]. The major climatic forcings, feedbacks,

and teleconnections influencing Indian hydroclimate vari-

ability across Quaternary timescales are summarized in

Table 2.

Table 2. Major climatic forcings, feedbacks, and teleconnections influencing Indian hydroclimate, their principal archive

expressions, and associated interpretative uncertainties.

Climate

Forcing/Mode
Mechanism

Typical

Hydroclimatic

Influence

Quaternary

Relevance

Principal

Archives/Proxy

Expressions

Key

Uncertainty

ENSO

Alters Walker

circulation and

tropical Pacific
convection

El Niño

commonly
associated with

weaker ISM; La

Niña with

stronger ISM,

although

coupling is

non-stationary

Centennial-scale

Holocene

variability and

historical

droughts [4, 13]

Speleothems, lake

sediments,

corals/marine

records, historical

records

Temporal

stability and
spatial

expression of

ENSO–ISM

coupling

IOD

Zonal Indian
Ocean SST

gradients

modify

convection and

moisture

transport

Positive IOD

may enhance

rainfall in some
sectors and

partly offset El

Niño effects

Important for

late-Holocene
regional

variability

Marine sediments,
corals,

speleothems,

lacustrine records

Interaction with
ENSO and

regional rainfall

seasonality

AMOC

Changes North

Atlantic heat
transport and

ITCZ position

Weakening

generally

associated with

reduced ISM

Heinrich stadials
and Younger

Dryas [19]

Speleothems,

Arabian Sea

sediments, Bay of

Bengal records

Transmission

pathway, lag

and regional

response

ITCZ migration

Latitudinal

displacement of

tropical

convergence

and rainfall belts

Southward

migration

generally
reduces South

Asian summer

rainfall

Deglacial and

abrupt climatic

transitions

Speleothems,

marine sediments,

lake records

Spatially

heterogeneous

response
among

monsoon

sectors

Northern

Hemisphere

summer

insolation

Precessional

forcing modifies

seasonal
land–sea

thermal contrast

Higher summer

insolation

generally

favours stronger

monsoon

circulation

First-order

orbital-scale

monsoon forcing

[8]

Speleothems,

marine sediments,

lacustrine

sequences

Relative

influence of

internal

feedbacks and

boundary

conditions

Westerly

disturbances

Mid-latitude

circulation

delivers winter

precipitation to
north-

ern/western

Himalaya

Controls winter

snowfall and
cold-season

hydroclimate

Important for

Himalayan glacial
and high-altitude

archives

Glaciers/moraines,

lake sediments,

speleothems

Separation of

winter-westerly

and summer-

monsoon

signals
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Table 2. (Continued).

Climate

Forcing/Mode
Mechanism

Typical

Hydroclimatic

Influence

Quaternary

Relevance

Principal

Archives/Proxy

Expressions

Key

Uncertainty

Indian Ocean

SST variability

Alters

evaporation,

convection and

moisture
availability

Modulates

land–sea

thermal

contrast,

moisture

transport and

regional rainfall;
anomalously

warm Indian

Ocean SSTs
may weaken

monsoon

circulation

under some

boundary

conditions [34]

Glacial–

interglacial to

centennial–

millennial

monsoon

variability,

including the Last

Interglacial [34]

Marine sediments,

corals,

speleothems

Nonlinear

interaction with

ENSO, IOD and

circulation

High-latitude
cooling

Alters

hemispheric

thermal
gradients and

atmospheric

circulation

Abrupt cooling
generally

associated with

weaker ISM

Heinrich events
and Younger

Dryas

Speleothems,
marine sediments,

Himalayan records

Timing,

magnitude and

spatial

heterogeneity

Sea-level

change

Changes

coastline
position, shelf

exposure,

land–sea
geometry,

sediment

routing and

freshwater–
marine

interactions

Modifies coastal

hydroclimate

and the spatial

configuration of

moisture-source

and depositional
environments

Especially

important across
glacial–

interglacial and

deglacial

transitions

Marine and
coastal sediments,

deltas, estuarine

sequences,

mangroves,

coral/reef records

Separating

eustatic effects

from climatic,

sedimentary

and tectonic

controls

Land–

atmosphere

feedbacks

Soil moisture,

vegetation and

evapotranspira-

tion modify

surface–

atmosphere
exchange

Can amplify

regional wet or

dry conditions

Relevant to

persistence of

Holocene

hydroclimatic

states

Pollen, peat, lake

sediments,

biomarkers

Quantification

and attribution

of feedback

strength

Anthropogenic

greenhouse

forcing

Greenhouse
warming alters

atmospheric

moisture, SSTs

and circulation

Modifies rainfall

variability and

hydroclimatic

extremes

Primarily relevant

to the mod-

ern/Anthropocene

comparison

Instrumental

observations,

historical records,

recent sediments

Separation from
natural

variability and

regional
attribution

2.4. Cryosphere, River Systems and Regional Hydroclimatic Gra-

dients

The Himalayan cryosphere plays an important role in
regional hydroclimate through snow cover, glacier mass

balance, seasonal meltwater supply, and albedo feed-

backs. Major river systems, including the Indus, Ganga,

and Brahmaputra respond to climatic and geomorphic

change through variations in discharge, sediment flux,

channel migration, and groundwater recharge.
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Indian monsoon system is characterised by strong

spatial heterogeneity. Northwest India lies near the dry

limit of monsoon penetration and is therefore highly sen-

sitive to modest circulation shifts. Northeast India receives

intense moisture transported from Bay of Bengal and

may record changes in moisture pathways rather than

all-India rainfall totals. Himalayan regions preserve vary-

ing combinations of monsoon and winter-westerly influ-

ences, whereas many peninsular basins integrate runoff–

evaporation balance and local hydrological storage. There-

fore, no single archive can represent the full spatial and

seasonal behaviour of the Indian monsoon system.

2.5. Implications for Quaternary Interpretation

The pronounced physiographic and climatic hetero-
geneity of the Indian subcontinent requires palaeohydro-

climatic records to be interpreted within their regional

environmental setting. Differences in monsoon exposure,

winter-westerly influence, cryospheric contribution, catch-

ment hydrology, and marine connectivity can produce spa-

tially contrasting responses to the same large-scale cli-

matic forcing. The geological and climatic framework out-

lined above therefore provides the environmental con-

text for evaluating the archive-specific sensitivities and re-

sponse characteristics discussed in Section 3.

3. Resolving Indian Quaternary Hydroclimate through

Contrasting Archive Systems

Indian Quaternary archives frequently produce con-
trasting expressions of the same climatic interval. For ex-

ample, an abrupt transition may be sharply resolved in a

high-resolution speleothem sequence but appear broader

or attenuated in lacustrine or marine sediments. Such

differences do not necessarily indicate chronological in-

consistency or contradictory climate histories; they may

arise because archives record different components of

the hydroclimate system and transform climatic forcing

through distinct physical, hydrological, ecological, and bio-

geochemical processes [17]. Interpretation therefore re-

quires consideration of each archive’s climatic sensitivity,

temporal resolution, spatial integration, filtering behaviour,

and chronological uncertainty. These characteristics are

compared schematically in Figure 3 and summarized in

Table 3.

