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Indian summer monsoon (ISM) hydrology fuels biogeochemical cycling

across South Asia and the Indian Ocean, exerting a first-order control on
food security in Earth’s most densely populated areas. Although the ISM

is projected to intensify under continued greenhouse forcing, substantial
uncertainty surrounds anticipating its impacts on future Indian Ocean
stratification and primary production—processes key to the health of
already-declining fisheries in the region. Here we present century-scale
records of ISM runoff variability and marine biogeochemical impactsin the
Bay of Bengal (BoB) since the Last Glacial Maximum (~21 thousand years
ago (ka)). These records reveal extreme monsoon states relative to modern
strength, with weakest ISM intensity during Heinrich Stadial 1 (~17.5-15.5 ka)
and strongest during the early Holocene (~10.5-9.5 ka). Counterintuitively,
we find that BoB productivity collapsed during both extreme states of peak
monsoon excess and deficits—both due to upper-ocean stratification.

Our findings point to the possibility of future declines in BoB primary
productivity under a strengthening and more variable ISM regime.

Inaddition to Indian summer monsoon (ISM) rainfall being the prime
source of freshwater for much of the Indian subcontinent, monsoon
dynamics andriverine discharge profoundly affect marine ecosystems
acrossthe northernIndian Ocean, aregion where fisheries are closely
tied to primary production'* Coastal populations of the subconti-
nent are among the planet’s densest and most vulnerable, subsisting
primarily on marine-derived protein sources®. Thus, addressing how
ISM variability and its impacts on marine biogeochemical cycling will

respond to global changeisintegral for appraisals of future food secu-
rity across South Asia*’.

Thelatest generations of global climate simulations, including the
Coupled Model Intercomparison Project version 6 (CMIP6), converge
regarding the future thermodynamical strengthening of ISM rainfall**.
Yet substantial disagreement exists regarding the biogeochemical
response of the northern Indian Ocean under greenhouse warming
according to Earth-system models®. These models simulate future
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reductions in net primary productivity’ and nutrient inventory®in
the Arabian Sea, whereas projections remain highly uncertain for the
Bay of Bengal (BoB), disagreeing even on the sign of change®’. Field
studies indicate that primary production in the BoB is boosted by
near-coastal eddy pumping and energetic mixing®'° andisimpeded by
seasonal barrier-layer stratification that inhibits mixing and nutrient
transport from depth'®". The lack of long-term, in situ biogeochemical
observations®° further precludes our ability to inform our under-
standing of future changes alongside simulations®.

Here we provide palaeoceanographic perspectives on the inter-
action between summer monsoon runoff, stratification and marine
primary productivity in the BoB over the past ~22,000 years (-22 kil-
loannum before 1950 CE; hereafter ka). We focus on the interval from
the Last Glacial Maximum (LGM; ~23-19 ka) through the Holocene
(11.7 ka-present), representing the most recent geological interval
of sustained global warming. ISM runoff and marine biogeochemical
variability in the northwest BoB were reconstructed using foraminiferal
tests fromsediments drilled at International Ocean Discovery Program
(I0DP) Site U1446 (Fig.1;19.08° N, 85.73° E; 1,430 m water depth). Site
Ul446 isin the central path of the East India Coastal Current (EICC), a
seasonally reversing boundary current bringing Ganges-Brahmapu-
tra-Meghna (GBM) outflow equatorward during the post-monsoon
season, inducing sea surface salinity (SSS) minima during October
and November (Fig.1). The volume of seasonal GBM discharge, driven
by the intensity of ISM runoff, modulates annual SSS variability of
EICC waters'> . We infer past EICC SSS variations by reconstructing
the stable oxygen isotope composition of seawater (6®0,,; reported
relative to Vienna Standard Mean Ocean Water (VSMOW)) at Site U1446
(Extended Data Figs. 1 and 2 and Methods). Using indicators of past
water-column biogeochemistry, we uncover a nonlinear relationship
between ISM intensity and primary production in the BoB since the
LGM.

Reconstructing monsoonal outflow and ocean
biogeochemistry

We reconstructed %0, as a proxy for ISM runoff at IODP Site U1446
using planktic foraminiferalgeochemistry. Our study focuses on the top
~7 mofsediments cored at this site, which contains arobust age model
constrained by 14 radiocarbon measurements (Methods and Extended
DataFig.3). We analysed the stable oxygenisotope compositionin cal-
cite tests (8'%0,; reported relative to Vienna Pee Dee Belemnite(VPDB))
of planktic foraminifer, Globigerinoides ruber (white variety; ~70-90
tests per multi-specimen analysis). This species lives year-round in
BoB surface waters'®, and its 60, is controlled by sea surface tem-
perature (SST) and 8®0,,, at the time of calcification. We also measured
magnesium-to-calcium (Mg/Ca) ratios as an independent proxy for
past SST variability. We then used an iterative approach with locally
validated calibration equations™ to calculate SST and local changes in
80y, (hereafter §0*,,; Methods), which were calculated by correcting
foraverage oceanic 60, variations due to global ice-volume fluctua-
tions (Methods). Accordingly, we infer reconstructed local changesin
50, (6'%0*,,; a proxy for salinity") at Site U1446 as variability in ISM
runoffintensity.

We analysed planktic foraminiferal assemblages and trace element
ratios (Cd/Ca, U/Ca) in G. ruber tests to assess past productivity and
nutrient inventory in the surface ocean at Site U1446. We focused on
the relative abundance of Globorotalia species as a proxy for export
productivity (Methods). G. ruber Cd/Ca reflects dissolved cadmium
in the surface ocean', which strongly correlates with the concentra-
tion of the macronutrient phosphorus'®*. Although the northern
BoB is limited by nitrogen rather than by phosphorus'®, we submit
thatelevated G. ruber Cd/Caratios correspond not only to anincrease
in phosphorus but also other related nutrients (for example, nitrate)
sourced from depth during intervals of higher primary production.
Weinfer G. ruber U/Cato be driven by diagenetic processes modulated
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Fig.1|Site locations and ISM rainfall and post-monsoon salinity. June-
September monthly mean precipitation (brown-to-green) with October-
November salinity (blue-to-white) in the Indian monsoon domain. Proxy sites
include Site U1446 (star, this study), Mawmluh Cave* (triangle) and sediment
cores (circles) SK168*, SK237-GC04%° and SO188-KL342, Precipitation was taken
from the Global Precipitation Climatology Centre (GPCC) dataset*® and salinity
from the Ocean Reanalysis System 4 (ORA-S4) reanalysis dataset".

by changes in organic matter flux or bottom water oxygen levels*-*,

Considering minimal-to-no evidence for deepwater anoxia over this
interval®, we surmise that low G. ruber Cd/Ca and U/Ca at Site U1446
and low abundances of Globorotalia were associated with reduced
BoB primary productivity driven by a lack of nutrients delivered to
the photic zone.

Finally, we investigated past seasonal variability of the upper
water column at Site U144 6 by performing stable isotopic individual
foraminiferal analyses (IFA) onthree depth-stratified species of planktic
foraminifera: G. ruber (White), Trilobatus sacculifer and Neogloboquad-
rina dutertrei (Table 1 and Methods). These taxa were selected due to
their distinct median calcification depths®*, which we locally estimate
tobe-~10-30 m,~15-45 mand~40-60 mdepth, respectively, based on
comparisons with observations (Extended DataFig.4). Forward model-
ling of IFA-6'®0, at our site shows that cold-season temperatures push
the distribution towards more positive values™. In contrast, monsoonal
GBM discharges skew the distribution towards more negative values.
We expect substantial differences in median IFA-8®0.and -6"*C, values
between the surface-ocean (G. ruber & T. sacculifer) and subsurface
(N. dutertrei) taxa during times of sharp density stratification in the
upper water column.

