
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Impact of Indian Ocean surface temperature gradient reversals
on the Indian Summer Monsoon

Citation for published version:
Weldeab, S, Rühlemann, C, Ding, Q, Khon, V, Schneider, B & Gray, WR 2022, 'Impact of Indian Ocean
surface temperature gradient reversals on the Indian Summer Monsoon', Earth and Planetary Science
Letters, vol. 578, 117327. https://doi.org/10.1016/j.epsl.2021.117327

Digital Object Identifier (DOI):
10.1016/j.epsl.2021.117327

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Earth and Planetary Science Letters

Publisher Rights Statement:
© 2021 The Author(s).

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 27. May. 2022

https://doi.org/10.1016/j.epsl.2021.117327
https://doi.org/10.1016/j.epsl.2021.117327
https://researchportal.hw.ac.uk/en/publications/1de94456-ac28-48ee-a497-6c93bf377ac6


Earth and Planetary Science Letters 578 (2022) 117327

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Impact of Indian Ocean surface temperature gradient reversals on the 

Indian Summer Monsoon

Syee Weldeab a,∗, Carsten Rühlemann b, Qinghua Ding c, Vyacheslav Khon d,e, 
Birgit Schneider f, William R. Gray a,g

a Department of Earth Science, University of California, Santa Barbara, CA 93106-9630, USA
b Bundesanstalt für Geowissenschaften und Rohstoffe, Stilleweg 2, 30655 Hannover, Germany
c Department of Geography, University of California, Santa Barbara, CA 93106-4060, USA
d School of Energy, Geoscience, Infrastructure and Society, Lyell Centre, Heriot-Watt University, Edinburgh, UK
e A.M. Obukhov Institute of Atmospheric Physics, Russian Academy of Sciences, 119017, Moscow, Russia
f Institut für Geowissenschaften, Universität Kiel, D-24118 Kiel, Germany
g Laboratoire des Sciences du Climat et de l’Environnement (LSCE/IPSL), Université Paris-Saclay, Gif-sur-Yvette, France

a r t i c l e i n f o a b s t r a c t

Article history:
Received 14 April 2021
Received in revised form 5 November 2021
Accepted 26 November 2021
Available online xxxx
Editor: Y. Asmerom

Dataset link: https://
doi .pangaea .de /10 .1594 /PANGAEA.937423

Keywords:
Spatially heterogeneous response of Indian 
Summer Monsoon during YD, HE1 mid 
Holocene
Reversal of zonal SST gradient across the 
equatorial Indian Ocean
Impact of zonal and meridional SST gradient 
reversal on Indian Summer Monsoon

Indian Summer Monsoon (ISM) precipitation is the main determinant of livelihood in a densely populated 
world region. The interannual variability of the ISM is influenced by several modes of climate variability, 
including anomalous seasonal sea surface temperature (SST) gradient reversals between the eastern, 
western, and northeastern Indian Ocean. With global warming, the frequency of zonal and meridional 
Indian Ocean’s SST gradient changes is projected to increase but its impact on the ISM is debated. Here 
we present a 25,000-year proxy record of SST and inferred Ganges-Brahmaputra-Meghna (GBM) River 
runoff that provides a spatially integrated measure of ISM precipitation changes. This record indicates 
a monotonic deglacial strengthening of the ISM system when the SST gradient between the Bay of 
Bengal surface water and the eastern equatorial Indian Ocean was reversed. We posit that the reversal 
in the meridional SST gradient reduced the impact of Heinrich Event 1 and Younger Dryas on the low 
elevation part of the ISM domain. Furthermore, the proxy record shows that the strongest Holocene 
ISM strengthening occurred between 7900±470 and 5700±360 years before present, coinciding with 
and causally linked to the reversal of the Indian Ocean zonal SST gradient and ensuing changes in the 
wind fields, a sequence of events that is inferred from and supported by the results of our climate 
simulation. Our study demonstrates that changes in the Indian Ocean’s zonal and meridional thermal 
gradient strongly shaped the timing of Holocene monsoon strengthening and the response of ISM to the 
last deglacial freshwater forcing.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Indian Summer Monsoon (ISM) precipitation

The onset and northward progression of the Indian Sum-
mer Monsoon (ISM) precipitation begins, on average, in middle 
May/early June and is triggered by reversal in the thermal gradi-
ent in response to a warmer Indian subcontinent relative to the 
adjacent ocean surface water (Noska and Misra, 2016). In late 
September/early October warmer ocean surface water than the 
Indian subcontinent initiates the southward retreat and major de-
crease in ISM precipitation (Noska and Misra, 2016). Interannual 
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variability of ISM precipitation is strongly influenced by the El 
Nino/Southern Oscillation (ENSO) phenomenon, anomalies in the 
eastern tropical Indian Ocean’s north-south SST gradient, and the 
development of a positive Indian Ocean Dipole (pIOD) (Cai et al., 
2014; Noska and Misra, 2016; Saji et al., 1999; Weller and Cai, 
2014; Yadav et al., 2018). The pIOD is a coupled ocean-atmosphere 
mode of variability that is marked by lower sea surface temper-
ature (SST) than normal in the eastern equatorial Indian Ocean 
(EEIO) and warmer than normal in the western tropical Indian 
Ocean (WEIO) coupled with a reversal of zonal wind direction (Saji 
et al., 1999). The SST gradient between the eastern equatorial In-
dian Ocean and the Bay of Bengal is not only important for the 
seasonal climatic transition, but also for changes on year-to-year 
variability (Weller and Cai, 2014). Anomalously heavy precipita-
tion in the southern parts of the ISM region coupled with severe 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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droughts and wildfires in western Indonesia are linked to the de-
velopment of anomalous zonal and meridional Indian Ocean SST 
gradient changes (Abram et al., 2003; Weller and Cai, 2014). In a 
warming climate, the frequency of the Indian Ocean’s zonal and 
meridional SST gradient changes is projected to increase (Cai et 
al., 2014; DiNezio et al., 2020). Assessing the influence of the cur-
rent and future thermal gradient changes on ISM precipitation is, 
however, complicated due to concurrent aerosol increases and dif-
ferences in the rate with which the Indian subcontinent and the 
Indian Ocean are warming (Roxy et al., 2015). Paleoclimate records 
can inform about the long-term relationships between changes in 
the Indian Ocean’s zonal and meridional SST structure and changes 
in the ISM precipitation.