3.1. Speleothems and Abrupt Hydroclimate Variability

Speleothem records can provide annually to

decadally resolved reconstructions of Indian monsoon

variability where suitable growth rates, sampling density,

and chronological control are available. U–Th dating and,

in some cases, annual laminae enable abrupt transitions

to be resolved more precisely than in many sedimentary

archives, making cave records from Mawmluh and Sahiya

particularly valuable for examining the Younger Dryas,

the 4.2 ka interval, and late-Holocene drought variabil-

ity [4, 10, 11]. However, high temporal resolution does

not necessarily imply direct climatic fidelity. Speleothem

δ18O may reflect combinations of rainfall amount, moisture
source and transport history, recharge seasonality, and

cave-specific hydrological processes. Recharge thresh-

olds, karst storage and mixing, prior calcite precipitation,

and kinetic isotope effects during calcite formation can fur-

ther modify the recorded signal. Monitoring studies from

Meghalaya indicate that cave drip water may integrate rain-

fall across multiple seasons, generating hydrological mem-

ory within the karst system [35]. Speleothems may there-

fore preserve event timing at high resolution while modify-

ing its magnitude or seasonal expression, and should be

interpreted alongside site-specific hydrological information

and complementary regional archives.

Figure 3. Comparative characteristics of major Quaternary archive systems used for Indian hydroclimate reconstruc-

tion, highlighting differences in temporal resolution, climatic sensitivity, filtering behaviour, interpretative strengths, and

principal uncertainties.
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Table 3. Comparative characteristics, climatic sensitivities, strengths, limitations, and filtering processes of major Qua-

ternary archive systems used in Indian hydroclimate reconstruction. (*Tree-ring records remain relatively limited across

much of the Indian monsoon domain compared with speleothem and lake archives. But they are increasingly important

in Himalayan hydroclimate reconstruction. Sources summarized from [2, 3, 5, 7, 10, 14, 16–18, 32].)

Archive
Typical

Resolution

Main Climate

Sensitivity

Primary

Strength

Major

Limitation

Typical

Filtering/Bias

Speleothems
Annual to

decadal

Monsoon rainfall,

moisture source,

circulation

change

High

chronological

precision and

abrupt-event
detection [10]

Complex isotope

controls and

karst hydrology

Recharge lag,

karst storage,

seasonality bias

Lake Sediments
Decadal to

centennial

Effective

moisture, runoff–

evaporation

balance

Multi-proxy

environmental

reconstruction

[12]

Chronological

uncertainty and

sediment mixing

Catchment

integration,

bioturbation,

hydrological

smoothing

Marine

Sediment Cores

Centennial to

millennial

Monsoon winds,

upwelling, runoff,

SSTs

Regional-scale

monsoon
reconstruction

[5]

Lower temporal

resolution and
oceanographic

overprinting

Bioturbation,

sediment

averaging,

circulation

mixing

Fluvial/Alluvial

Deposits

Centennial to

millennial

River discharge,

flood frequency,

sediment flux

Direct
geomorphic

response to

hydroclimate

Discontinuous

preservation and

complex
reworking

Reworking,

erosion, channel

migration

Peat and
Wetland

Records

Decadal to
centennial

Vegetation

change,

moisture

balance, fire

activity

Strong

ecological

sensitivity

Human

disturbance and

ecological lag

Vegetation

persistence,

delayed

ecosystem

response

Pollen Records
Decadal to

centennial

Vegetation

response to
temperature and

precipitation

Regional

palaeoecological

reconstruction

Non-climatic

vegetation

controls

Ecological lag,

transport bias,

human land use

Aeolian/Dune

Systems

Centennial to

millennial

Aridity,

vegetation cover,

wind intensity

Sensitive

indicators of

monsoon-margin

shifts

Difficult

separation of

wind and rainfall
effects

Sediment

reworking,

episodic
deposition

Glacial/

Cryospheric
Archives

Centennial to

millennial

Temperature,

snowfall, glacier
mass balance

High-altitude

climate
sensitivity

Mixed monsoon–

westerly forcing

Glacier response

lag, topographic
effects

Archaeological/

Historical

Records

Annual to
centennial

Hydroclimatic

stress on

societies

Direct evidence

of human
response and

adaptation

Strong

socio-political

overprint

Settlement

continuity,
preservation

bias

Tree Rings* Annual
Moisture stress
and seasonal

temperature

Precisely dated

annual variability

Limited spatial
distribution in

India

Biological growth
thresholds,

seasonal bias

3.2. Lakes as Integrators of Effective Moisture

Lake archives record an integrated expression of hy-

droclimate variability through the combined influence of

precipitation, runoff, evaporation, groundwater exchange,

erosion, sediment delivery, and ecological response.

Therefore, lacustrine records are particularly effective for

reconstructing effective moisture balance, catchment re-

sponse, and persistent hydrological stress, although they
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may be less sensitive to short-lived atmospheric anoma-

lies.

Northwest Indian lakes, most notably Kotla Dahar,

have emerged as important archives for defining late-

Holocene aridification and its relationship with the In-

dus Civilization landscape. Their stratigraphic records in-

dicate enhanced salinity and evaporative stress around

∼4.1 ka [7, 12]. Complementary evidence from southern

India demonstrates how lacustrine systems can also re-

solve regional monsoon variability through multiple en-

vironmental indicators. At Pookode Lake in the Western

Ghats, sediment texture, geochemical weathering indices,

phytoliths, pollen, and diatoms have been used to re-
construct late-Holocene variations in southwest monsoon
conditions, lake hydrology, vegetation, and catchment re-
sponse [25]. Importantly, these proxies do not respond uni-

formly: pollen preservation is restricted within parts of the

sequence, while geochemical weathering indicators may

exhibit a delayed response to climatic forcing. Such be-

haviour illustrates how preservation thresholds and proxy-

specific response times can produce offsets even within

a single sedimentary archive. Multi-proxy coastal sedi-

ment records from semi-arid southeastern India provide an

additional perspective on regional environmental change,

demonstrating how sedimentological and geochemical in-

dicators can preserve coupled hydroclimatic and coastal

responses [26].

Relative to high-resolution speleothem sequences, la-

custrine transitions are commonly broader and smoother

because of differences in temporal resolution, chrono-

logical uncertainty, sedimentary mixing, and hydrological

buffering. This does not necessarily imply lower palaeocli-

matic reliability; rather, lakes integrate hydroclimatic con-

ditions over different temporal and spatial scales and may

more effectively record the persistence, cumulative hydro-

logical effects, and ecological consequences of environ-

mental change.

3.3. Marine Archives and Regional Monsoon Circulation

Marine sediment cores from the Arabian Sea, Bay

of Bengal, and Andaman Sea provide regional per-

spectives on monsoon variability by integrating changes

in wind strength, upwelling, continental runoff, salinity,

productivity, and water-column structure. Arabian Sea

records are particularly important for establishing links be-

tween Indian monsoon variability and large-scale ocean–
atmosphere reorganizations, including North Atlantic cli-
mate shifts [5]. Longer records from the eastern Ara-

bian Sea further extend this perspective across multi-

ple glacial–interglacial cycles. Pollen, oxygen-isotope, and

organic-carbon records extending to ∼200 ka document

coupled changes in continental vegetation, precipitation,

surface-ocean hydrography, and southwest monsoon con-

ditions [27]. Glacial intervals generally indicate reduced

precipitation and weaker southwest monsoon influence,

whereas interglacial intervals are associated with greater

freshwater input and stronger monsoon conditions.

Complementary records from the Bay of Bengal and
Andaman Sea provide an eastern Indian Ocean perspec-

tive in which monsoon variability is expressed through

freshwater discharge, salinity, stratification, thermocline

structure, and productivity [30, 31, 36]. Recent planktic-

foraminiferal records from the northeastern Bay of Ben-

gal and Andaman Sea demonstrate that monsoon-related

rainfall and river discharge modify upper-ocean stratifi-

cation and thermocline structure [37, 38]. In the north-

eastern Bay of Bengal, enhanced freshwater input during

stronger monsoon phases can strengthen surface strat-

ification and suppress nutrient supply and productivity,

whereas weaker stratification during reduced freshwater

input permits greater vertical mixing and productivity [37].
These observations show that eastern marine archives

may record the hydrographic consequences of monsoon

variability rather than monsoon forcing alone.
Pteropod and foraminiferal records provide an ad-

ditional perspective on water-column and carbonate-

system variability. Pteropod preservation is sensitive to

changes in productivity, oxygen-minimum-zone intensity,

intermediate-water ventilation, and aragonite saturation,

such that abundance and dissolution may reflect preser-

vation conditions as well as biological production [39–41].