Indian palaeomonsoon runoffsince the LGM

The §®0*,, record at IODP Site U1446 indicates that modern ISM runoff
intensity was intermediate to that of extreme palaeomonsoon states
over the past 22,000 years (Fig. 2b). Agreement between observed
80, and SST with reconstructed core-top values across multiple core
locations (Fig. 2a,b,f,h) provides confidencein our chosen calibrations
and quantitative interpretations of BoB palaeoceanography. LGM
5'80*,, at Site U1446 is significantly higher than modern values (by
~0.45 %, VSMOW) and corresponds to ~20% reduced runoff seasonality
(based ontheregression depicted in Extended Data Fig. 2). Maximum
880*,, (~0.50 %o) values occur during Heinrich Stadial 1 (HS1;17-16 ka),
suggesting an ~-50% reduction (Extended Data Fig. 2) compared to
modern seasonality. We note that such positive seawater 80 values
are only observed today in the far southern BoB" and are associated
with high SSS conditions (= 35%.). Such magnitudes in the coastal
northwest BoB are consistent with ascenario of halted riverine input
into the BoB using a high-resolution ocean model”, in addition to the
transient TraCE21ka simulation® of HS1(Methods and Extended Data
Figs. 5-7). Runoff then intensified over the deglaciation, albeit with

Nature Geoscience | Volume 18 | May 2025 | 443-449

444


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-025-01684-6

Table 1| Multi-species IFA and reconstructed water column properties at Site U1446 with 1o uncertainty propagation

performed using PSU Solver

Species Multi-specimen IFA(n) Mean 10 Mean 10 Estimated Estimated Estimated
Mg/Ca® IFA-3"°0, IFA-3°0, IFA-3"°C, IFA-3"C, T+15(°C) 5'°0,,,+10 (%o)° S+106/(%o)
Late Holocene (1-Oka)
G. ruber 4.4 48 -2.54 0.36 1.48 0.39 270+0.6 -0.4+0.13 32.2+0.9
T. sacculifer 4.24 75 -2.51 0.28 1.82 0.44 26.7+0.5 -0.2+0.12 32.7+0.8
N. dutertrei 273 98 -1.86 0.32 1.28 0.50 26.4+0.6 0.5+0.12 33.8+0.8
Early Holocene (10-9ka)
G. ruber 4.31 47 -2.85 0.69 116 0.53 275+06 -0.9+0.12 31.0+0.8
T. sacculifer 417 60 -2.73 0.58 1.65 0.39 27.4+0.6 -0.9+0.13 30.8+0.9
N. dutertrei 2.55 58 -1.63 0.23 0.29 0.33 257+05 0.3+0.13 32.5+0.9
Heinrich Stadial 1(17-16 ka)
G. ruber 4.53 40 -1 0.33 115 0.49 26.3+0.6 0.5+0.13 347+0.9
T. sacculifer 415 59 -0.47 0.28 175 0.34 25.8+0.5 0.5+£0.12 34.8+0.8
N. dutertrei 2.27 63 -0.16 0.28 0.37 0.36 24.6+0.6 0.8+0.13 36.0£0.9

Inversions were performed using PSU Solver applying the Gray et al. (2018) framework of equations*® for paired Mg/Ca-8"0; note that early Holocene and Heinrich Stadial 1 calculations of

8"0’,, were performed with a global 8°0,,, correction” using a deglacial-specific sea-level curve*". The same routine was employed for all species. o, 1o error on the mean value based on the
number of IFA measurements, incorporating analytical errors. T, estimated calcification temperature; S, estimated calcification salinity. ®Multi-specimen Mg/Ca analysis was performed using
60-90 crushed and pooled tests taken from the 400-500 um size fraction (same as for IFA; Methods). "%, reported relative to Vienna Standard Ocean Mean Water (SMOW).
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Fig. 3 |Mechanisms of upper-ocean stratificationin the BoB and impacts on
primary productioninferred from foraminiferal geochemistry.

a-c, Depth-profile schematic of inferred mean-annual temperature (pink), salinity
(blue) and density (dark blue) depicting hypothesized mechanism linking runoff,
nutrient delivery, barrier-layer dynamics and impacts on palaeoproductivity in
the BoB during the LH (a), EH (b) and HS1(c) intervals, where mixed-layer (ML)
depth, isothermal layer depth (ILD) and barrier-layer (BL) depth are delineated.
Solid lines are hydrographic profiles based on conductivity-depth-temperature

IFA-8'3C (%o, VPDB)

N. dutertrei .% T. sacculifer .m. G. ruber

observations; dashed lines are hypothesized profiles for the studied palaeo-
intervals. d-i, Histograms of individual foraminiferal analyses (IFA) for the

stable oxygen (IFA-6'*0,) (d-f) and carbon (IFA-6"C,) isotope composition

(g-i) measured in the calcite tests of three different species (G. ruber—pink,
T.sacculifer—teal and N. dutertrei—yellow). Each row corresponds to a different
time period. LH profiles were based on observed conductivity-depth-temperature
profiles proximal to Site U1446. Inferred calcifying depth habitats of G. ruber,
T.sacculifer and N. dutertrei are also shown.

millennial-scale fluctuations during the Bglling-Allergd and Younger
Dryas periods (Fig. 2a). The millennial-scale §'®0%,, structure reaffirms
thelinkage between ISM precipitation and deglacial climate anomalies
inthe North Atlantic owing to meridional circulation changes, as has
been posited elsewhere”?, After the deglaciation, we find that ISM
runoff peaked during the early Holocene (EH;10.5-9.5 ka), aninterval
with extremely low §®0*,, (approximately —-0.85%. VSMOW) values
corresponding to > 30% intensification of ISM seasonality. Then, ISM
runoff steadily declined from 10-8 ka and experienced pronounced
(multi-)centennial-scale variability with abrupt deficits punctuating
steady ISMrunoffat-~5.8 ka, -4 ka, -2 kaand during ~0.7 ka. Late Holo-
cene (LH) 6'%0*,, values at Site U1446 are intermediate (—0.4  0.1%o
VSMOW) to those during HS1 (0.5 + 0.1%0) and EH (-0.8 + 0.1%o) inter-
vals, indicating that ISM runoff over the past 22,000 years was both
much weaker and much stronger than modern intensity (Figs. 2-4).
ISM variations since the LGM inferred from Site U1446 §%0*,
are consistent with other well-resolved marine and terrestrial hydro-
climate records in the region. An absolutely dated speleothem 80
record from Mawmluh Cave in Meghalaya, India, matches the degla-
cial timing and phasing of §'*0*, variability at Site U1446 (Fig. 2¢),
supporting the chronology of the marine record, and suggesting
arobust coupling between changes in the isotopic composition of

rainwater over northeastern India and GBM runoff over this interval
(Fig.2e).Reconstructed 6'®0*,, and leaf-wax-8D from anorthern BoB
site (SO188-KL342), outside the EICC region, are also consistent with
ISMvariationsinferred from Site U1446 §'80*,, (Fig. 2f,g). Additionally,
SSTreconstructions atboth sites show similar evolution from the LGM
to the present (Fig. 2b). A §'0*,, record from offshore the Malabar
Coast”, thought to be sensitive to runoff from the Western Ghats, also
indicates weakened runoff during HS1but diverges from the northern
BoB records and suggests minimal change between the EH and LH
intervals (Fig. 2h). The lack of low §®0*, at the Malabar site during
the EH may be due to higher rainfall in the GBM catchment relative
to the Western Ghats or due to the advection of water masses moving
northwestward past the tip of southernIndia, influenced by peninsular
runoff associated with the northeastern monsoon’’. Nevertheless,
we find broad agreement within regional records for increasing ISM
runoffacross the last deglaciation, with peak ISM runoff during the EH
and weakest intensity during HS1 relative to modern ISM variability.