Setting: imprint of runoff on northern Bay of Bengal surface water

The Ganges-Brahmaputra-Meghna (GBM) river basin covers a 
substantial part (1.7 million km2) of the Indian Summer Mon-
soon (ISM) domain, resulting in an annual GBM runoff of 940±127 
km3/yr (Figs. 1 and 2). Precipitation over the northern Bay of Ben-
gal is estimated at 2200 mm/yr whose freshening effect is reduced 
by an evaporation rate of 880 mm/yr (Middlehun et al., 2013; Sen-
gupta and Sarkar, 2006; Singh et al., 2014). While the δ18O of ISM 
precipitation over low-to-middle elevations (< 2,200 m) and the 
Bay of Bengal varies between −7.4 and −5�, the δ18O values 
of snow and glacier meltwater varies between −21 and −13�
(Bowen and Revenaugh, 2003; Breitenbach et al., 2010; Sengupta 
and Sarkar, 2006; Bowen and Revenaugh, 2003; Hren et al., 2009) 
(Fig. 2B). The GBM runoff and precipitation over the northern Bay 
of Bengal significantly lowers the surface salinity and δ18O values 
of the northern Bay of Bengal and leads to a stratification of the 
upper 11–40 m of the water column (Figs. 1 and 2) (Achyuthan 
et al., 2013; Durand et al., 2011; Li et al., 2017; Middlehun et al., 
2013; Schmidt et al., 1999).

The GBM runoff is enriched in dissolved barium (Ba2+) (Carroll 
et al., 1993; Moore, 1997; Singh et al., 2013). As a result, and qual-
itatively similar to several estuaries and bays (Figure S1), dissolved 
Ba2+ in northern Bay of Bengal surface waters is highly enriched 
and varies between 750 nmol/kg at a salinity of 10 psu (practical 
salinity) and 200 nmol/kg at a salinity of 30 psu compared to 42.4 
nmol/kg at salinity of 35.4 psu in the open tropical Indian Ocean 
(Carroll et al., 1993; Moore, 1997; Singh et al., 2013). Although 
incursion of saline, Ba-rich groundwater release during a period 
of low river discharge is suggested (Moore, 1997), a compilation 
of global data clearly shows that sea surface water enrichment in 
dissolved Ba2+ primarily results from runoff enriched in dissolved 
Ba2+ and desorption of Ba2+ from riverine suspended sediments 
at very low salinity (Figure S1). Ba2+ desorption linearly decreases 
as salinity increases (Figure S1). The load of suspended particu-
late matter in the GBM water is highly correlated (r=0.99) with 
the flux of fresh water (Samanta and Dalai, 2016). Thus, dissolved 
Ba2+ and runoff-induced mixed layer salinity are tightly coupled 
and directly linked to changes in the GBM runoff and, hence, to 
changes in ISM precipitation. Taken together, GBM runoff and by 
extension ISM precipitation, leaves a strong isotopic and trace el-
ement imprint on the northern Bay of Bengal surface water. The 
manifestation of this runoff imprint in the calcite tests of mixed 
layer-dwelling planktonic foraminifers makes the northern Bay of 
Bengal an excellent site for a spatially integrated hydroclimate re-
construction.

2. Materials and methods

Sediment core SO188-KL342 (19◦58.41’N/90◦02.03’E, seafloor 
depth: 1258 m) was recovered from the northern Bay of Bengal 
where the surface and mixed layer water is strongly influenced by 
2

the GBM river runoff (Figs. 1 and 2). Results of a parasound survey 
over the SO188-KL342 site indicate a gently inclining slope that 
consists of a relatively homogeneous sediment package (Fig. 3). 
The sediment sequence of SO188-KL342 consists of fine-grained 
and relatively dark gray sediment with a lithic fraction varying 
between 49.5% and 48% (Figure S2). The absence of turbidites in 
the investigated section of SO188-KL342 is indicated by the lack of 
sudden or large changes in the color and lithic fraction, as well as 
the absence of sudden increase of elements, such as Ti and Fe, in 
the bulk sediment (Figure S2). The age model of SO188-KL342 is 
based on 10 radiocarbon-dates of G. Globigerinoides ruber and Glo-
bigerinoides tests (Table S1). Radiocarbon data were analyzed at the 
Center for Accelerator Mass Spectrometer at Lawrence Livermore 
National Laboratory and the National Ocean Science Accelerator 
Mass Spectrometer, Woods Hole Oceanographic Institution. Radio-
carbon dates were converted to calendar ages using calibration 
software CALIB (version 7.10), Marine13 data set, and a constant 
reservoir age correction of �R= 76±120 years for the Bay of Ben-
gal (Stuiver et al., 2019). The final age model is based on linear 
interpolation between age control points.

For oxygen isotope and trace element analyses, 30-to-35 indi-
vidual tests of G. ruber sensu stricto (white variety) were picked 
from the 250–300 μm size fraction. Shells were gently crushed and 
homogenized. A split of the homogenized samples was cleaned us-
ing a foraminifera cleaning procedure that includes oxidative and 
reductive steps, as described in Martin and Lea (Martin and Lea, 
2002). Dissolved samples were analyzed by the isotope dilution/in-
ternal standard method described in Martin and Lea (2002) using 
a Thermo Finnigan Element2 sector field ICP-MS. Analytical repro-
ducibility of Mg/Ca and Ba/Ca measurements, assessed by analyz-
ing consistency standards matched in concentration to dissolved 
foraminifera solutions and analyzed over the course of entire study, 
is estimated at ±0.04 mmol/mol and ±0.017 μmol/mol, respec-
tively. Four samples were rejected due anomalously high Ba/Ca 
(> 3 μmol/mol). Al, Fe, and Mn were also analyzed and used to 
check cleaning quality of the samples. The range of Al/Ca, Fe/Ca, 
and Mn/Ca is 3-355, 3-200, 51-210 μmol/mol, respectively. None 
of these element/Ca ratios are significantly correlated with Mg/Ca 
and Ba/Ca.

For the down core estimates of runoff-induced mixed layer 
salinity changes, we analyzed Ba/Ca in G. ruber sensu stricto (G. ru-
ber ss) white variety (test size: 250–300 μm) from northern Bay of 
Bengal core top samples that were collected from an area with an 
annually averaged SSS gradient of 3.5 (30.3–33.8 psu). The core top 
Ba/Ca and mixed layer salinity (Sml) (Fig. 3) are linearly correlated 
with Sml=[(−2.81±0.60)*Ba/CaG. ruber+36.59±0.41], r2 = 0.95 and 
2σ = ±1.1 salinity unit. Mg/Ca was converted to SST estimate us-
ing the following equation (Gray and Evans, 2019; Gray et al., 
2018): Mg/Ca (mmol/mol)= exp[0.036*(S-35)+0.064*T-0.87*(pH-
8)-0.03] with a residual standard error of 0.65◦C (1σ ). Salinity 
and pH correction for the SO188-KL342 record is carried out using 
global salinity and global pH (calculated from pCO2) changes fol-
lowing the protocol provided by Gray and Evans (2019) and Gray 
et al. (2018). We opt to correct the Mg/Ca using the global change 
in salinity only, rather than using the reconstructed local salinity 
estimates, as the reconstructed salinities decrease below the cur-
rently calibrated salinity range for Mg/Ca in G. ruber during certain 
intervals. However, applying the local salinity correction has a neg-
ligible impact on the reconstructed temperatures and δ18O of the 
mixed layer and increases the reduction in the N-S temperature 
gradient observed at ∼7 ka (Figure S4). The use of the global salin-
ity correction is thus a more conservative approach.