In the northern Indian Ocean, monsoon-driven productiv-
ity and water-column ventilation can therefore modify car-
bonate preservation through changes in oxygenation and
carbonate chemistry [40]. These processes reinforce the

need to interpret marine proxies as products of coupled

hydrographic and biogeochemical processes rather than

as direct measures of monsoon strength.

Coastal sedimentary records from semi-arid south-
eastern India provide a complementary land–ocean per-

spective, in which hydroclimatic variability interacts with
local sedimentary and coastal processes [26]. Together,

Arabian Sea and Bay of Bengal–Andaman records enable

comparison between western and eastern marine sec-

tors characterized by different combinations of monsoon

winds, continental runoff, freshwater stratification, produc-

tivity, and water-mass processes [27, 30, 31, 36–38].

Spatial integration is a major strength of marine
archives. Marine sediments commonly integrate climatic

and environmental signals over broader source regions

and therefore provide information on basin-scale circula-

tion and land–ocean interactions rather than exclusively

local hydrological conditions. Their principal limitations in-

clude temporal smoothing associated with sediment accu-

mulation, bioturbation, and sample time-averaging, which

can attenuate abrupt or seasonal events. Marine archives

are therefore particularly useful for resolving centennial-

to millennial-scale variability and long-term hydroclimatic

trends, whereas short-lived anomalies and individual sea-
sonal events may be incompletely resolved.

3.4. Himalayan Archives and Mixed Climate Forcing

The Himalayan region increases interpretative com-
plexity because many archives respond simultaneously to
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summer monsoon precipitation, winter westerlies, snow

cover, glacier mass balance, and temperature variations.

As a result, moraine chronologies, lake levels, and sedi-

ment flux should not be considered as simple monsoon in-

dices. Recent studies from the Central Himalaya highlight

strong sensitivity to elevation, catchment geometry, and

cryospheric buffering [14]. Therefore, Himalayan archives

are crucial for understanding glacier–hydrology interac-

tions and mountain water resources. Attribution of indi-

vidual Himalayan proxy changes specifically to ISM vari-

ability requires careful separation of temperature, snowfall,

winter-westerly, topographic, and cryospheric influences.

Climatic forcing is transformed into palaeoclimate signals
through a hierarchical filtering process integrating exter-
nal forcing, atmospheric dynamics, hydrology, archive be-
haviour, and proxy formation (Figure 4).

Figure 4. Conceptual framework for transformation of ex-

ternal climatic forcing into observed palaeoclimate proxy

records through atmospheric, hydrological, environmental,

and archive-system filtering processes.

3.5. Archive Filtering and Proxy-system Behaviour

Archive-specific responses can be represented con-

ceptually as a signal-filtering process in which an under-

lying climatic or environmental forcing is transformed into

an observed proxy signal by the response characteristics

of the archive system. Mathematically, it can be defined as

shown in Equation (1).

P (t) =

∫
C(τ)K(t− τ)dτ + ϵ(t) (1)

where P (t) is the observed proxy signal, C(t) represents

the underlying climatic or environmental forcing, K is
an archive-specific response kernel describing processes

such as storage, mixing, diffusion, ecological lag, and sea-

sonal weighting, and ϵ(t) represents unresolved chrono-
logical, analytical, and process-related uncertainty. Equa-

tion (1) is used here as a conceptual representation rather

than as a calibrated quantitative proxy-system model; no

response kernel is estimated or inverted in the present

synthesis. Its purpose is to illustrate why the same cli-

matic perturbation may be expressed differently among

archive systems. For example, an abrupt hydroclimatic

change may be sharply resolved in a rapidly responding

speleothem sequence, broadened through catchment and

lake-water integration, attenuated by sediment mixing and

bioturbation in a marine core, or delayed where ground-

water storage or ecological response introduces additional

memory. Inter-archive disagreement may therefore arise

predictably from differences in archive response rather

than necessarily indicating contradictory climatic histories.

3.6. Cross-archive Convergence

Despite archive-specific filtering, confidence in re-
gional hydroclimatic interpretation increases where

broadly coherent changes recur across independent

archive classes with compatible chronological constraints.

The temporal evolution of these convergent and divergent

signals from the Late Pleistocene through the Holocene is

evaluated in Section 4.

4. Quaternary Hydroclimate Evolution of the Indian

Subcontinent

Multi-archive evidence documents substantial reorga-
nization of Indian hydroclimate from the Late Pleistocene

through the Holocene, expressed across orbital, millen-

nial, centennial, and shorter timescales. The synthesis be-

low evaluates these changes chronologically, with particu-

lar emphasis on the extent to which major hydroclimatic

phases are supported across independent archive sys-

tems and regions. Archive-specific differences are inter-

preted according to the response characteristics outlined

in Section 3 rather than as direct measures of equiva-

lent climatic variables. Major phases, dominant forcings,

archive expressions, and levels of interpretative confi-

dence are summarized in Table 4 and Figure 5.

4.1. Late Pleistocene Variability and Glacial Boundary Conditions

During Marine Isotope Stages (MIS) 3 and 2, In-

dian monsoon intensity fluctuated substantially due to or-

bital forcing and millennial-scale reorganizations associ-

ated with the North Atlantic. Speleothem records from

Mawmluh Cave show alternating stronger and weaker cir-

culation, broadly linked to interstadial and Heinrich-like

conditions [19]. Arabian Sea marine records preserve par-
allel variability in upwelling and productivity [5]. Together,

these archives show that Indian hydroclimate remained

dynamic even during glacial intervals often described as

suppressed. However, coherence among records does not

imply spatially uniform monsoon responses. Speleothem

δ18O indicates moisture transport pathways, condensa-

tion history, and recharge seasonality. Marine productivity

records respond more to wind-driven upwelling and sur-

face circulation. Therefore, their coherence likely indicates

large-scale weakening of monsoon circulation rather than

identical hydrological responses across South Asia.
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Table 4. Major climatic phases across Indian Quaternary archives and their characteristic proxy responses. *[Con-

fidence categories reflect the degree of convergence among independent archive classes, geographical replication,

chronological agreement, and consistency of hydroclimatic interpretation. High confidence indicates agreement among

≥3 independent archive classes, preferably represented in more than one geographical sector, with broadly consistent

timing and hydroclimatic interpretation. Moderate–High confidence indicates agreement among ≥2 independent archive

classes, but with some regional, chronological, or proxy-specific uncertainty. Moderate confidence indicates evidence

dominated by a single archive class, limited spatial replication, or appreciable disagreement in timing or hydroclimatic

interpretation. These categories represent qualitative synthesis confidence rather than formal statistical probabilities.

Sources are synthesized from the references cited in individual cells and the manuscript reference base.]