Monsoon impact on marine productivity

Coeval reconstructions of SST, ISM runoff, marine productivity and
nutrient delivery to the upper ocean allow us to diagnose monsoon-
biogeochemical linkagesin the northwest BoB since the LGM (Fig.3). We
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Fig. 4 | Past, present and future density of surface waters in the northern BoB.
Temperature-salinity (7-S) isopycnals constructed at Site U1446 (circles) and
core site SO188-KL342°? (diamonds) with values from observations (OBS; yellow)
and estimated values for palaeointervals using paired G. ruber Mg/Ca-56'°0
(symbols without borders are estimates from individual samples; symbols with
borders depict median values): LH (0.7-0 ka), EH (10-9 ka), Bslling-Allergd (BA;
14.5-13.5 ka), HS1(17-16 ka) and the LGM (21-20 ka). Simulations (squares); pre-
industrial (PI; n = 34 models; Methods), Shared Socioeconomic Pathways (SSP)
scenarios 2 (SSP2-4.5; n =33 models) and 5 (SSP5-8.5; n = 34 models). Isopycnals
were constructed with the Python Seawater package. Error bars on individual
temperature and salinity estimates for the palaeointervals (thin lines) were
calculated using the proxy system model PSU Solver” for each sample, whereas
errors on the median values (thick lines) are + 1o values calculated from individual
measurements and their uncertainty (n > 12 for eachinterval). Error bars on
simulations (coloured lines on squares) represent the + 1o variability between
various model simulations from a given scenario based on the number of models
listed above (Methods). Green ellipse depicts intervals of high productivity in
the northern BoB according to our reconstructions where brown ellipses suggest
deteriorations in productivity. All markers in the above plot are depicted using
the median as the central measure.

find that both nutrient delivery and organic matter export fluxes were
higher relative to modern values during the LGM, when monsoon sea-
sonality was subdued and SSTs were ~1.5 °C cooler than present (Figs. 2
and 4), inagreement with other reconstructions from the BoB**?, This
findingis consistent with longer-term Pleistocene investigations that
found lowered BoB productivity duringinterglacials relative to glacial
periods when higher freshwater outflow limited vertical mixing via
stratification®, although we note that spatial and seasonal variability
may exist across areas of the northern Indian Ocean’*. In contrast, dur-
ing HS1, when ISM runoff was at its lowest, we find that Globorotalia
populations plummeted at Site U1446 and nearly vanished (Fig. 2d),
alongside the lowest G. ruber Cd/Ca and U/Ca values (Fig. 2c). This
reduction in Globorotalia populations is also observed in the record
from Core SK168* in the Andaman Sea (Fig. 1), whose subsequent trends
mirror those observed at Site U1446.

After HS1, upper-ocean nutrients and productivity in the north-
western BoB increased until ~12.5 ka, during the transition from the
Bolling-Allergd to the Younger Dryas. Then, as ISM runoff increased
towards its peak at ~10.5-9.5 ka, we find that G. ruber Cd/Ca and U/Ca
and Globorotalia populations plunge towards HS1 magnitudes (Fig. 2d).
Over the Holocene, the biogeochemical indicators show more minor
yet distinct fluctuations which are more challenging tointerpret—there
is a noticeable decoupling between U/Ca and the relative abundance
of Globorotalia around -5 ka. This may arise due to the advection of
well-oxygenated bottom water masses in the Holocene?®, which could
limit sedimentary U generation and lower U/Ca sensitivity towards
primary productivity in the water column®. However, relative to the
LH interval, our findings collectively point to robust declines in par-
ticulate organic matter flux and nutrient delivery to the upper ocean
inthe coastal BoB during the EH and HS1.

Drivers of deglacial stratification

How can productivity losses occur during extreme palaeomon-
soon excess and deficit? Under the modern oceanographic regime,
post-monsoon outflow into the BoB induces alow-salinity mixed layer
and asteep halocline, both overlying the thermocline and seated within
theisothermal portion of the water column (Fig. 3a). The resultant for-
mation of the barrier layer—spanning the depth between the onset of
the halocline and the thermocline"—hinders mixing and lowers nutrient
supply from depth due to stratification (Fig. 3a). Riverine runoff may
bring silicate nutrients to the BoB, although, nearly all of the nitro-
gen and phosphorus is thought to be utilized in the estuarine zones,
before reaching the interior BoB¥. This biogeochemical configura-
tion of the BoB may have been altered in the past—for example, peak
deglacial nutrient concentrations coincide with freshwater inflow at
~14 ka (Fig. 2a), suggesting that fluvially delivered nutrients may have
played amore prominent role. However, other processes exert amore
substantial influence in modulating nutrient delivery, as signified by
thedecoupling between §'®0*,, and Cd/Cavalues during the EH. Under
present-day conditions, seasonal barrier-layer erosion and coastal
eddy pumping enhance macronutrient delivery to the upper ocean
and are conducive to phytoplankton blooms in the BoB*®. Local wind
forcing and remote ocean-atmospheric energetics® can also promote
eddies and thereby impact seasonal nutrient delivery to upper-ocean
waters. Accordingly, episodes of strong vertical stratification in the
upper waters of the BoB are observed to coincide with lowered primary
production’. Using IFA applied to intervals of peak monsoon runoff (EH)
and deficit (HS1) at Site U144 6, we investigate upper-oceanstratification
asacause for decreased primary production during both intervals.

During the EH, IFA-8"0, distributions for both mixed-layer spe-
cies show highly skewed freshwater-driven tails relative to the LH
histograms (Fig. 3d,e). This indicates strengthened seasonal ISM
outflow™, consistent with the independently derived multi-species
580*,, estimates. Given virtually identical distributions for both
mixed-layer species (teal and pink linesin Fig. 3e), weinfer that greater
ISM runoff induced a thicker barrier layer that suppressed upward
nutrient advectioninto the photic zone via freshwater stratification;
thisled toreductionsin primary production (Fig. 3b). Similar IFA-5®0,
ranges in LH and EH histograms for the subsurface-dwelling species,
N. dutertrei, confirms their presence beneath the mean-annual bar-
rier layer (Fig. 3b) during the EH and constrains the freshening to the
surface ocean, imposed by GBM runoff conveyed to Site U1446 by the
EICC. The TraCE21ka transient simulationindicates that the strongest
ISM surface winds (Extended Data Fig. 5) and circulation (Extended
Data Figs. 6 and 7) over the past 21 ka persisted under EH bound-
ary conditions; this implies that the deep EH barrier layer caused by
intensified ISM runoffwas unable to be breached even under astrong
ISM wind regime.