For the reconstruction of the meridional and zonal SST gra-
dient in the tropical Indian Ocean, we focused on and com-
piled only Mg/Ca data analyzed in G. ruber ss from sediment 
cores GeoB12605-3 (5.5775 S/39.1136E) (Kuhnert et al., 2014), 



S. Weldeab, C. Rühlemann, Q. Ding et al. Earth and Planetary Science Letters 578 (2022) 117327

Fig. 1. Setting of the study area (northern Bay of Bengal) within the broader Indian Ocean and bordering land masses. Upper panel: Color shading of the GBM Basin, 
indicating total precipitation from June to September (five-year average) (Huffman, 2017). Blue and gray lines indicate tributaries of GBM rivers and selected topographic 
elevation, respectively. Color shading and contours in the Bay of Bengal shows sea surface salinity (SSS) in September (4-year average) (Fore et al., 2016). Inset (left) depicts 
monthly SSS changes (Fore et al., 2016) (blue envelope: 2 sigma uncertainty) above SO188-342KL site which is indicated by a red star in the main figure. The black stars in 
the GBM Basin indicate cave locations of stalagmites discussed below. Lower panel: pIOD conditions in 1997. SST anomaly of November 1997 relative to a 16-year average 
SST of November (Behringer and Xue, 2004)). Sites of cores whose data are used to reconstruct SST gradients are indicated by purple stars. Rectangles show areas whose SON 
SST is used to define the pIOD (Saji et al., 1999) and to create the modeled pIOD occurrence. Within the Bay of Bengal, the large and small symbols indicate the location 
of SO188-342KL and core top samples used for the analysis of Ba/Ca and its relation to mixed layer salinity. (For interpretation of the colors in the figure(s), the reader is 
referred to the web version of this article.)
GeoB12615-4 (7.1416S/39.8458E) (Romahn et al., 2014), and SO189-
39KL (0.78S/99.9E) (Mohtadi et al., 2014). The cleaning procedure 
of the samples from SO188-342KL (northern Bay of Bengal, this 
study) and these of GeoB12605 (Kuhnert et al., 2014) includes 
a reductive step and therefore the Mg/Ca data were corrected 
for an estimated 10% Mg loss due to dissolution during the re-
ductive cleaning step (Rosenthal et al., 2004). All Mg/Ca data 
were converted to SST estimates using the equation and pro-
tocol of Gray and Evans (2019), which account for the whole 
ocean change in salinity and pH. The conversion algorithm re-
quires an input of modern values of �pCO2 (the CO2 partial 
pressure difference between sea water and air), salinity, and 
total alkalinity (AT) of the water in which G. ruber calcifies 
(mixed layer: 0–30 m). For SO188-342KL (this study) we used 
�pCO2 = −10 μatm, AT = 2252 μmol/kg, mixed layer T=28◦C 
and mixed layer S=31.7. For SO189-39KL (Mohtadi et al., 2014) 
we used �pCO2 = 0.1 μatm, AT = 2245 μmol/kg, mixed layer 
T=28.96◦C and mixed layer S=33.96. For GeoB12605 (Kuhnert 
et al., 2014) and GeoB12615-4 (Romahn et al., 2014) we used 
�pCO2 = 10 μatm, AT = 2298 μmol/kg, mixed layer T=26.5◦C and 
mixed layer S=35.1. Total alkalinity values were calculated using 
the salinity and temperature values from the mixed layers of each 
3

site and the equation of Lee et al. (2006). The SST gradient be-
tween northern Bay of Bengal and eastern equatorial Indian Ocean 
was established by resampling the highly resolved SST record from 
eastern equatorial Indian Ocean (Mohtadi et al., 2014) using the 
resolution of SO118-342KL (this study) and subtracting the SST 
record of Bay of Bengal (this study) from the SST record of eastern 
equatorial Indian Ocean (Mohtadi et al., 2014). Similarly, the SST 
gradient between the eastern equatorial Indian Ocean and western 
equatorial Indian Ocean was obtained by resampling the eastern 
equatorial Indian Ocean SST record (Mohtadi et al., 2014) using 
the resolution of GeoB12605 (Kuhnert et al., 2014) (1.3–9.7 kyr BP) 
and GeoB12615-4 (9.8–25.8 kyr BP) and subtracting the SST record 
of western equatorial Indian Ocean from the SST record of eastern 
equatorial Indian Ocean (Mohtadi et al., 2014).

We analyzed the oxygen isotope composition in tests of G. ru-
ber ss, expressed as δ18O, using a fraction from the crushed and 
homogenized samples. The δ18O analysis was carried out using an 
MAT253 Stable Isotope Ratio Mass Spectrometer online coupled to 
Kiel IV at the University of California Santa Barbara. The δ18O data 
are reported on the Pee Dee Belemnite (PDB) scale. The accuracy of 
the δ18O analysis was determined by analyzing NBS 19 standards 
and is ±0.07� (2σ ). We established a record of temperature and 



S. Weldeab, C. Rühlemann, Q. Ding et al. Earth and Planetary Science Letters 578 (2022) 117327

Fig. 2. Topography of the GBM Basin and elevation effects on precipitation and δ18O of precipitation and its manifestation on the surface water of northern Bay of Bengal. 
A) topographic features of the GBM Basin and the tributaries of the GBM rivers. B) total precipitation between June 1 and September 30 (average from 2014 to 2018). 
Precipitation data set shown here is a merged satellite-gauge precipitation estimate with a monthly and 0.1◦x.0.1◦ resolution (Huffman, 2017). C) δ18O of precipitation 
(June-to-September) over the GBM Basin (Bowen and Revenaugh, 2003) and monthly averaged δ18O of Bay of Bengal surface water (0–1 m) in September (Schmidt et al., 
1999). The red star and dots indicate the location of SO188-342KL and core top samples used for the analysis of Ba/Ca and its relation to mixed layer salinity. D) Monthly 
record of GBM runoff (Durand et al., 2011), sea surface salinity (SSS), and mixed layer salinity (Zweng et al., 2018) over the core site. E) Monthly salinity and temperature 
changes within the upper 100 m of the water column over the core site. The depth of the mixed layer is estimated at 30 m (0–30 m) (gray areas) and is inferred from the 
temperature profile.
ice volume corrected δ18O of mixed layer seawater (δ18Osw). We 
use the Mg/Ca-based calcification temperature estimate, the tem-
perature − δ18Ocalcite − δ18O seawater equation (δ18Oseawater =[(T-
16.5)/4.8+ δ18Ocalcite +0.27] (Bemis et al., 1998), and an estimate 
of δ18Oseawater changes related to secular changes in the ice vol-
ume (Lambeck et al., 2014). The error estimate of the temperature-
and ice volume-corrected δ18Osw values is ±0.21 � (1σ ). The 
propagation of uncertainty error is estimated using the follow-
ing equation: σ = �

(σ T )2 + (σ I)2 + (σ CW)2 + (σ IV)2, where 
σ T=±0.14�, σ I=±0.07�, σ CW=±0.147�, and σ IV=±0.05� is 
the uncertainty related to the uncertainty of temperature recon-
struction (±0.65 ◦C, 1σ ), uncertainty of analysis of δ18Ocalcite, 
error associated with the calculation of δ18Oseawater using calcifica-
tion temperature and δ18Ocalcite, and reconstruction of δ18Oseawater
changes related to ice volume changes, respectively.

The Kiel Climate Model (KCM) (Park et al., 2009) was employed 
to perform a transient climate simulation over the last 9500 years. 
The KCM consists of the atmospheric general circulation model 
ECHAM5 (Roeckner et al., 2003) with a horizontal resolution of T31 
(3.75◦ × 3.75◦) and 19 vertical levels coupled to the ocean-sea ice 
model NEMO (Madec and Team, 2008) with a horizontal resolu-
tion of 2◦ × 2◦ and enhanced meridional resolution of 0.5◦ close 
4

to the Equator. The model has been shown to realistically simulate 
the present-day climate (Park et al., 2009). The KCM has previ-
ously been used to analyze transient Holocene simulations with 
accelerated orbital forcing (Khon et al., 2018). Here, we use non-
accelerated forcing so that the Holocene is represented by 9,500 
model years starting from 9.5 kyr BP. Greenhouse gas concentra-
tions are held constant at pre-industrial levels. Changes in the 
ice-sheet configuration and high latitude meltwater discharge are 
not varied. The modeled SST record used to calculate the zonal gra-
dients was obtained by averaging the monthly SST of the regions 
defined to characterize the occurrence of pIOD as shown in Fig. 1.

We employ the MPI (ECHAM5) AGCM (Roeckner et al., 2003) 
with a module for water isotopes (Werner et al., 2011). The model 
is run at T106 (about 100 km) resolution and is coupled to a 50 
m slab ocean. A cyclostationary climatological heat flux is added 
to the ocean temperature tendency equation to maintain a sea-
sonal cycle of ocean temperature and sea ice condition that is 
close to that observed in the present day. Two key experiments 
are performed to represent the model’s response to the middle 
and early Holocene insolation during 7 kyr BP and 10 kyr BP, re-
spectively, with other boundary conditions derived from modern 
conditions: 360 ppmv CO2 and continental geometry, orography, 
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Fig. 3. Bathymetric and depositional setting of SO188-KL342, age model of sediment sequence and analyzed proxy parameters. A) Bathymetric setting of the studied site, 
B) a parasound profile of sediment sequence, C) radiocarbon-based age model of SO188-KL342, showing the age control points and their 2σ uncertainty and uncertainty 
envelop (gray area), D) sediment accumulation rate, E) global sea level reconstruction (Lambeck et al., 2014). F) Ba/Ca analyzed in tests of G. ruber ss white variety from Bay 
of Bengal core top samples plotted versus mixed layer salinity (annual salinity averaged between 0 and 30 m of the water column) over the core top collection sites. The 
envelope shows 95% confidence interval and the vertical lines indicate 1σ analytical uncertainty of ±0.017 μmol/mol. G-I) Ba/Ca, δ18O, and Mg/Ca time-series measured in 
tests (250–300 μm) of G. ruber ss white variety in SO188-KL342. Triangles along the x-axis indicate sediment depth of radiocarbon dates.
and ice sheets. All of the experiments are run for at least 40 years, 
with output from the last 30 years used to construct climatologies 
and climatological differences.

3. Results

The sediment sequence of SO188-342KL continuously covers 
the last 25 thousand years (kyr) (Figs. 3A–D). The sediment ac-
cumulation rate is variable with the lowest value during early 
deglacial and glacial (4–5 cm/kyr), highest values (10–20 cm/kyr) 
between the early-middle Holocene and deglacial, and a declin-
ing trend toward the late Holocene (Fig. 3D). The Mg/Ca values 
vary between 3.6 (glacial) and 4.5 mmol/Ca (middle Holocene). 
Similarly, Ba/Ca record exhibits lowest values (1 μmol/mol) dur-
ing the glacial and a highest value of 1.9 μmol/mol during the 
middle Holocene (Fig. 4A). The range of δ18OG. ruber is 3.15� with 
the highest (−0.61�) and lowest (−3.76 �) value centered at 
the early deglacial and middle Holocene, respectively. The Ba/Ca 
record and Ba/Ca-based salinity estimates indicate that the late 
deglacial (14.5-11.6 kyr BP) is marked by a monotonic runoff in-
crease. In contrast, the δ18Oml reconstruction shows, on average, 
an increase by 1.2� (plateau value) between 17.1±0.4 and 14.1 
±0.4 (2σ ) kyr BP from an average glacial value of 0.5 � (Fig. 4B). 
Similar to the Ba/Ca record, between 14 and 11 kyr the δ18Oml
record shows a monotonic decrease. With an average Ba/Ca value 
of 1.8±0.02 μmol/mol, the Ba/Ca record of the middle Holocene 
shows the highest values compared to the average value of the 
early (1.6±0.01 μmol/mol) and late (1.4±0.01 μmol/mol) Holocene, 
a significant difference considering an analytical uncertainty of 
±0.017 μmol/mol. The middle Holocene Ba/Ca peak is reflected 
in the δ18Oml record by a relatively weaker signature with aver-
age values (−0.56±0.12�) that is comparable to the average early 
Holocene value (−0.56±0.24�).
5