Interval
Approximate

Age

Dominant

Forcing

Speleothem

Response

Terrestrial/

Hydrological

Response

Marine
Response

Confidence*

Late MIS 3

Interstadials
∼60–30 ka

Orbital

precession

and

millennial-

scale North

Atlantic

variability

Alternating

δ18O shifts

indicating

fluctuating

ISM strength

[19]

Limited

continuous
terrestrial

coverage;

spatially

variable

moisture

response

Monsoon-

sensitive
productivity

variability in

Arabian Sea

records [5]

Moderate

Heinrich

Stadials

Episodic

during MIS

3–2

North Atlantic

cooling and

weakened

AMOC

Positive δ18O

excursions

indicating

weakened
monsoon

circulation

[19]

Evidence for
increased

aridity is
regionally

variable and

chronologically

discontinuous

Reduced

upwelling and

weaker
summer-

monsoon

circulation [5]

Moderate–
High

Last Glacial

Maximum

(LGM)

∼26–19 ka

Expanded ice
sheets, low

greenhouse

gases and

cooler

tropical SSTs

Enriched

δ18O values

consistent

with
weakened

ISM [19]

Himalayan
glacier

expansion and

snowline

depression

indicate major

environmental

reorganization
[22]

Weakened

monsoon
circulation

relative to

Holocene

conditions [5]

Moderate–

High

Bølling–

Allerød

Interstadial

∼14.7–12.9
ka

Deglacial

warming and

strengthened
land–sea

thermal

contrast

Rapid δ18O

depletion

indicating

strengthening

monsoon

conditions

[19]

Hydrological

recovery

associated with

deglacial

warming, but

terrestrial

coverage
remains

spatially uneven

Strengthening

monsoon

circulation

during

deglaciation

Moderate

Younger

Dryas

∼12.9–11.7

ka

North Atlantic

cooling and

southward
ITCZ

displacement

Abrupt

positive δ18O

excursion

indicating

weakened

ISM [15, 19]

Generally

weakened
SW-monsoon

conditions,

although the
event is not

consistently

expressed

across southern

Indian records [42]

Weakened

monsoon

circulation
during deglacial

cooling [5]

Moderate–
High
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Table 4. (Continued).

Interval
Approximate

Age

Dominant

Forcing

Speleothem

Response

Terrestrial/

Hydrological

Response

Marine

Response
Confidence*

Early
Holocene

Monsoon

Optimum

∼11.7–8 ka

High

Northern

Hemisphere

summer

insolation

Strongly

depleted

δ18O values

indicating

intensified

monsoon
conditions

[8, 9]

Enhanced

effective

moisture and

stronger

early-Holocene

monsoon

conditions

across multiple

terrestrial,

lacustrine and

fluvial records

[42]

Abrupt

strengthening of

monsoon-

related

terrigenous

input and

upwelling at

∼9.5–9.1 ka,

followed by

weakening after
∼8.5 ka [43]

High

Middle-
Holocene

Transition

∼8–4.5 ka

Declining
summer

insolation

with
increasing

influence of

internal

ocean–
atmosphere

variability

Gradual

weakening/

enrichment

trend with su-
perimposed

centennial-
scale

variability

[8, 10]

Spatially

heterogeneous

hydrological

response, with
several records

indicating

declining

SW-monsoon

precipitation

and episodes of

aridity [42]

Reduced

precipitation
and marine

productivity,

particularly
during the

∼6.0–5.5 ka

weak-monsoon

interval [43]

Moderate–
High

4.2 ka Hy-

droclimatic

Transition

∼4.3–3.9 ka

Monsoon
instability and

ocean–

atmosphere

reorganiza-

tion

Abrupt
positive δ18O

excursions

and

multi-phase

drought

structure

[9, 10]

Enhanced

salinity and

evaporative

stress in

northwest India

[7]

Hydroclimatic

reorganization

in Arabian Sea

and

Indus-margin
records [6]

Moderate–

High

Late

Holocene

Variability

∼4–1 ka

Centennial-

scale

monsoon

variability and
ocean–

atmosphere

teleconnec-

tions

Repeated

drought–wet

oscillations
recorded by

high-

resolution

speleothems

[3, 4, 10]

Regionally

contrasting

hydrological

responses with

alternating dry

and wet phases

[25, 42]

Arabian Sea

records indicate

monsoon

deterioration

near ∼3.5 ka

and subsequent

centennial-to-
millennial

variability [43]

Moderate–

High

Last
Millennium

Drought

Episodes

∼1

ka–Present

ENSO/IOD

variability and

internal

monsoon

dynamics

Multi-decadal

drought

intervals

documented

in high-

resolution

Indian

speleothems
[3, 4, 11]

South Indian

Lake records

preserve

pronounced
hydroclimatic

fluctuations

associated with

Medieval and

Little Ice Age

intervals [25]

Arabian Sea
records

document

substantial

late-Holocene

monsoon

variability,

including

changes around
∼1.6 and ∼1.0

ka [43]

Moderate–

High
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Table 4. (Continued).

Interval
Approximate

Age

Dominant

Forcing

Speleothem

Response

Terrestrial/

Hydrological

Response

Marine

Response
Confidence*

Anthropocene/

Modern

Interval

∼1850

CE–Present

Greenhouse
warming,

aerosols,

irrigation and

land-use

change

Anthropo-

genically

influenced

isotope

variability

Human

modification of

catchment

hydrology,

sedimentation

and water

balance

Warming SSTs

and altered
ocean–

atmosphere

circulation

Moderate

Figure 5. Schematic synthesis of major phases in Indian Quaternary hydroclimate evolution during the last ∼60 ka. This

highlights major climatic intervals, contrasting archive responses, dominant teleconnection influences, and selected soci-

etal transitions. Archive trajectories are conceptual representations illustrating differing temporal sensitivities and filtering

behaviour among speleothem, lacustrine, and marine systems rather than direct quantitative reconstructions.

The Last Glacial Maximum (LGM, ∼26–19 ka) is a

key benchmark for monsoon sensitivity under cold-climate

boundary conditions. Expanded Northern Hemisphere ice

sheets, reduced greenhouse gases, cooler tropical seas,

and weaker moisture transport reduced land-sea thermal

contrast, thereby suppressing monsoon circulation. Marine

records indicate reduced upwelling intensity and productiv-

ity, while speleothems show substantially weaker monsoon

conditions than in the Holocene [5, 19]. In the Himalaya,

glacier expansion and snowline depression suggest major

environmental reorganization, with regionally varied rela-

tive roles of temperature and precipitation.

Glacial hydroclimate was neither spatially uniform nor

persistently arid. Marginal regions may exhibit amplified

sensitivity to circulation shifts, whereas humid regions may

retain comparatively stable moisture availability because

of topographic and oceanic buffering. This heterogeneity

highlights the need to distinguish large-scale circulation

weakening from local hydroclimatic expression.

4.2. Deglaciation and the Younger Dryas

Deglaciation involved rapid hydroclimatic reorganiza-

tion rather than gradual warming. Between ∼14.7 and
12.9 ka, monsoon circulation strengthened as ice sheets

retreated, greenhouse gases rose, and tropical oceans

warmed. This trend was interrupted by the Younger Dryas
(∼12.9–11.7 ka), with its renewed North Atlantic cool-

ing and southward displacement of tropical rainfall belts.
Speleothem records from Mawmluh Cave show an abrupt
isotopic weakening of monsoon circulation, followed by
rapid recovery [19]. Comparable signals across Asian

speleothem networks indicate large-scale hydroclimatic

reorganization [15]. Marine archives also record weakened

winds and reduced upwelling.

430



Gogoi and Bhuyan Earth Systems, Resources, and Sustainability, 2026, 1(4), 416–440

The Younger Dryas demonstrates the sensitivity of

Indian hydroclimate to high-latitude climatic perturbations

despite the region’s tropical setting. Its expression never-

theless varies among archive systems and regions, with

differences in apparent abruptness and magnitude re-

flecting both spatial hydroclimatic heterogeneity and the

archive-response characteristics discussed in Section 3.

The broad recurrence of weakened monsoon conditions

across independent records supports a large-scale hydro-

climatic response, while differences in timing and expres-

sion caution against assuming a spatially uniform event.

A multi-archive synthesis of Holocene monsoon evolu-

tion, including speleothem, lacustrine, marine, and pollen
records, is shown in Figure 6.