During HS1, we find that IFA-§'®0, values are unimodal for all three
upper-ocean species (Fig. 3f), suggesting strong upper-water-column
stratification. Paired Mg/Ca-6'®0, analyses in this interval show that
temperature changes drive the IFA distributions (Table 1), supporting
inferences from forward modelling™. The lack of overlap between
G. ruber and T. sacculifer IFA-6'*0, during HS1 represents a departure
fromthe LHand EHintervals (Fig. 3d,e), suggesting a pronounced shift
inoceanographicregimerelative to the Holocene. Providing asubsur-
face constraint, N. dutertrei IFA-80_ during HS1suggests that calcifi-
cation occurred under cooler and more saline water masses relative
toLHand EH intervals and to the other species’ distributions (Fig. 3f).

Additional support for ourinterpretation of water-column stratifi-
cation during both EHand HS1comes from IFA-82C of the three species
(Fig. 3g-i). Planktic foraminiferal 8°C is challenging to interpret due
to multi-variate influences of changes in primary productivity, §*C
of dissolved inorganic carbon (which may be impacted by riverine
discharge) and other carbonate system parameters such as pCO,-6"°C,
[CO,]* and pH*°. We contend that the similarity between surface ocean
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and subsurface IFA-8"C_ distributions across multiple depth-stratified
speciesindicates increased mixingin the upper water columnrelative
tointervals where they are separate. IFA-8C_histograms for the three
different taxa are far more separated during EHand HS1intervals than
theLH interval (Fig. 3g—i). This observationindicates that distinct §*C
calcification conditions existed for the three depth-stratified species
during HS1and the EH.

Unlike freshwater-driven stratification during the EH, we hypoth-
esize that the HS1water column resembles a transient state without a
barrier layer (Fig. 3c), observed today before monsoon onset*’. The
resulting thermally mediated shoaling of the pycnoclineimpedes the
sourcing of nutrients to the photic zone from depth®*?, The TraCE21ka
simulation shows weakened ISM rainfall during HS1relative to the LH
associated with relaxed ISM circulation, weakened winds and anoma-
lously high SSS in the BoB (Extended Data Figs. 5 and 6). Whereas
multi-proxy palaeomonsoon records indicate ISM weakening relative
to the LGM (Fig. 2a,e-i), TraCE21ka indicates spatial heterogeneity
in ISM precipitation evolution between HS1 and the LGM (Extended
Data Fig. 7a-d), albeit with strong drying simulated over portions
of the GBM and Irrawaddy drainage basins. Nevertheless, simulated
salinification over the BoB is accompanied by ocean warming across
the Indian Ocean, consistent with reconstructed SST at Site U1446
and SO188-KL342 (Extended DataFig. 7c-d). We infer that widespread
tropical surface-ocean warming, muted ocean-atmosphere circulation
and reduced winds during HS1 triggered oligotrophic conditions in
the BoB by restricting eddy pumping and energetic mixing required
for nutrient delivery and sustenance of modern levels® of primary
production (Fig. 4).

Palaeoconstraints on future ocean dynamics

We conclude that BoB primary production is mediated by the interplay
between nutrients, runoff, ocean warming and winds, bearing anon-
linear relationship with ISM variability. To contextualize our findings
alongside simulated changes under future greenhouse warming, we
constructed temperature-salinity isopycnals for the BoB surface-
ocean across palaeo, modern and future states (Fig. 4). We observe a
pattern whereinadistinct range of isopycnals bounds intervals of mod-
erateto high production. In contrast, EH and HS1 values—intervals when
productivity was stifled according to our biogeochemical records—lie
outside of this range. Alarmingly, we find that ensemble-mean CMIP6
values (n =34 models) for both ‘middle-of-the-line’ and ‘high-emissions’
scenarios fallunder alowered isopycnal state (squares in Fig. 4), over-
lapping EH values. Unlike the EH, however, future intensification of
ISM runoffis projected to occur without a significantly strengthened
wind regime’, which, alongside SST warming (as observed across the
HSlinterval in the U1446 record), starkly increases the propensity of
sustained upper-oceanstratificationin the BoB (Fig. 3). Inthe context
oftheclose relationship between density-driven stratification and pri-
mary production, our findings provide more clarity towards ambiguous
results between CMIP5/CMIP6 climate projections and Earth-system
model predictions and ultimately point towards future deterioration
of BoB productivity under monsoon intensification driven by global
change.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Oceanographic setting

Nearly 3,000 km? of riverine freshwater fluxes annually into the BoB,
makingitoneofthe freshest oceanic basins***°. Over 80% of this volume
results from the runoff of summer monsoon precipitation sourced from
adjacent continental regions”, including discharge from the prominent
Ganges-Brahmaputra-Meghna (GBM) river complex, which peaks
during August and September*®*, as aresult of the ISM. Consequently,
the northern BoB experiences SSS minimain the post-monsoon season
during October and November (Fig. 1). Autumnal strengthening of
northeasterly winds additionally facilitates the equatorward flow of
the East India Coastal Current®**! (EICC). Accordingly, mean salinity
anditsvariability inthe EICC region (Fig.1) are shaped by the intensity
of ISM runoff* 15525,

Isotope mass balance and monsoon hydrology

I0DP Site U1446 (19.08° N, 85.73° E; 1,430 m water depth; ~70 km off-
shore) is located in the Mahanadi Basin®, within the core of the EICC
flow path (Fig. 1). We infer past ISM intensity by reconstructing the
stable oxygen isotope composition of surface-ocean waters (§0,,;
reported relative to VSMOW) at this site>*°. Changes in the isotopic
composition of fluvial freshwater influx or that of direct precipita-
tion over the BoB generates negligible change in §°0,, at our site”
(below). GBMrriverine §'®0 has been shown to be decoupled from rain-
water 80, and seasonal and interannual variability in GBM riverine
880 (1%, VSMOW) is muted relative to rainfall §'°0 variability (~8%.
VSMOW) (ref. 57). Rather, owing to the southwestward post-monsoon
flow of the EICC, the volume of seasonal GBM discharge rather than
its isotopic composition modulates §®0,, variability at Site U1446
(refs.12-15).

Clemens et al.” showed that runoff volume at the mouth of the
Ganges, which has an average isotopic composition of —6%., would
have to change by only ~20% to alter the EICC §®0,,, composition by
~1%o (equivalent to the reconstructed range of the §®0*,, difference
between the early Holocene and the Heinrich Event in our record),
correspondingtoan~50% decrease in seasonality at our site (Extended
DataFig.2). Onthe other hand, the 80 of runoffwould have to change
by ~5.5% (that is, move from —6 to —11.5%o) to alter the EICC 80, by
~1%. for a constant volume of GBM outflow feeding into the EICC".
Using isotope-enabled simulations, Pausata et al. (2011) suggested*®
that the maximum Last Glacial Maximum (LGM) to Heinrich Stadial
1(HS1) change in rainfall 80 is ~2-2.5%.; similarly Tharammal et al.
suggested that early Holocene rainfall 80 is ~2%o less than modern
values in the core monsoon zone”. If we assume that average rainfall
80 over the GBM drainage area (1.08 x 106 km?) is —11 %o (including
snowfall and snowmelt contributions®®) at maximal values of 3 m per
year across the entire basin, and that riverine 60 is —6%o0 discharging
3,000 km3 per year (ref. 50), then a rainwater isotopic anomaly of 3%
over the entire drainage basin®®*° would only change the deltaic values
by about ~1%. —avalue far less than the 5.5%. required to alter seawater
480 at Site U144 6 by 1%.. Such a scenario of §®0,,, changes (independ-
ent of runoff change) is physically unlikely for EICC waters and would
necessitate that deltaic waters running off into the BoB approach
isotopic compositions similar to headwaters above 2,000-m elevation,
which today*’ range from —11 to -16%o.