4. Discussion

4.1. Glacial and deglacial hydroclimate

In runoff-influenced marine settings, both planktonic foramini-
feral Ba/Ca and δ18O are used as proxies for spatially integrated 
precipitation changes (Gebregiorgis et al., 2016; Saraswat et al., 
2013; Weldeab et al., 2007; Weldeab, 2012; Weldeab et al., 
2014a,b). In this study, our hydroclimate interpretation is based 
on the Ba/Ca record for the intervals that exhibit substantial dif-
ferences in the trend and amplitude between the Ba/Ca and δ18O 
time-series. Based on a number of analyses discussed farther be-
low and above, we conclude that the Ba/Ca record is not biased by 
changes in the chemical composition of terrigenous sediments, di-
agenetic imprints, and productivity changes in the Bay of Bengal, 
respectively (Figure S2). δ18O analysis of rainfall samples collected 
over the core region of ISM shows that the δ18O harbors a strong 
imprint that is unrelated to the rainfall amount effect (Breitenbach 
et al., 2010). Results of an isotope-enabled simulation, mimick-
ing Heinrich event 1-like conditions, indicate significantly heavier 
δ18O of precipitation over the high elevation region of the ISM 
domain relative to the LGM, while the precipitation changes over 
the core ISM region are indistinguishable from the simulated rain-
fall amount of the LGM (Pausata et al., 2011). Studies from East 
Asian and West African monsoon regions demonstrate that the ob-
servation made in the ISM domain is not unique. Dayem et al. 
(2010) shows that the δ18O of rainfall over East Asian Monsoon 
contains components unrelated to the rainfall amount of sum-
mer monsoon precipitation. Based on lead-lag analysis, Clemens et 
al. (2018) argues that the δ18O in Chinese cave speleothems con-
tains a significant δ18O signature that is unrelated to the summer 
monsoon precipitation. Isotopologue-based reconstruction of sur-
face water freshening off the Niger and Sanaga rivers (Leduc et al., 
2013) shows a Holocene trend that is fully in agreement with the 
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Ba/Ca-based salinity estimates and deviates significantly from the 
δ18O time-seris analyzed in G. ruber (Weldeab et al., 2007). The lat-
ter is interpreted to contain a significant δ18O signature unrelated 
to the runoff amount (Leduc et al. 2013).

The deglacial Ba/Ca-based estimate of runoff-induced Sml
changes reveals two outstanding features centered at the middle 
Holocene and deglacial segments of the record (Fig. 4A). With 
the exception of a centennial-scale increase in runoff that has 
been attributed to an increase in Himalayan glacier meltwater 
input (Weldeab et al., 2019), the Ba/Ca-based salinity reconstruc-
tion shows no substantial difference in runoff between the early 
deglacial (14.6–18 kyr BP) and the Last Glacial Maximum (LGM: 
23–19 kyr BP). Furthermore, the Ba/Ca record indicates a mono-
tonic ISM strengthening during the late deglacial (14.5–11.6 kyr 
BP). Change in the chemical composition of riverine sediment load 
is not indicated by the results of major element analysis in bulk 
sediment (Figure S2). Similarly, an increase of ocean productivity 
during Heinrich Event 1 and Younger Dryas is not supported by 
the concentration of chlorins (Figure S2), degradation products of 
chlorophyll, that is used as proxy for paleoproductivity (Harris et 
al., 1996; Schubert et al., 2005). The lowest Ba/Ca value within the 
early deglacial is 0.9 μmol/mol and is well above the lowest Ba/Ca 
value (0.68 μmol/mol) recorded during the early deglacial and LGM 
in the eastern Arabian Sea (Saraswat et al., 2013). This indicates 
that Ba/Ca values and trend are not affect by the lower limit of 
Ba incorporation into the test of G. ruber white. Taken together, 
the impact of atmospheric circulation related to the North Atlantic 
surface water cooling during Heinrich Event 1 and the Younger 
Dryas on the basin-wide integrated precipitation imprint is not 
discernable in the Ba/Ca-based runoff reconstruction, a finding that 
is consistent with results of a climate simulation (Pausata et al., 
2011). Also consistent with our Ba/Ca record, foraminiferal Ba/Ca 
records from the eastern Arabian Sea and Andaman Sea indicate no 
distinctive imprint of Heinrich Event 1 (Figure S6) (Gebregiorgis et 
al., 2016; Saraswat et al., 2013).

In contrast to the Ba/Ca, the δ18Oml record shows an increase 
δ18Oml value between 17.1 and 14.1 kyr BP relative to the LGM 
values and a pause at 12.8–11.3 kyr BP, interrupting a steady de-
crease of δ18Oml during the late deglacial (Fig. 4B). The timing 
and duration (including transitions) of these two episodes is syn-
chronous, within age model uncertainties, with the timing of Hein-
rich Event 1 (17.1–14.6 kyr BP) and the Younger Dryas (12.9.-11.6 
kyr BP), prominent intervals of northern high latitude melt-water 
induced weakening of the Atlantic meridional overturning circu-
lation (AMOC) and cooling of North Atlantic surface waters (Mc-
Manus et al., 2004; Pausata et al., 2011). Though the proximity 
of our site and the site of Weldeab et al. (2019) to the GBM River 
mouth appears to weaken the δ18O signature of Younger Dryas and 
Heinrich Event 1, the δ18O increase in the Bay of Bengal climate 
records during these two periods is well documented (Gebregior-
gis et al., 2016; Kudrass et al., 2001; Marzin et al., 2013; Panmei 
et al., 2017; Rashid et al., 2011; Saraswat et al., 2013; Sijinku-
mar et al., 2016). The increase of δ18Oml during Heinrich Event 
1 indicates either a substantial decrease of runoff amount, a deep-
ening of the mixed layer or an increase in the δ18O of precipitation 
(δ18Oprecip). A deepening of the mixed layer and a substantial de-
crease of runoff is not supported by the SST and Ba/Ca records. 
As demonstrated in δ18O values of drip water from a cave within 
the GBM Basin (Breitenbach et al., 2010), we hypothesize that 
the spatially integrated imprint of δ18Oprecip and consequently the 
δ18Orunoff contained a strong component unrelated to changes in 
the amount of precipitation during Heinrich Event 1 and to lesser 
degree during the Younger Dryas. As detailed below, we hypoth-
esize that an interplay between the thermal mean state of the 
eastern tropical Indian Ocean and Northern Hemisphere climate 
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changes resulted in a spatially heterogenous ISM response during 
the Younger Dryas and Heinrich Event 1 events.