4.3. Early Holocene Monsoon Intensification

After Younger Dryas, many archives record intensi-

fied monsoon conditions during the early Holocene, coin-
ciding with peak Northern Hemisphere summer insolation
associated with orbital precession. Speleothem records
from northeast India show depleted δ18O values indicat-

ing enhanced monsoon strength and increased moisture

transport [5, 9]. Arabian Sea records indicate intensified

monsoon circulation and associated changes in upwelling,

productivity, and freshwater influence during the early

Holocene [5, 27]. Lake system records show increased

effective moisture and hydrological expansion. However,

hydrological responses vary significantly depending upon

basin geometry, groundwater exchange, evaporation sen-

sitivity, and local runoff processes. Therefore, the early-

Holocene interval of generally intensified monsoon circu-

lation should be interpreted as a period with enhanced hy-

droclimatic connectivity across much of South Asia due to

strengthened summer circulation.

All Indian archives do not record the early Holocene
as uniformly humid. Some Himalayan and semi-arid

records show substantial local variability associated

with snowmelt contribution, groundwater storage, and

catchment-specific hydrology. Therefore, intensified mon-

soon circulation does not confirm spatially uniform effec-

tive moisture. Regions near the dry monsoon margin may

preserve large hydrological responses, while humid sec-

tors may record weaker relative change even with higher

absolute rainfall totals.

4.4. Middle-Holocene Transition

Following the early-Holocene interval of intensified

monsoon circulation, many archives record a general

reduction in monsoon strength associated with declin-

ing Northern Hemisphere summer insolation. This tran-

sition was neither monotonic nor spatially uniform, and

centennial-scale hydroclimatic oscillations remained su-

perimposed on the long-term trend. As orbital forc-

ing weakened, internal climate variability and ocean–

atmosphere teleconnections became increasingly impor-

tant in modulating regional rainfall distribution and mois-

ture transport. ENSO-related variability may have con-

tributed to this enhanced hydroclimatic variability during

the middle-to-late Holocene [13]; however, the ENSO–ISM
relationship should not be regarded as temporally station-

ary. Its strength and regional expression can vary with

the background state of the tropical Pacific and Indian

oceans and with broader changes in monsoon circulation.

Therefore, evidence for changing ENSO activity does not

necessarily imply a constant relationship between individ-

ual ENSO events and Indian rainfall through time. Pollen-

based evidence from western Odisha further records mid-

to-late Holocene oscillations in vegetation and moisture

conditions, illustrating the ecological expression of regional

hydroclimatic variability [33]. The middle-Holocene tran-

sition is therefore better characterized as a spatially het-

erogeneous shift toward generally weaker but increasingly

variable monsoon conditions rather than as a simple pro-

gressive drying trend.

Figure 6. Schematic representation of Holocene Indian monsoon evolution with representative archive indicators.
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4.5. The 4.2 ka Hydroclimatic Transition

The hydroclimatic interval centred broadly around 4.2

ka is among the most debated episodes in Indian Qua-

ternary research because of its apparent correspondence
with major environmental and societal transformations
across parts of South Asia. Multi-archive evidence indi-
cates pronounced hydroclimatic instability during approx-
imately 4.3–3.9 ka; however, the timing, duration, magni-
tude, and internal structure of this transition vary among

archives and regions. The available evidence therefore

does not necessarily indicate a single, spatially uniform

drought occurring synchronously across the Indian sub-

continent. Instead, differences among records may reflect

chronological uncertainty, regional rainfall seasonality, hy-

drological storage, archive-specific sensitivity, and genuine

spatial heterogeneity. The term “4.2 ka hydroclimatic tran-

sition” is consequently used here to describe a broader

interval of monsoon reorganization rather than a single in-

stantaneous climatic event.

High-resolution speleothem records from Mawmluh

Cave show marked δ18O enrichment near ∼4.0 ka, indi-

cating weakened monsoon conditions [9], while annually

resolved evidence indicates multiple drought episodes em-

bedded within a broader phase of hydroclimatic instabil-

ity [10]. Northwest Indian lake records independently in-

dicate enhanced salinity and evaporative stress around

∼4.1 ka [7], whereas Indus-margin marine archives doc-
ument broader regional hydroclimatic reorganization [6].

Together, these records support a period of substantial hy-

droclimatic instability, but their differences in timing and ex-

pression suggest spatially variable changes in monsoon

circulation, rainfall seasonality, effective moisture, and hy-

drological storage rather than uniform rainfall reduction

across the entire region. The relationship between this

hydroclimatic transition and societal change is examined

separately in Section 5.

4.6. Late Holocene Variability and the Last Millennium

Indian hydroclimate after ∼4.2 ka was character-

ized by substantial centennial- to multidecadal-scale vari-

ability. High-resolution speleothem records document re-

peated drought and wet intervals during the late Holocene

and last millennium [3, 4], while lacustrine and marine

archives record corresponding changes in effective mois-

ture, runoff, and regional circulation [25, 28–31, 43]. Late-

Holocene hydroclimatic variability has been associated
with changes in tropical ocean–atmosphere teleconnec-

tions, including ENSO and Indian Ocean variability, al-
though the strength and spatial expression of these re-
lationships were not stationary through time. Changes in
tropical Pacific variability, Indian Ocean SST gradients,
and land–atmosphere interactions may therefore have
contributed to repeated shifts in monsoon circulation, rain-

fall distribution, and drought occurrence without producing

uniform responses across the subcontinent.

Regional hydroclimatic sensitivity also varied substan-

tially. Northwest India, situated near the dry margin of mon-

soon penetration, was particularly sensitive to relatively

modest circulation changes, whereas more humid regions

could respond differently because of greater moisture

availability and hydrological buffering. Some late-Holocene

droughts nevertheless appear to have generated region-

ally extensive hydrological stress beyond the range repre-

sented by the short instrumental record [4]. Their environ-

mental and societal consequences depended not only on

rainfall deficits but also on river connectivity, groundwater

availability, floodplain storage, land use, and adaptive ca-

pacity.

4.7. Anthropocene Hydroclimate and the Quaternary Baseline

Modern Indian hydroclimate reflects the superposi-

tion of natural monsoon variability and increasingly impor-

tant anthropogenic forcing. Greenhouse-gas-driven warm-

ing, anthropogenic aerosols, irrigation, land-use change,

groundwater extraction, urbanization, and Indian Ocean

warming can modify atmospheric moisture availability,
land–sea thermal gradients, surface-energy exchange,
runoff, and regional circulation. Anthropogenic forcing dif-
fers from the dominant natural forcings represented in
Quaternary archives not simply in its origin, but also in its
rapid rate of change and in the simultaneous modification

of atmospheric, oceanic, and terrestrial components of the

hydroclimate system.
Quaternary records provide an essential baseline for

evaluating these emerging changes because they doc-

ument the magnitude, persistence, and spatial structure

of monsoon variability under contrasting natural boundary

conditions. They demonstrate that the monsoon system is

intrinsically variable and capable of abrupt and prolonged

hydroclimatic reorganizations. However, natural variability

recorded during the Quaternary should not be conflated

with externally forced changes during the industrial era.

Anthropogenic warming can alter the background climatic

state upon which internal modes such as ENSO and the

IOD operate, while irrigation, groundwater extraction, ur-

banization, and land-cover modification can additionally

alter the terrestrial expression of rainfall variability. The

palaeoclimate record therefore provides a context for dis-

tinguishing the range of natural monsoon behaviour from
hydroclimatic changes emerging under increasingly an-
thropogenic boundary conditions.

5. Human–Environment Interactions and Hydrocli-

matic Risk Across the Indian Subcontinent

The Indian subcontinent provides an important set-

ting for examining human–environment interactions be-

cause monsoon variability influences agriculture, river

discharge, groundwater recharge, ecosystems, and set-

tlement geography. However, societal responses to hy-

droclimatic stress are mediated by hydrological setting,
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mobility, infrastructure, technology, governance, trade net-

works, and adaptive capacity. Human modification of land

and water systems can, in turn, alter environmental re-

sponses to climate. The archaeological and palaeoclimate

records therefore provide a basis for examining these

coupled climate–environment–society interactions across

multiple timescales.