We quantify the relationship between ISM intensity and §°0,,
seasonality at our site using GBM runoff as input into a theoretical
50, model and by using an EICC-specific salinity-8'®0y, relation-
ship (Extended Data Fig. 1). Reanalysis data additionally affirm that
post-monsoon outflow during October drives mean-annual 60,
values and their seasonal range—enabling us to estimate past seasonal-
ity from reconstructed mean-annual 80, (regressions in Extended
Data Fig. 2). We assume that §®0,, seasonality of ~1.4 % (VSMOW) at
Site U1446 corresponds to peak ISM runoff of ~220 mm per monthin

the GBM catchment®, amounting to -8 x 10* m* s of discharge flux*°.

To support this inference, we estimated the seasonal range and
variability of GBM outflow by obtaining surface runoff in the GBM
drainagearea (18-29° N, 80-99.5° E) from the ERA-5 reanalysis dataset®
and applied it to the following Rayleigh-derived equation®, which
describes the stable isotopic evolution of a watermass from a fresh-
water endmember:

(1-/f7) (B — )

O=0f T
where, & is the isotopic composition (in § notation expressed in %o
VSMOW) of an oceanic watermass (with aninitial isotopic composition
of §,), 8, is the isotopic composition of the freshwater endmember, a
is the effective fractionation factor including kinetic effects, S is the
changein runoff, €is the oxygenisotope fractionation between vapour
andliquidin%o,f isthe fraction of water left relative to the inital amount
and p = % —1.Weused a=0.9902, ¢ =-9.8 and assumed an initial
isotopic composition of -6.09%. based on observations®* and used
ERA-5 runoff values as input for . Subsequently, we extracted the
annual cycle from calculated §'®0,, (triangles in Extended Data Fig. 1)
and compared it with available measurements of §®0,,, proximal to
the Mahanadi Basin (stars in Extended Data Fig. 1) and SSS-derived
580, values using an EICC-specific relationship'*: %0, = 0.36
x §-11.7, where Sis salinity. SSS was extracted from the ORA-S4 data-
set*’ (1958-2013;18.5-19.5° N, 85.5-86.5° E) and the interannual stand-
ard deviation for each month was ascribed as the uncertainty in the
climatology (envelopesin Extended Data Fig.1). We estimate that peak
monsoon outflow from the GBMinduces a 80, range of 1.27 + 0.40%o
(VSMOW). Thisis consistent with available (yet sparse and short-term)
measurements' of 80y, proximal to the Mahanadi Basin (1.76 + 0.57%o
VSMOW) and isin line with estimates fromapplyingan EICC-specific''*"
salinity-8"0,, relationship to reanalysis SSS at our site (1.40 + 0.47%o
VSMOW; Extended Data Fig.1).

Additionally, we regressed mean-annual SSS-derived 80, at
Site U1446 along with October values (Extended Data Fig. 2a) and the
seasonal range of each year (Extended Data Fig. 1b) using a bivariate
approach®. We find strong covariability of mean-annual §'*0, with
both October minima (r=0.83; P < 0.01) and the overall seasonal range
(r=0.59; P<0.01), thereby confirming that post-monsoon October out-
flow modulates both the seasonal range and mean-annual 80, at Site
Ul446 (Extended DataFig. 2). We use this empirical relationship to esti-
mate changes (%) in past seasonality relative to late Holocene values.
Considering that some studies have inferred more substantial winter
monsoon precipitation during glacial periods®>®¢, any increase insalin-
ity at Site U1446 due to winter monsoon weakening over the deglacia-
tionwould mask putative reductions due to ISM runoff strengthening
and thus render our ISM change estimates as minimum estimates.

Site U1446 age model

I0DPSite U1446 was drilled as part of Expedition 353 (‘iMonsoon”) inthe
northwestern BoB, located in the Mahanadi Basin (Fig.1). Situatedona
northwest-southeast trending ridge, the site is protected from deposi-
tion of turbidites; details about the sedimentological setting of the site
are published elsewhere". We built an age model on the upper -7 m
used for this study with14 radiocarbon measurements (Extended Data
Fig.3) using Accelerator Mass Spectrometry on upper-ocean planktic
foraminifera primarily including Globigerinoides ruber, Trilobatus sac-
culifer, Globigerinoides conglobatus and Globigerinella siphonifera.
The radiocarbon dates were calibrated into calendar years before
1950 using the R code BACON® by applying the Marinel3 calibration
curve®®and alocal reservoir correction®. Observations of live benthic
foraminifera (confirmed via Rose Bengal”) in the uppermost sedi-
ments are consistent with post-bomb radiocarbon values and confirma
modern age for the core top at Site U1446. Our radiocarbon age model
reaffirms the expanded nature of the Holocene section of Site U1446
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sediments, containing apparent sedimentation rates ~28-30 cm kyr™

(more thansufficient for centennial-scale sampling), which decrease to
12.5-13.5 cm kyrduring the deglaciation (Extended Data Fig. 3). A ver-
sion of the age-depthmodel used here hasbeen previously published®.

Paired Mg/Ca-8"0 planktic foraminiferal geochemistry
We picked approximately 70-90 tests of planktic foraminifer Globigeri-
noides ruber (white variety; mainly of the sensu stricto morphotype
variety) from the 250-350 pum size fraction in each sediment sample
for paired stableisotope and trace elemental analysis. Tests were gently
crushed and homogenized before being split for isotopic and elemental
analysis. We measured the stable carbon (§C_) and oxygen isotope
composition (§™®0,) of the calcite tests using aKiel lll Carbonate Device
coupledtoaThermo Finnigan MAT 252 Isotope Ratio Mass Spectrom-
eter (IRMS) housed at Brown University. Both §0_ and §C, values
arereported in per mille (%o) relative to the Vienna Pee Dee Belemnite
scale (VPDB).Intotal, we measured 277 G. ruber samples along with 60
measurements of standards (Brown Yule Marble and Carrara). Repeated
analyses (n = 28) of Brown Yule Marble yielded -2.26 + 0.02 (10) %. for
8"C.and -6.46 + 0.07%. for §'°0,, whereas repeated analyses (n = 32)
of Carrarayielded 2.05 + 0.02%. and -1.89 + 0.05%o, respectively.
Trace elementalratiosin G. ruber tests (250-350 pmssize fraction),
including Mg/Ca, U/Ca and Cd/Ca, were measured on an Element XR
Sector Field Inductively Coupled Plasma Mass Spectrometer at Rut-
gers University. For the ‘time-slice’ intervals targeted for individual
foraminiferal analysis (below and Table 1), Mg/Ca analysis was per-
formedonaThermoiCap 7000 Inductively Coupled Optical Emission
Spectrophotometer (ICP-OES) housed at the University of Arizona
Paleo? Lab’°. Before analysis, samples were thoroughly processed
for clay removal, with the application of both reductive and oxidative
cleaning steps’"”. Despite rigorous cleaning protocols, we note that
ourinference for U/Cais based on post-depositional incorporation (in
contrast to the in situ inference of Cd/Ca and Mg/Ca) where elevated
exportof organic matter fluxes to sediments can cause increases in sed-
imentary U (our interpretation follows that of Lear et al.,2016). Support
forsuchaninterpretation comes from the magnitude of the elemental
ratios, where Cd/Ca" and Mg/Ca" are consistent with upper-ocean
incorporation, whereas that of U/Ca is consistent with sedimentary
incorporation”**, Elemental ratios were calculated from a calibration
composed of varying concentrations of matrix-matched synthetic
standards”. Reproducibility (10) was determined by repeated induc-
tively coupled plasmamass spectrometer analyses of synthetic carbon-
ate standards and was found to be better than 1.8% for Mg/Ca and 6%
for Cd/Caand U/Ca (note that error envelope for the multi-centennial
Cd/Ca & U/Carecord in Fig. 2c is -3% due to smoothing). Reproduc-
ibility (10) for the ICP-OES Mg/Ca measurements was 0.02 mmol mol™
(relative standard deviation better than 0.5%), determined by repeat
analyses of the ECRM carbonate standard. Elemental values of con-
taminants (Al/Ca and Fe/Ca) were routinely monitored, and samples
with high Al/Ca (= 300 pmol mol™) and Fe/Ca (=10 pmol mol™) were
omitted. We found no correlation between Mn/Caand U/Ca or Cd/Ca.
Toinvestigate vertical stratification using depth-stratified plank-
tic foraminifera during the intervals where individual foraminiferal
analysis (IFA) was applied (thatis, core top, early Holocene and Heinrich
Stadial 1), we measured Mg/Caratiosin 60-90 crushed tests of G. ruber,
T. sacculifer and N. dutertrei. These individuals were picked from the
400-500-pm size fraction to mirror the IFA measurements, cleaned
using oxidative steps’? and measured using ICP-OES at the University
of Arizona’.