4.2. North-South SST gradient reversal in the Eastern tropical Indian 
Ocean

We create time-series of meridional and zonal SST gradients us-
ing Mg/Ca-SST records from the eastern equatorial Indian Ocean 
(Mohtadi et al., 2014), western equatorial Indian Ocean (Kuhn-
ert et al., 2014; Romahn et al., 2014), and northern Bay of Ben-
gal (this study) (Figures, 1 and 4D-F) (see also Method section 
and Figures S3). During the deglacial and LGM, the meridional 
SST gradient is anomalous in exhibiting warmer northern Bay of 
Bengal surface waters than the eastern equatorial Indian Ocean 
(Fig. 4E). Our North-South SST gradient change is not accompa-
nied by a sustained reversal of the low resolved, zonal SST gradient 
(Fig. 4F), indicating the importance of the northern Bay of Ben-
gal’s thermal state for the establishment of the north-south SST 
gradient changes. Similar to previous findings based on two in-
dependent SST proxies (Kudrass et al., 2001; Marzin et al., 2013) 
(Figure S4), our northern Bay of Bengal SST record exhibits a weak 
Holocene-LGM temperature contrast. The consistency of three in-
dependently reconstructed SST records (Figure S4) indicates that 
the weak Holocene-LGM temperature contrast is a robust feature 
of the northern Bay of Bengal mixed layer. The magnitude and 
trend of our northern Bay of Bengal SST record is, within method 
uncertainties, indistinguishable from the planktonic foraminiferal 
based summer SST reconstructions carried out at an adjacent site 
(Marzin et al., 2013) (Figure S4). Under modern conditions with 
surface salinity comparable to our deglacial-glacial salinity recon-
struction, 65% of the annual flux of G. ruber in the Bay of Bengal 
(at 13.14◦N/84.41◦E) occurs during the ISM season (Guptha et al., 
1997). Acknowledging that past oceanographic changes can alter 
seasonal G. ruber flux not resolved in our record, the agreement be-
tween two independent foraminiferal SST reconstructions indicates 
likely a dominated summer and early autumn thermal imprint. The 
exposure of the Sunda and Sahul shelves during the LGM has been 
invoked as a crucial player for SST and hydroclimate changes across 
the tropical Indo-Pacific realm (DiNezio et al., 2018). However, our 
record indicates that major changes in the eastern Indian Ocean 
meridional SST gradient occurred during the LGM and the entire 
deglacial period (Fig. 4E). The latter is marked by rapid sea level 
rise (Lambeck et al., 2014), suggesting that shelf exposure as a sin-
gle driver for our observation is unlikely. To summarize, our SST 
gradient reconstruction reveals a warmer northern Bay of Bengal 
surface water compared to the Eastern Equatorial Indian Ocean. 
As detailed below, we propose that the SST gradient reversal is 
crucial toward understanding the climate dynamics responsible for 
the deglacial hydroclimate of the ISM region.

The SST gradient change between the northern Bay of Bengal 
and the Eastern Equatorial Indian Ocean likely played a role in 
co-shaping the ISM precipitation amount and its δ18O signature 
observed during the Younger Dryas and Heinrich Event 1. We posit 
that an absence of tropical Indian Ocean SST gradient changes spe-
cific to the Younger Dryas and Heinrich Event 1 episodes requires 
an interplay between the climate dynamics of the northern high 
latitudes and the thermal mean state of the eastern tropical Indian 
Ocean. In response to large-scale atmospheric changes associated 
with the Younger Dryas and Heinrich Event 1events (Pausata et 
al., 2011), we suggest that the seasonal northernmost extension 
of the intertropical convergence zone (ITCZ) was limited over the 
middle-to-low elevation range of the ISM region. Using published 
stalagmite data (Dutt et al., 2015; Kathayat et al., 2016; Sinha et 
al., 2005), we calculated the elevation (latitudinal) gradient of δ18O 
during the Younger Dryas and Heinrich Event 1 relative to the 
Bølling-Allerød (BA) and LGM, respectively (Fig. 5) (see Figure S5 
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Fig. 4. Proxy-based hydroclimate and SST records of the ISM domain and the tropical Indian Ocean, respectively. Dots and thin lines indicate proxy parameters. Bold lines 
show a smoothed trend obtained using a localized regression function (loess fitting) with the smoothing parameter optimized using generalized cross validation, color shading 
provides 1σ and 2σ uncertainty estimates based on Monte Carlo simulations. Vertical bars show 1σ error estimates associated with the calculation and calibration of the 
proxy record. A) Ba/Ca analyzed in G. ruber (SO188-342KL) and Ba/Ca-based mixed layer salinity (Sml) estimates of northern Bay of Bengal (1σ uncertainty: ±0.55). B) δ18O 
of northern Bay of Bengal mixed-layer sea water (δ18Oml) (1σ uncertainty: ±0.195). C) δ18O analyzed in G. ruber (gray curve). D) Estimates of Bay of Bengal SST based on 
Mg/Ca analysis in G. ruber (SO188-342KL) (1σ uncertainty: ±0.65). E) Mg/Ca-based SST gradient reconstruction between Eastern Equatorial Indian Ocean (EEIO) and northern 
Bay of Bengal using Mg/Ca data from the EEIO (Mohtadi et al., 2014) and Bay of Bengal as shown in Fig. 3E). F) Mg/Ca-based SST gradient between EEIO and Western 
Equatorial Indian Ocean (WEIO) using published Mg/Ca data (Kuhnert et al., 2014; Mohtadi et al., 2014; Romahn et al., 2014). G) δDalk-ic: ice volume-corrected hydrogen 
isotoped analyzed in plant waxes in SO188-KL342 sediments (Contreras-Rosales et al., 2014). I) δ18O time-series analyzed in stalagmites from Mawmluh Cave (Dutt et al., 
2015) (for location see Fig. 1). Triangles along the x-axis indicate position of age model control points and their 2σ uncertainties. The age range of YD and HE1 is indicated. 
Gray and yellow shaded areas indicate episodes of meridional and zonal reversal of SST gradient, respectively.
for sampling approach). The results reveal a strong δ18O increase 
in the high elevation, the northern part of the ISM domain, during 
Younger Dryas and Heinrich Event 1 compared to the low elevation 
southern ISM region (Fig. 5). While we don’t rule out the possibil-
ity of changes in winter precipitation in the high elevation part 
of the GBM Basin, we argue that δ18O changes in the stalagmites 
from the south-facing Himalayan foreland (Fig. 2) contain substan-
tial imprints of changes in the amount of summer precipitation. 
Hence, the δ18O gradient supports (Fig. 5) our hypothesis of latitu-
dinal rainfall zone contraction. In other words, during the Younger 
Dryas and Heinrich Event 1 monsoonal precipitation in the high 
7

elevation ISM region was strongly reduced compared to the low 
elevation ISM domain.