5.1. Late Pleistocene Environmental Variability and Early Human

Occupation

Late Pleistocene hydroclimatic oscillations altered

vegetation, freshwater availability, river systems, and habi-

tat connectivity across South Asia [19]. Wetter intervals

may have expanded freshwater and ecological resources,

whereas arid phases promoted environmental fragmenta-

tion, particularly in water-limited regions. Direct correla-

tion with changes in human occupation remains difficult

because archaeological and palaeoclimate records differ

substantially in temporal resolution and chronological pre-
cision. Monsoon variability should therefore be considered
part of the environmental context within which human pop-
ulations responded through mobility, resource selection,
and adaptation, rather than as a deterministic control on
population change.

5.2. Early Holocene Hydroclimate and Agriculture

Intensified early-Holocene monsoon circulation in-

creased effective moisture and freshwater availability

across many parts of the subcontinent, potentially in-

creasing ecological productivity and reducing environmen-

tal constraints on subsistence and agricultural experimen-

tation. However, regional differences in crop adoption, set-

tlement development, and mobility indicate that favourable

hydroclimate alone did not determine agricultural expan-

sion. In the northwestern subcontinent, changing monsoon

conditions and river dynamics formed part of the environ-

mental setting within which later Indus settlements devel-

oped, alongside technological, economic, and social fac-

tors.

5.3. The Indus Civilization and Hydroclimatic Stress

The transformation of the Indus Civilization occurred

during a period of substantial hydroclimatic instabil-

ity. Kotla Dahar records indicate increasing aridity and

evaporative stress near ∼4.1 ka [7, 12], while Indus-

margin marine [6] and Mawmluh Cave speleothem records

[10] document broader monsoon reorganization. Recent

palaeoclimate–hydrological modelling further suggests

that this stress was not confined to a single 4.2 ka event:

Recent study identified persistent river droughts between

∼4.4 and 3.4 ka that progressively constrained freshwater

availability across parts of the Indus domain [44].
Archaeological evidence nevertheless indicates pro-

longed and spatially heterogeneous transformation in-

volving settlement redistribution, deurbanization, chang-

ing subsistence, and mobility rather than a synchronous

climate-driven collapse. Hydroclimatic deterioration there-

fore acted as a stressor whose societal consequences de-

pended on water availability, settlement geography, eco-

nomic organization, and adaptive capacity. These interac-

tions are summarized in Figure 7, which conceptualizes
societal responses as both consequences of hydroclimatic

stress and adaptive feedbacks capable of modifying vul-

nerability and local environmental conditions.

Figure 7. Conceptual framework linking hydroclimatic forcing, hydrological and environmental stress, societal vulner-

ability, and adaptive responses during the middle-to-late Holocene, with particular relevance to the Indus Civilization.

Adaptive responses include settlement redistribution, mobility, irrigation and water management, subsistence adjust-

ment, and resource-network reorganization, with feedbacks to local environmental and hydrological conditions.
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5.4. Rivers, Water Security and Settlement Geography

Most settlement systems depended heavily on river

dynamics. Channel migration, avulsion, floodplain aggra-

dation, seasonal discharge variability, and groundwater
recharge were crucial parameter for agricultural pro-
duction and long-term settlement. The Ghaggar-Hakra
palaeochannel system is the best example of this rela-
tionship where settlement distribution intersects monsoon
variability, river migration, and tectonic forcing. Similar in-

teractions occur across the Gangatic Plains, peninsular

basins, and deltaic systems. Constrained monsoon cir-

culation limits discharge, while intensified circulation in-

creases flood frequency, channel instability, and sediment

redistribution. Therefore, palaeoclimate interpretation of-

ten accommodate rainfall proxies along with fluvial geo-

morphology, hydrological and groundwater dynamics. This

relationship shows that hydroclimatic risk in the subconti-

nent is not only dependent on rainfall variability, but also

on coupled river–groundwater systems. Regions with sim-

ilar monsoon pattern may undergo very different societal

impacts depending on coupled river–groundwater interac-

tion. Therefore, spatial heterogeneity complicates direct

interlinking of palaeoclimate records and archaeological

evolution.

5.5. Late Holocene Societies and Monsoon Instability

Late Holocene Indian hydroclimate shows centennial

and multidecadal variability. High-resolution speleothem

records highlight multiple drought episodes during the late

Holocene and last millennium. Some drought episodes

were regionally extensive and capable of producing severe

hydrological stress beyond present day records [3, 4, 11].
But their societal consequences vary substantially across

regions and systems. Some droughts possibly generat-

ing severe agricultural and demographic stress, while oth-

ers being compensated with irrigation systems, ground-

water access, reservoir construction, or administrative

adaptation. Historical evidence from medieval and colo-

nial South Asia suggests strongly conditioned vulnerabil-

ity through infrastructure, governance, and resource dis-

tribution. Therefore, the late-Holocene record can be the

evidence for coupled socio-hydrological interaction under

repeated monsoon instability.

5.6. Anthropogenic Landscape Modification and Proxy Interpre-

tation

Human populations became active agents of environ-

mental change by the late Holocene. Anthropogenic activ-

ities like deforestation, cultivation, terracing, irrigation, and

urbanization drastically changed vegetation cover, erosion

rates, sediment influx, and local hydrology. Younger envi-

ronmental archives tend to preserve overlapping climatic

and anthropogenic signals due to these anthropogenic in-

terventions, creating a major interpretative challenge. For
example, agriculture-driven erosion may enhance sedi-
mentation just like intensified runoff. Pollen assemblages

may indicate land clearance just like rainfall variability. Sim-
ilarly, both nutrient and climatic change can cause lake eu-
trophication. Therefore, late-Holocene environmental re-
construction requires adequate integration of archaeolog-
ical, ecological, geomorphological, and hydrological evi-

dence.

5.7. Lessons for Contemporary Hydroclimatic Risk

Quaternary and historical records demonstrate that

monsoon variability can exceed the range captured by the

short instrumental record, while its societal consequences

depend on interactions among rainfall, rivers, groundwa-

ter, infrastructure, and adaptive capacity. These lessons

are increasingly relevant where anthropogenic forcing in-

teracts with groundwater depletion, urbanization, land-

use change, and heavily modified hydrological systems.

Palaeoclimate records therefore provide not direct ana-

logues for future conditions, but a long-term context for

evaluating hydroclimatic variability, environmental sensitiv-

ity, and societal vulnerability.

6. Interpreting Divergent Proxy Records

Indian palaeoclimate records representing the same

interval may differ in timing, magnitude, duration, or in-
ferred hydroclimatic response. Such divergence can reflect
genuine spatial heterogeneity or arise from differences in
chronology, temporal resolution, seasonality, archive filter-
ing, and proxy sensitivity. Distinguishing between these
sources of disagreement is therefore essential for multi-

archive synthesis. The principal mechanisms producing di-

vergent proxy responses are summarized in Figure 8 and
Table 5.

Therefore, the exact cause of their divergence is

the scientific problem. Some divergence reflects genuine

spatial heterogeneity within the Indian monsoon system.

Some other differences arise due to archives transforming

common climatic forcing through contrasting physical, hy-

drological, and ecological processes. Robust reconstruc-

tion of Indian hydroclimate evolution requires distinction

of these possibilities. The principal mechanisms respon-

sible for divergence among Indian palaeoclimate records

are summarized in Table 5.

6.1. Chronological Uncertainty as a First-order Limitation

Apparent leads, lags, or synchronicity among records
must first be evaluated against age-model uncertainty.