Individual foraminiferal stable isotope analyses

IFA™ were performed on G. ruber, T. sacculifer and N. dutertrei specimens
fromthe 400-500-pm size fraction. A one-year sediment trap study’in
the northern BoBindicates that both G. ruber (W) and T. sacculifer occur
throughout the year with minor, erratic pulses of abundance not tied to

any season. Accordingly, variability in their IFA-6"*0_and -6"C_probably
reflects oceanographic conditions sampled throughout the year*”.
Though N. dutertrei abundances exhibit winter and summer peaks,
Gupthaetal.” found lowbut steady background fluxes throughout the
year. Moreover, minor seasonal variability in expected foraminiferal
580, for subsurface depths (30-60 m) at our site coincides with the
N. dutertrei calcification habitat; this supports the inference that IFA
fromthis species samples the year-round range of conditions at depth.
On the basis of comparisons with calculated §'®0, forward modelled
from World Ocean Atlas temperature and salinity profiles (Extended
DataFig. 4), we estimate calcification depths® for these species to be
~10-30 m, ~15-45 mand ~40-60 m, respectively.

In total, we performed 548 stable oxygen and carbon isotope IFA
measurements across three time periods (Fig. 3): the late Holocene
(samples spanning from 0.7-0 Ka; 1,pe, = 48; Nsaccuiifer = 75 Naurerere: = 98), the
earlyHolocene (10-9.1Ka; 1,pe, = 47; Nygocuiifor = 60; Nyyrerere = 58) and Hein-
rich Stadial 1 (- 17-16 Ka; e, = 40; Nggecutifer = 595 Narerere = 63). IFA-6"°0,
was measured on a Kiel IV Carbonate Device coupled to a Thermo
Scientific MAT 253 + IRMS housed at the University of Arizona Paleo?
Laboratory’®’” and on the IRMS set-up at Brown University detailed
above. Repeated multi-standard analyses displayed no mean offsets
between the two laboratories. Samples ranged in mass from ~15-80 pug
and no pressure correction was required nor applied for this range.
Replicate standard analyses (n =129) at the low-mass ranges indicated
analytical precision better than 0.06%. VPDB (10) for §*C. and 0.08%o
VPDB for §"0.. Asummary of values is provided in Table 1. Toaccount for
different numbers of IFA for different species across intervals, we used a
Monte Carloresampling approach to perform1,000 paired ¢-tests. The
only statistically significant 50, mean difference (paired t-test passed
forall1,000 Monte Carlo subselections at the « = 0.01level) between G.
ruberand T.sacculifer arises for the HS1 period, whereas N. dutertreimean
580, values are significantly different from the other species across all
intervals (Table1). Mean values of each species’ IFA-6°C_. distributions are
significantly different from each other acrossallintervals, withmedian
separation larger during the EH and HS1 intervals. We also note that
the core-top IFA 8°°C. and 80, ranges obtained on all three species
(>1.5%0) show values consistent with observations (Extended DataFig.4),
showing that IFA on these species effectively samples seasonality and
snapshots of year-round oceanic conditions.

During the EH, IFA-8'°0_ overlaps the entire modern distribution
but contains a thick ‘fresh’ tail that exceeds the lowest modern values
by ~1-1.2%. (VPDB). §'0,, is the major control on this tail because mean
temperature values (derived from multi-specimen Mg/Ca) for this
period are only -1 °C warmer than modern temperatures (amounting
to ~0.22%0 in 80,). Even if summers were warmer by ~2 °C (unlikely
giventhe modernrelationship between largely invariant summer SSTs
and annual mean SST in this region'), this would explain only ~0.45%.
of the thicker early Holocene tail, leaving a full 0.75%o. in the IFA-8"°0,
distribution to be explained by changes in §*®0,,. This amounts to an
~45% increase in overall seasonality and is consistent with the >30%
estimate from mean 8®0*,, (Extended DataFig. 2). IFA-8°C_ during the
EH shows more marked separation between the median values of the
three species compared to the LH interval. On the other hand, during
HS1, we observe distinctly different means between both IFA-6"0 and
IFA-8C.across the three different depth-stratified species. This occurs
athigher mean 80, values relative to the Holocene distributions and
is, therefore, more sensitive to changes in temperature as opposed to
freshwater influx'. The IFA distribution and ranges of values preclude
that the calcification of any of the three species was restricted to any
specific season during any of the investigated intervals.

Reconstructing temperature, 80, and associated
uncertainty

Weinfer past variations in mean annual, surface-ocean 6'*0,, from the
paired 8®0_-Mg/Ca measurements on G. ruber. This species calcifies
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in the upper ~30 m of the water column and is known to occur year
round in the Bay of Bengal. Thus, its §'®0, varies as a function of
mean-annual SST and surface-ocean 80, —which at Site U1446 reflects
GBM runoff. On glacial-interglacial timescales, 60, is impacted by
changes in global oceanic §'0y, due to effective fractionation driven
by land-ice build-up and melting. This necessitates a correction for
the reconstructed 8§®0,,, to focus on local hydrographic variability
free fromglobal 80, changes arising from varying global ice volume
(hereafter denoted as §'0*,,). To compute §®0*,,, we used the PSU
Solveralgorithm®, whichemploys an iterative bootstrap Monte Carlo
procedure tosolve for calcification temperature and §®*0*,, and their
uncertainties simultaneously. Several recent studies'*>*”* have identi-
fied non-thermalinfluences on planktic foraminiferal Mg/Ca. Here we
use an updated calibration equation** as input into PSU Solver, which
explicitly considers theinfluence of salinity and pH on Mg/Ca variations
(based on observations proximal to our core site®’, we used pH =8.17
for Site U1446; pH = 8.10 for SO188-KL342; pH = 8.14 for SK237-GC04).
Towards computing §®0*,,, we use a high-resolution LGM-to-present
sea-level curve** and an equation relating 80, to §0,,, and calcifi-
cation temperature, based on culture experiments®. We utilized an
EICC-specific 8®0,,-salinity relationship for U1446 and SO188-KL342,
whereas we used the Arabian Sea §®0,,~salinity relationship for the
Malabar Coast'?. We also updated the age model of SO188-KL342 by
combiningradiocarbon-derived ages from two different studies®*** and
using two tie points to the Mawmluh Cave speleothem 60 record® at
~14 ka and ~16.2 ka. This age model was used to plot both leaf-wax 6D
and 6'%0*,, along with its uncertainty (Fig. 2).