Noting that the ITCZ follows regions of elevated surface temper-
atures (Noska and Misra, 2016), we posit that a warmer northern 
Bay of Bengal surface water than Eastern Equatorial Indian Ocean 
during the deglacial (Fig. 3F) leads to a delay in the southward re-
treat of ITCZ toward the Eastern Equatorial Indian Ocean during 
late boreal summer and early boreal autumn and, consequently, 
results in seasonally prolonged ISM precipitation over the low ele-
vation part of the ISM region. Both the weakening of precipitation 
over the high elevation (Fig. 5) and the effect of north-south SST 
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Fig. 5. Gradient of hydroclimate changes across latitude and elevation within the 
ISM region based on the temporal difference of δ18O in stalagmites from three caves 
(Dutt et al., 2015; Kathayat et al., 2016; Sinha et al., 2005) (see Fig. 1 for site lo-
cations and Figures S5 for sampling details). Hydroclimate changes within a cave 
during the Younger Dryas (YD) and Heinrich Event 1 (HE1) are assessed relative to 
the conditions during the Bølling-Allerød (BA) and Last Glacial Maximum (LGM). 
Dots and vertical bars indicate difference of the mean δ18Ostalagmites values and the 
variance of the δ18Ostalagmites data within a given time window.

gradient reversal on precipitation over the low elevation ISM re-
gion during the Younger Dryas and Heinrich Event 1 provide a sce-
nario that explains two outstanding observations. Firstly, there is 
no discernable decline in the basin-wide integrated runoff record, 
as inferred from the Ba/Ca record. Secondly, there is an increase of 
the δ18O values of the spatially integrated runoff due to a reduced 
contribution from high elevation rainfall that is characterized be 
low δ18O values (Figs. 2B and 2C).

4.3. Timing of Holocene ISM strengthening and changes in the zonal SST 
gradient

Both the Ba/Ca and the δ18O time-series indicate that the ISM 
peak strengthening was centered between at 10 and 5.7 kyr BP 
and was interrupted by an ISM weakening at 8.4–7.9 kyr BP. Con-
trasting the Ba/Ca and the δ18O records, the latter suggests a 
comparable magnitude of ISM strengthening between the early 
Holocene (10–8.5 kyr BP) and middle Holocene (8.4–5.7 kyr BP). 
Furthermore, the Ba/Ca and δDalkane records (Figs. 4A, G) indicate 
a significantly weakened ISM during the late Holocene (5–0 kyr 
BP) relative to the middle-to-early Holocene. In contrast, the δ18O 
time-series suggest a weak contrast between the late and middle-
to-early Holocene. The divergence of the late-middle Holocene ISM 
trend suggested by the δ18O record from the Ba/Ca and δDalkane
records is consistent with observations in the West African and 
East Asian monsoon records (Leduc et al., 2013; Wang et al., 2010; 
Weldeab et al., 2007). These observations, compiled by Leduc et 
al. (2013), demonstrate that while istopologue-, Ba/Ca- and pollen-
based proxies indicate a strong monsoon weakening trend, the 
δ18O records suggest a moderate late monsoon weakening rela-
tive to the middle Holocene (Leduc et al., 2013; Wang et al., 2010; 
Weldeab et al., 2007). As discussed in the first paragraph of the 
Discussion section, we argue the Holocene δ18O record contains a 
substantial component that is unrelated to the rainfall amount ef-
fect. Hence, our interpretation of ISM changes during the Holocene 
is based on the Ba/Ca record.

The most outstanding feature is that the Ba/Ca record indicates 
that the Holocene ISM occurred between 7.9±0.47 and 5.7±0.36 
(2σ ) kyr BP, significantly later than the timing of Holocene pre-
cipitation maximum over the West African, East African, and East 
Asian monsoon domains (Cheng et al., 2012; Weldeab et al., 2007; 
Weldeab et al., 2014a). Based on the results of chlorins and major 
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element analyses (Figure S2), we suggest that the mid Holocene 
Ba/Ca record is not biased by changes in the chemical composition 
of the riverine terrigenous sediment input and primary productiv-
ity changes in northern Bay of Bengal. Hence, the middle Ba/Ca 
record most likely indicates increase in runoff and, by extension, 
precipitation over the GBM Basin. With 31.5±0.2 (n=22), the av-
erage mixed layer salinity (Sml) of the middle Holocene is signif-
icantly lower than the early Holocene (32.1±0.1, n=24) and the 
late Holocene (32.7±0.1, n=16). The magnitude of this change is 
substantial given that under modern conditions a 0.5 mixed layer 
salinity (Sml) change in the northern Bay of Bengal is associated 
with a 1-to-2 unit change in sea surface salinity and up to a 55–62 
km3/month GBM river discharge difference during the monsoon 
season (Fig. 2D). Though low resolved, a foraminiferal Ba/Ca-based 
runoff reconstruction from Andaman Sea suggests a Holocene ISM 
precipitation maximum at 5.7 kyr BP (Gebregiorgis et al., 2016) 
(Figure S6), a timing that overlaps with the timing of the peak 
GBM river runoff and corroborates our finding.