U–Th-dated speleothems can provide high chronological

precision, whereas lake and marine records may be af-

fected by radiocarbon calibration, reservoir effects, sedi-

ment reworking, and interpolation between dated horizons;

luminescence-dated fluvial and aeolian records commonly

have broader uncertainty envelopes. Consequently, appar-

ent offsets among archives may remain statistically com-

patible within their respective age uncertainties, particu-

larly when evaluating short-lived events such as the 4.2 ka

transition.
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Figure 8. Principal mechanisms producing divergence among Indian palaeoclimate records, including chronological un-

certainty, archive filtering, seasonality, spatial heterogeneity, anthropogenic overprinting, and archive-specific responses.

Table 5. Principal causes of divergence among Indian palaeoclimate archives (sources synthesized from [5, 10, 12, 14,

17, 35–41, 45, 46]).

Source of
Divergence

Mechanism
Most Affected

Archives
Interpretative
Consequence

Example

Chronological

uncertainty

Age-model
uncertainty, reservoir

effects, sparse

dating

Lakes, marine, fluvial
Apparent leads/lags

may be artificial

Variable apparent

timing of the 4.2 ka

transition

Temporal resolution

Sampling density

and

accumulation-rate

differences

Marine, lakes, fluvial
Abrupt events may

appear attenuated or

prolonged

Sharper Younger

Dryas expression in

high-resolution

records

Hydrological

buffering

Groundwater, karst
or catchment

storage

Speleothems, lakes,

wetlands

Damped or lagged

response

Karst storage

modifying Mawmluh

Cave signals

Seasonality bias

Preferential

sensitivity to

particular seasons

Speleothems, tree

rings, glaciers

Different

components of

hydroclimate are

recorded

Summer recharge

versus annual
effective moisture

Spatial
heterogeneity

Regional rainfall and

moisture-pathway

differences

All archives

Genuine regional

responses may

appear contradictory

Northwest India

versus Meghalaya

Proxy nonlinearity
Threshold-

dependent proxy

response

Speleothems, pollen,

lakes

Similar forcing

produces unequal
responses

Isotopic shift without

equivalent lake-level
change

Sediment

mixing/bioturbation

Post-depositional

mixing
Marine, lakes

Short events

become smoothed

Attenuated abrupt

drought signals

Ecological lag
Delayed biological

response
Pollen, peat

Proxy response

follows climate

change

Gradual vegetation

transition

Human modification
Land use, cultivation,

irrigation, burning
Lakes, pollen, fluvial

Anthropogenic

change may mimic

climate

Cultivation-driven

erosion versus

enhanced runoff

Mixed climatic

forcing

Monsoon, westerlies

and temperature

interactions

Himalayan archives

Attribution to

individual forcing is

difficult

Glacier response to

snowfall and

temperature

435



Gogoi and Bhuyan Earth Systems, Resources, and Sustainability, 2026, 1(4), 416–440

6.2. Temporal Filtering and Archive Response Behaviour

Even records with robust chronologies may differ

because archive systems integrate climate over differ-

ent temporal scales. As conceptualized in Equation (1)
and Section 3.5, storage, mixing, bioturbation, ecologi-

cal response, and sampling resolution can attenuate or

broaden short-lived signals. Therefore, an abrupt hydro-

climatic anomaly may be sharply expressed in one archive

but appear prolonged or subdued in another. Such differ-

ences should be evaluated as potential archive-response

effects before being interpreted as climatic disagreement.

6.3. Seasonality Bias in Indian Proxy Systems

Indian palaeoclimate archives may preferentially

record different seasonal components of hydroclimate.

Speleothem signals can be weighted toward recharge sea-

sons, lakes integrate precipitation–evaporation balance,

marine records may emphasize monsoon runoff or cir-

culation, and Himalayan archives can incorporate both

summer-monsoon and winter-westerly influences [16].

Therefore, apparently divergent records may represent dif-
ferent seasonal or hydrological variables rather than con-
tradictory climate histories.

6.4. Spatial Heterogeneity of the Indian Monsoon System

Genuine spatial heterogeneity provides another

source of inter-record divergence. Northwest India lies

near the dry margin of monsoon penetration, northeast

India receives strong Bay of Bengal moisture, peninsu-

lar basins integrate variable precipitation–evaporation bal-

ances, and Himalayan records additionally reflect elevation

and westerly influences. A common circulation anomaly

may therefore produce contrasting hydrological responses

among regions. Divergence should consequently be eval-

uated against hydroclimatic geography before being at-
tributed solely to chronological or proxy-system uncer-
tainty.

6.5. Anthropogenic Overprinting

During the late Holocene, increasing land use and

water management introduced an additional source of

proxy divergence. As discussed in Section 5.6, changes

in sedimentation, vegetation, erosion, and nutrient cycling

may reflect climatic forcing, anthropogenic modification,

or both. Younger records therefore require explicit consid-

eration of archaeological and palaeoecological evidence

when attributing environmental change.

6.6. From Contradiction to Complementarity

Inter-record divergence can itself provide process in-

formation. A sharp speleothem anomaly accompanied by

a muted lake response may indicate a short-lived rainfall

perturbation insufficient to reorganize catchment hydrol-

ogy, whereas prolonged lacustrine drying with a weaker

speleothem response may reflect sustained effective-

moisture decline. Similarly, a marine circulation anomaly

without a corresponding terrestrial response may indicate

atmospheric or oceanographic reorganization with limited

inland hydrological expression. Divergent records should

therefore be treated as complementary constraints on dif-

ferent components of the hydroclimate system rather than

automatically as conflicting reconstructions. Multi-archive

comparisons should account explicitly for chronological

uncertainty, temporal resolution, spatial context, and the

climatic variable represented by each proxy rather than

treating different proxy signals as directly interchangeable.

7. Emerging Frontiers

Despite major advances in chronology and archive

coverage, several questions remain unresolved in Indian

Quaternary hydroclimate research, particularly the re-

gional structure of the 4.2 ka transition, non-stationarity

of ENSO–ISM coupling, separation of monsoon and west-

erly influences in Himalayan records, and limited high-

resolution coverage across parts of central, eastern, and

southern India. Addressing these problems requires mov-

ing beyond visual comparison of proxy records toward

process-based, uncertainty-aware reconstruction. Four
priorities are particularly important: (i) proxy-system and
isotope-enabled modelling, (ii) climate data assimilation
and probabilistic reconstruction, (iii) expansion and stan-
dardization of multi-archive networks, and (iv) integrated
land–sea and human–environment synthesis (Figure 9;

Table 6).

Traditional Indian palaeoclimate synthesis often com-
pare proxy records visually without explicitly integrating

archive-system behaviour, chronological uncertainty, cli-

mate dynamics, or temporal filtering. However, monsoon

rainfall amount, circulation intensity, runoff generation,

groundwater recharge, effective moisture balance, and iso-

topic composition are not interchangeable climatic pa-

rameters. Therefore, future reconstruction requires tran-

sition from descriptive proxy comparison toward process-

based hydroclimate reconstruction constrained by physi-

cally interpretable proxy-system relationships. This transi-

tion highlights a broader conceptual shift in palaeoclimatol-

ogy where archives are not just isolated climatic indicators,

but observations constraining probabilistic climate states.

Such approaches are particularly important in South Asia

because the Indian monsoon system shows strong sea-

sonality, nonlinear responses, pronounced hydroclimatic

anomalies, and sensitivity to both tropical and high-latitude

climatic forcing. Major emerging analytical approaches

currently reshaping Indian Quaternary science are sum-

marized in Table 6.
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Figure 9. Proposed next-generation analytical framework for Indian Quaternary hydroclimate reconstruction integrating

proxy-system modelling, isotope-enabled climate simulations, climate data assimilation, AI/ML synthesis, and multi-

archive interpretation.