We used the same framework of equations (based on Gray et a
and Bemis et al.*") to estimate the temperature, §'%0*,, and salinity
values across the three species reported in Table 1 using PSU Solver.
In general®, +1o uncertainties in temperature, 8®0*,, and salinity are
approximately~1.1°C,-0.5%0 and 0.8%o, respectively, for the multi-test
analyses (based on average uncertainties in the multi-test paired Mg/
Ca-8'0 G. ruberreconstruction). For the temperature-salinity diagram
in Fig. 4, we used the inverted temperature and salinity values along
with their 20 uncertainty derived from the PSU Solver algorithm® for
the stipulated time periods.

l43

Abundance of Globorotalia as a palaeoproductivity indicator
To reconstruct the relative abundance of Globorotalia species, we
counted specimens picked from the >63-um fraction of dried U1446
sediment at the University of Arizona. We split these samples using a
Kreativika sample splitter and ensured that each assemblage had at
least ~350-500 total specimens before calculating relative species
abundances. Samples without the absolute abundance to provide
sufficient total numbers of foraminifera were discarded. Across each
sample, planktic foraminiferal tests were identified to the species level.
Relative abundances were calculated based on the resultant counts.
Overall, we summed the abundances of Gr. menardii, Gr. ungulata,
Gr. scitula and Gr. tumida (listed in order of typical abundances) to
compute the percentage of Globorotalids (Fig. 2d).

Five lines of evidence support our inference that Globorotalia
abundances are tightly coupled to variations in the export production
of particulate organic matter: (1) culturing studies demonstrate the
strong dietary preference of Globorotalia spp. to feed on accumula-
tions of particulate organic matter®, (2) field studies have found that
elevated barium concentrations® in Globorotalia tests are consistent®
with a potential microhabitat of aggregated organic matter (‘marine
snow’), (3) core-top 60, values (—1.2%.) indicate apparent calcification
depths® positioned close to the deep chlorophyll maxima (-80-100 m)
in the northern BoB’, (4) low carbon isotope values (§"C,. < 1%o) of
core-top Globorotaliatests are consistent with phytoplankton-derived
sources and (5) although no Globorotalia-focused sediment trap study
has been conducted on the Indian margin proximal to our site, the
available evidence of seasonal Globorotalia menardii populations in

‘open ocean’ northern BoB sediment traps'® show minimal-to-zero
abundances during the post-monsoon season, when barrier-layer
formation is most pronounced.January-March was the preferred sea-
son for peak Gr. menardiifluxes according to the one-year (November
1988-1989) sediment trap study' in the northern BoB. Several indi-
viduals persisted until June-August, after which they disappeared in
September-October, when ISM runoff flowsinto the BoB and triggers
barrier-layer formation. Accordingly, we expect lowered organic matter
productiontoresultinlow-to-zerorelative Globorotalia abundancesin
the U1446 record. On the other hand, increased relative abundance of
Globorotalia could point towards an expanding seasonal niche into the
post-monsoon season (that is, during times of lower year-round stratifi-
cation) or towards more favourable conditions duringJanuary-August.
We note, however, thatarecent reconstruction of palaeoproductivity
based on coccolith assemblages at a site proximal to the Irrawaddy
outflow points to increasing productivity across HS1**, thereby dif-
fering from the Globorotalia species abundances at Site U1446 in the
northwest BoB and SK168inthe Andaman Sea. We suggest this disparity
may arise from spatial variability reflecting different trends in primary
productivity changes within the BoB, or via differences in carbonate
versus organic matter production.

Analysis of the TraCE21ka transient simulation

Weinvestigated climate model simulations of ISM variability over the
deglaciationand during the early Holocene (EH), by evaluating output
from the TraCE21ka transient simulation of the past 21,000 years®.
This simulation was performed using the coupled general circulation
model, the National Center for Atmospheric Research Community
Climate System Model version 3 (NCAR CCSM3), the details of which
are previously published®. We examined: (1) the evolution of core
monsoon zone winds and ISM precipitation during June-September
and sea surface salinity (SSS) during October over the past 21,000
years (Extended Data Fig. 5), (2) climate anomalies of Heinrich Stadial
1(HS1;17.5-16.5 ka) and the early Holocene (EH; 10.5-9.5 ka) relative
to the late Holocene (LH; 1ka) to facilitate model comparisons for
our IFA time slices (Extended Data Fig. 6) and (3) HS1 and EH climate
anomalies relative to the Last Glacial Maximum (21-20 ka) and the
earliest Holocene (11.7-11.0 ka), that is, intervals just preceding HS1
and the EH, respectively, to investigate mechanisms of transient ISM
changes (Extended Data Fig. 7).

The TraCE21ka simulation provides strong support that salinity
variability in the EICC region and ISM precipitation is significantly
anti-correlated over the past 21 ka (Extended Data Fig. 5b,c),inaccord-
ance with our inference of §0*,, at Site U1446 serving as a record of
ISM rainfallintensity over the core monsoon zone. The simulation also
shows that the strongest surface winds (at 850 hPa) persisted during
the EH (Extended DataFig. 6g), alongside the highest ISM precipitation
intensity and associated SSS minima (Extended Data Figs. 5 and 6g-i)
over the past 21 ka—in agreement with multi-proxy palaeomonsoon
reconstructions®**%”%_Additionally, the transient response of the ISM
simulated by TraCE21ka from the earliest Holocene into the EH involved
abruptincreasesinprecipitationacrossthe ISM realm (Extended Data
Fig.7f), northernIndian Ocean freshening (Extended Data Fig. 7g) and
minimal SST changesin the BoB, alsoinagreement with reconstructed
palaeomonsoon runoff (Fig. 2). Relative to the LH, HS1 precipitation
over thesubcontinentis greatly reduced (Extended DataFig. 6e), con-
current with positive surface salinity anomalies in the BoB (Extended
DataFig. 6f). Northeasterly surface wind anomalies persisted over the
subcontinent during HS1 relative to the LH (Extended Data Fig. 6d)
and signify greatly weakened ISM circulation. With respect to the
LH period, the TraCE21ka simulation is consistent with multi-proxy
palaeomonsoon reconstructions from the Indian Subcontinent and
suggests that the EH was a time of peak monsoon intensity and that
severely weakened ISM rainfall relative to modern intensity prevailed
during HSI.
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We observe some disparity in the transient response of the ISM
during HS1relative to the LGM as delineated by the TraCE21ka simula-
tion versus the multi-proxy reconstructions. TraCE21ka simulates
minimal changeinsurface winds and precipitationinthe core monsoon
zone between the LGM and HS1 (Extended Data Fig. 5); in contrast,
multi-proxy reconstructions including records of marine §'*0,, and ter-
restrial leaf-wax 8D and speleothem §'°0 all agree that ISM rainfall and
circulation during HS1was more subdued relative to the LGM (Fig. 2).
Yet, TraCE21ka simulates widespread surface-ocean salinification in
the BoB (Extended Data Fig. 7c) alongside weakened precipitation
anomalies in the central and northern Indian Ocean but with a band
of increased precipitation over the Indian Subcontinent (Extended
Data Fig. 7b). Whereas TraCE21ka shows that the core monsoon zone
encountered slightly increased HS1 precipitation relative to the LGM,
positive SSS anomalies in the northern BoB are consistent with the
advection of anomalously high-salinity waters from the central and
northern Indian Ocean, and due to diminished runoff towards the
northeastern BoB, including parts of the GBM and Irrawady drainage
basins (Extended Data Fig. 7c). We suggest that more terrestrial pal-
aeomonsoon records covering HS1 from peninsular India® will aid in
informing whether this disparity between LGM and HS1in TraCE21ka
istruly inconsistent with palaeodata.

Analysis of CMIP6 simulations

To place CMIP6 simulations on the temperature-salinity diagram
(Fig.4), we calculated the annual mean values of sea surface tempera-
ture and salinity at the grid cell closest to the U1446 core site across
a suite of models. We averaged 100 years for the pre-industrial (PI)
controlexperimentand the years 2081-2100 for the other experiments
(20 years). The years 2081-2100 were available for most simulations
across the Shared Socioeconomic Pathways (SSP) scenarios SSP5-8.5
and SSP2-4.5, except for one model (IITM-ESM) where we used 19-year
means from2081to 2099 instead. Values were calculated for 34 model
simulations listed in Table Atlas.SM.2 of the Intergovernmental Panel
on Climate Change (IPCC) 2021 report: ACCESS-CM2, ACCESS-ESM1-5,
AWI-CM-1-1-MR, BCC-CSM2-MR, CanESM5, CESM2, CESM2-WACCM,
CMCC-CM2-SR5, CNRM-CM6-1, CNRM-CM6-1-HR, CNRM-ESM2-1,
EC-Earth3, EC-Earth3-Veg, EC-Earth3-Veg-LR, FGOALS-g3, GFDL-CM4,
GFDL-ESM4, HadGEM3-GC31-LL, lITM-ESM, INM-CM4-8, INM-CM5-0,
IPSL-CM6A-LR, KACE-1-0-G, KIOST-ESM, MIROC-ES2L, MIROC6,
MPI-ESM1-2-HR, MPI-ESM1-2-LR, MRI-ESM2-0, NESM3, NorESM2-LM,
NorESM2-MM, UKESM1-0-LL and FGOALS-f3-L. Calculations were per-
formed onall models with sea surface temperature and salinity output
accessible through Pangeo, which consisted of different subsets of the
above: 34 models for the pre-industrial control, 33 models for SSP2-4.5
and 34 models for SSP5-8.5.

Data availability

Alldatasets produced in this study are available via Zenodo’ at https://
doi.org/10.5281/zen0d0.14994416 (ref. 90). The map in Fig. 1 was gener-
ated using open-source Python software (Code availability statement).

Code availability

Open-sourced Python code was used to make the figures, perform
the analyses and all calculations including the following modules and
their required dependencies: matplotlib”, pandas’?, NumPy®, xarray®*,
cartopy”, SciPy®®, Pangeo, seaborn and seawater. All codes generated
for this Article (including data) are available via GitHub at https://github.
com/planktic/paleolSMthirumalai2025.
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Extended Data Fig. 1| Observed ISM Runoffand Site U1446

seawater §'°0 Seasonality. (a) Monthly-averaged ERA-5 runoff for the
Ganges-Brahmaputra-Meghna (GBM) drainage basin (80-99.5°E, 18-29°N)
and (b) observed' and calculated” 80, at Site U1446, offshore Mahanadi
Basin, northwestern Bay of Bengal. Observed §'°0,, (yellow stars) values were
subsampled from a previous compilation'> where the error bars represent
the standard deviation of available measurements in that month (1o whiskers
based onaminimum of 5observations; data unavailable for January, June,

Calculated from
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August, October, and December). SSS-derived 8'°0,,, (purple squares) values
were calculated from ORA-S4 reanalysis salinity (n = 480 months) using an
EICC-specific equation*. Seasonality in §'*0, via GBM runoff (pink triangles) as
input was calculated from a theoretical fractionation model (see Methods). Note
that minimain §'*0,,, occurs during September-to-October, lagging peak runoff
values by ~1 month, and that available §®0,,, values in the EICC region during
September are even lower than modeled values. All markers in the above plot
depict median values as central measure.
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Extended Data Fig. 2 | Relationship between estimated mean-annual and
October §0,,, and the overall seasonal range at Site U1446. Scatterplot of
SSS-derived mean-annual §%0,,, (using a region-specific equation on reanalysis
SSS data'*) with (a) October 80, (blue triangles) and (b) its seasonal range (blue
circles; maximum minus minimum values in a year) at Site U1446. Lines of best fit
were built using (solely) the SSS-derived 80, values on both plots (dashed blue
lines), incorporating bivariate uncertainty in the parameters (slope, intercept,
and correlation coefficients are provided at the bottom®), where 1o errorbars are
based on average error propagation for §'®0,, inversion (based on 225 downcore
points), including analytical and sampling error”. The resultant covariability
indicates that October 80, minima drive yearly-averaged 80, values, which
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areinturn, highly correlated with the seasonal range of 50, at Site U1446;

1o errorbars for the seasonal range were derived from bootstrap resampling
(n=480). This relationship thereby allows us to estimate past seasonality

based on our mean-annual §'*0,,, reconstruction. For (b) we also plot available
observations of "0, near the Mahanadi Basin (black square) and reconstructed
580*,, for the late Holocene (red square), early Holocene (green square), and
Heinrich Stadial 1 (purple square). Note that these reconstructed points of mean-
annual §'°0,, are plotted on the line of best fit to estimate changes in seasonality
during thatinterval. For example, our §'°0q, record indicates a value of ~0.55 %o
(VSMOW) for HS1, which yields a seasonal range of -0.7 %o (VSMOW) — a ~ 45%
decreaserelative to the late Holocene seasonal range of ~1.45 %o.
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Extended Data Fig. 3| Age model for upper 7 m of IODP Site U1446 splice used
in this study. Posterior calibrated ages (diamonds are weighted-means) and

uncertainty distributions (envelope) derived from age-modeling uncertainty
software, BACON®. Analytical *C errors onindividual ages are depicted using
+louncertainty reported from AMS measurements (although most are smaller
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than the plotted symbols). Radiocarbon measurements were performed using
samples containing pristine specimens of upper-ocean planktic foraminiferal
species and corrected using the Marinel3 curve with amarine reservoir age AR
correction of + 40 years®.
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Extended Data Fig. 4| Water column properties and foraminiferal calcification ~ §'°0_was calculated from temperature and salinity using the low-light equation®,
depth habitat at Site U1446. Average seasonal water column (a) temperature, (b)  and local surface-ocean™ and subsurface* 8%0,,-salinity relationships for
salinity, and (c) calculated 80, profiles at Site U1446 from the World OceanAtlas ~ 0-40 mand 40-100 m respectively.JFM: January-March (winter); AMJ: April-
Database, alongside median IFA-6'®0_ for different species and their estimated June (pre-monsoon season); JAS: July-September (monsoon), OND: October-
depth of calcification ranges, based on the intersection of measured median December (post-monsoon season).

880, values and variability within the calculated §'*0, seasonal depth profile.
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