Table 6. Priority research directions for Indian Quaternary hydroclimate reconstruction [14, 16, 17, 35, 46, 47].

Priority
Principal Challenge

Addressed
Required Approach Expected Contribution

Proxy-system and

isotope-enabled modelling

Archive-specific filtering

and ambiguous

interpretation of isotopic

proxies

Forward proxy models

coupled with

isotope-enabled climate

simulations

Mechanistic separation of

climatic forcing from
archive response

Climate data assimilation
and uncertainty

quantification

Chronological uncertainty,

spatial heterogeneity, and
inconsistent proxy

resolution

Assimilation of proxy

ensembles with

climate-model priors

Probabilistic
reconstruction of monsoon

fields, droughts, and

teleconnections

Expanded and

standardized multi-archive

networks

Sparse coverage across

central, eastern, and

southern India and

inconsistent metadata

New high-resolution

records, harmonized

chronologies, open proxy

databases

Improved spatial

representation and

reproducible regional

synthesis

Integrated land–sea and

Himalayan reconstruction

Disconnection among

terrestrial, marine,

monsoon, and westerly

signals

Cross-domain synthesis

and regional

climate–hydrological

modelling

Better attribution of

regional circulation and

hydrological responses

Palaeoclimate–

archaeological integration

Difficulty separating

climatic stress from

anthropogenic modification

and societal response

Multiproxy environmental

records integrated with

archaeological chronology

Stronger attribution of

climate–environment–

society interactions

7.1. Proxy-System and Isotope-Enabled Modelling

Process-based modelling provides a means of sep-
arating climatic forcing from archive-specific controls on

proxy formation. At Mawmluh Cave, integration of trace-

element observations with forward modelling demon-
strated that speleothem Mg/Ca variability can be partic-
ularly sensitive to dry-season infiltration, with cave venti-

lation and prior carbonate precipitation further modifying
the recorded signal [45]. Use of an advection–reaction

model demonstrated that variations in speleothem initial
234U/238U cannot always be attributed directly to rainfall,

because changes in seepage-water routing, weathering

and host-rock characteristics may substantially influence

the proxy response [48]. These studies illustrate how for-

ward modelling can identify non-climatic and seasonally
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dependent processes that complicate direct proxy–climate

relationships.

At broader spatial scales, isotope-enabled cli-

mate modelling provides a complementary framework

for interpreting stable-isotope records. Monsoon-region

speleothem δ18O reflects interacting effects of precipi-

tation, atmospheric circulation and moisture-source con-

ditions rather than a universally applicable rainfall sig-

nal [49]. Transient simulations demonstrated that co-

herent Asian monsoon δ18O variability may accompany
spatially contrasting rainfall responses [50], highlighting

the importance of large-scale circulation and hydrocli-

matic dynamics. Greater integration of such proxy-system
and isotope-enabled modelling with Indian palaeoclimate
records would therefore improve mechanistic interpreta-
tion and provide more defensible quantitative reconstruc-
tions of past hydroclimate variability.

7.2. Climate Data Assimilation and Probabilistic Reconstruction

Climate data assimilation offers a framework for com-

bining proxy observations, their uncertainties, and climate-

model dynamics to reconstruct spatially coherent past cli-

mate states. For Indian hydroclimate, such approaches

could test whether the 4.2 ka transition represented

synchronous or regionally asynchronous change, recon-

struct the spatial extent and recurrence of last-millennium

droughts, and evaluate temporal changes in ENSO–ISM

coupling. Their application requires harmonized chronolo-

gies, explicit proxy uncertainties, standardized metadata,

and sufficient spatial archive coverage; otherwise, archive

biases may propagate into the reconstructed climate

fields.

7.3. Expanding and Standardizing Multi-archive Networks

Spatially uneven archive coverage remains a fun-

damental limitation, particularly across parts of central,

eastern, and southern India. Future work should prior-

itize high-resolution records from underrepresented hy-

droclimatic sectors while harmonizing age models, proxy
metadata, calibration information, and uncertainty esti-
mates across existing records. Open, standardized multi-
archive databases would improve reproducibility and pro-
vide the infrastructure required for quantitative synthesis,

data assimilation, and computational analysis. AI/ML ap-

proaches may assist pattern recognition and nonlinear

analysis within such networks, but their palaeoclimatic

value will depend on data quality, interpretability, and ex-

plicit treatment of uncertainty.

7.4. Integrated Regional Synthesis

Future synthesis should explicitly connect terrestrial

and marine records while distinguishing regional mon-
soon, westerly, temperature, and hydrological influences.

This is particularly important for resolving whether the 4.2
ka transition was regionally synchronous, evaluating non-
stationary ENSO–ISM coupling, and separating monsoon-
driven from temperature- and westerly-driven changes in

Himalayan archives. Regional climate, hydrological, and
glacier models constrained by multi-archive observations
provide a pathway for testing these mechanisms rather
than relying solely on visual proxy correspondence. In-
tegration with archaeological records can further distin-

guish climatic forcing, anthropogenic landscape modifica-

tion, and societal adaptation during the late Holocene.

Collectively, these priorities would shift Indian Quater-

nary research from comparison of individual proxy trajec-

tories toward probabilistic reconstruction of hydroclimatic

states constrained by archive processes, climate dynam-

ics, and quantified uncertainty. Such integration is neces-

sary to resolve persistent palaeoclimate debates and to

place contemporary hydroclimatic risk within a robust long-

term context.

8. Conclusions

Multi-archive evidence demonstrates that Quater-

nary hydroclimate across the Indian subcontinent evolved

through interactions among orbital forcing, glacial bound-
ary conditions, high-latitude climate perturbations, trop-
ical ocean–atmosphere variability, and regional physio-
graphic controls. Weakened monsoon circulation during
the Last Glacial Maximum was followed by rapid deglacial
reorganization, including monsoon weakening during the

Younger Dryas and widespread intensification during the

early Holocene. Subsequent middle-to-late Holocene evo-

lution was characterized by generally declining monsoon

strength superimposed by substantial centennial-scale

variability. The hydroclimatic transition around 4.2 ka was

regionally important but neither spatially uniform nor nec-

essarily synchronous across archive systems, while the

late Holocene and last millennium were marked by recur-

rent drought–wet variability.
A principal outcome of this synthesis is that appar-

ent disagreement among palaeoclimate records should

not automatically be interpreted as conflicting climate his-

tories. Speleothems, lakes, marine sediments, fluvial sys-

tems, and Himalayan archives record different compo-

nents of hydroclimate and integrate climatic forcing over

different temporal and spatial scales. Chronological un-

certainty, seasonality, hydrological storage, sediment mix-

ing, ecological response, and spatial heterogeneity can
therefore generate contrasting expressions of the same
climatic perturbation. Cross-archive convergence provides
stronger evidence for regional change, whereas diver-
gence can itself reveal differences in hydrological re-
sponse, circulation, or environmental buffering.

Future progress requires a transition from descriptive

comparison of proxy trajectories toward process-based
and uncertainty-aware reconstruction. Proxy-system and
isotope-enabled modelling, climate data assimilation, har-
monized multi-archive networks, and integrated terrestrial–
marine and archaeological synthesis provide the strongest

pathways for resolving the spatial structure of abrupt

events, non-stationary ENSO–ISM relationships, Hi-

malayan monsoon–westerly interactions, and climatic ver-

sus anthropogenic signals. The Quaternary record there-
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fore portrays the ISM not as a uniformly responding sys-

tem, but as a spatially heterogeneous and dynamically

coupled hydroclimatic system whose regional expression

depends on both climatic forcing and environmental medi-

ation. This perspective provides a more robust long-term

context for evaluating contemporary hydroclimatic change

and risk across South Asia.
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