The ISM is sensitive to changes in northern high latitude cli-
mate, El Niño activity, and pIOD (Saji et al., 1999). Results of 
climate simulations also suggest that in a warming climate the 
ISM will be and was sensitive during the LGM to a pIOD-like 
mode of interannual variability of the Indian Ocean that is as-
sumed to be triggered by an atmospheric circulation anomaly over 
the western Indian Ocean and Arabian Sea (DiNezio et al., 2020; 
Thirumalai et al., 2019). The available paleoclimate records from 
northern high latitudes do not exhibit any distinct feature coin-
ciding with the timing of peak ISM strengthening (Moossen et 
al., 2015), though the reconstruction of global mean temperature 
trend indicates a warming centered at ∼6.5 kyr (Kaufman et al., 
2020). Unraveling changes in a regional climate mode variability 
requires, however, a focus on highly resolved climate and well-
dated archives and identical methods/proxies of SST reconstruc-
tion. Proxy time-series and results of climate model simulations 
indicate suppressed El Niño activity during the middle Holocene 
(Pausata et al., 2017). Results of several climate simulations con-
sistently suggest an increase of pIOD occurrence during the middle 
Holocene (Abram et al., 2007; Iwakiri and Watanabe, 2019; Zhao 
et al., 2005). Our proxy-based temperature gradient reconstruction 
reveals a middle-Holocene episode of a warmer western equato-
rial Indian Ocean than eastern equatorial Indian Ocean, exhibiting 
pIOD-like conditions (Fig. 4F). Indicating that it is a robust feature, 
the warming of western equatorial Indian Ocean is paralleled by 
air warming of the adjacent land mass and surface water cooling 
of eastern equatorial Indian Ocean which is accompanied by cool-
ing of the westernmost part of the equatorial Pacific (Stott et al., 
2004; Thompson et al., 2002) (see Figure S3 for compilation). Em-
phasizing that pIOD is a mode of interannual climate variability 
not resolved by our zonal SST gradient reconstruction, we con-
sider that the SST gradient reversal evident in our reconstruction 
reflects a mixed signature of strong and frequent pIOD-like occur-
rences, alternating with conditions of warmer eastern equatorial 
Indian Ocean surface water compared with the western equatorial 
Indian Ocean. Thus, our SST gradient reconstruction most likely un-
derestimates the strength of pIOD-like events because of its low 
resolution relative to the climate anomaly and because of sedi-
ment mixing. Nonetheless, the zonal SST gradient reconstruction 
captures a major change in the middle Holocene thermal struc-
ture of the equatorial Indian Ocean. Our interpretation of middle 
Holocene increase of pIOD occurrence is independently supported 
by a monthly-resolved coral-based SST reconstruction that exhibits 
increased middle Holocene occurrences of strong (4.3±0.6◦C be-
low the average) and prolonged (approximately 5 months) cooling 
of eastern equatorial Indian Ocean surface water compared with 
the late Holocene (Abram et al., 2007). In summary, the consis-
tency of climate simulations and proxy results strongly indicates 
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Fig. 6. Results of climate simulations. A-C) Results of KCM simulation: Histograms and Kernel density probability function (PDF) of simulated SST difference between areas in 
the eastern equatorial Indian Ocean (10◦S/90◦E-0◦/110◦E) and the western equatorial Indian Ocean (10◦S/50◦E-10◦N/70◦E) during boreal autumn (SON) of the late Holocene 
(A), middle Holocene (B), and the early Holocene (C). The number of pIOD per decade occurrences is shown in the histograms. D-G: Results of high resolution ECHAM5 
simulation. Changes in SON (D) and JJA (F) precipitation during the middle Holocene (7 kyr BP) relative to the early Holocene (10 kyr BP). E and G) Changes in the δ18O of 
SON (E) and JJA (G) precipitation during the middle Holocene (7 kyr BP) relative to that of the early Holocene (10 kyr BP). Note that here positive �δ18O values indicate that 
the δ18O of the early Holocene precipitation was more negative relative to that of the middle Holocene. The direction and strength of middle Holocene winds relative to the 
early Holocene are indicated in the arrows.
that a strong and frequent pIOD occurrence is a robust feature 
of middle Holocene climate. The timing of the Holocene maxi-
mum ISM strengthening (centered between 7.9 and 5.7 kyr BP) is 
synchronous, within age model uncertainties, with the zonal SST 
gradient reversal across the Equatorial Indian Ocean. Below we 
explore causal link between the middle Holocene thermal and hy-
droclimate changes.

To examine the underlying climate dynamics behind the hy-
drological and thermal changes observed in the Holocene proxy 
records (Figs. 4A–F), we analyze the results of the δ18O-enabled 
high resolution ECHAM5 atmospheric general circulation model 
coupled with a global 50 m slab ocean (see Method). In addi-
tion, we use results from a transient simulation of the Kiel Cli-
mate Model (KCM) (see Method). The results of the KCM tran-
sient simulation indicate that during boreal autumn (September-
to-November: SON) the middle Holocene was marked by frequent 
and strong pIOD occurrences (Figs. 6A–C). With 2.4 pIODs per 
decade, the middle Holocene experienced 33% more pIOD occur-
rences than the late Holocene (1.6 pIODs per decade). Although 
the number of the simulated pIOD occurrences per decade was 
similar for the middle and early Holocene (Figs. 6B–C), there is a 
difference in that the east-west SST gradient reversal during the 
early Holocene is weak (Figure S7). The KCM simulation qualita-
tively reproduces the increased occurrence of zonal SST gradient 
reversal indicated in the proxy record. Hence, it provides insights 
into the seasonality, frequency and strength of the increased mid-
dle Holocene pIOD-like occurrences that stand out relative to those 
of the late and early Holocene.
9

The high resolution ECHAM5 simulation results suggest that 
relative to the early (10 kyr BP) and late (0 kyr BP) Holocene 
the middle Holocene (7 kyr BP) autumn (SON) precipitation over 
the ISM region was substantially higher and had relatively pos-
itive δ18O values (Figs. 6D–E). Consistent with the temperature 
results of the KCM simulation results (Figs. 6A–C), the results of 
the ECHAM5 simulation indicate a middle Holocene (7 kyr BP) 
reversal of the equatorial Indian Ocean wind system during SON 
(Figs. 6D–E). At the same time, strong westerly and northwest-
erly winds developed over the Arabian Sea and Bay of Bengal 
(Figs. 6D–E), carrying moisture into the ISM domain. The increase 
of middle Holocene SON precipitation is thus directly linked to the 
strong and frequent pIOD-like development and associated atmo-
spheric circulation changes. Relative to boreal summer precipita-
tion (JJA) of the early Holocene, summer precipitation during the 
middle Holocene was reduced and its δ18O signature was signifi-
cantly higher (Figs. 6F–G). The sum of simulated middle Holocene 
boreal summer and autumn precipitation over the GBM Basin was 
slightly higher than that of the early Holocene. The model re-
sults, however, suggest a reduction of precipitation from March 
to May (MAM) during the middle Holocene and, as a result, no 
significant difference in the annual precipitation between 7 kyr 
and 10 kyr BP (Figure S7). Notably, the simulated δ18O of mid-
dle Holocene precipitation is significantly heavier than the early 
Holocene (Figs. 6E–G), in line with the reconstructed δ18Oml record 
(Fig. 4B). Overall, though it does not reproduce all proxy-based 
observations, the result of the climate simulations stands out in 
highlighting a strengthening of pIOD-like conditions and enhanced 
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Fig. 7. Solar insolation gradient as a function of latitude and days of the year during 
middle Holocene (7 kyr BP) relative to the early Holocene (10 kyr BP). Insolation 
values were computed using the orbital solution of Laskar et al. (2004).

SON precipitation during the middle Holocene as the most distinc-
tive changes compared with the early and late Holocene, consistent 
with the proxy records.

Modern pIOD occurrences are sometimes coincident with the 
development of El Niño conditions (Saji et al., 1999). However, 
available middle Holocene proxy data and climate simulation re-
sults indicate reduced El Niño activity at this time (Pausata et 
al., 2017). Hence, the middle Holocene pIOD-like thermal mode 
could have either evolved independent of El Niño activity or it re-
flects changes in the threshold sensitivity of the Indian Ocean’s 
response to changes in the thermal state of the tropical Pacific. 
Some studies have suggested that the increased occurrence of mid-
dle Holocene pIODs was caused by the strengthening of the Asian 
Monsoon (Abram et al., 2007). However, Asian Monsoon strength-
ening occurred in the early Holocene (8–10 kyr BP) (Cheng et al., 
2012) and there is no evidence for a strong and sustained devel-
opment of pIOD-like conditions during the early Holocence. We 
point to an increased latitudinal insolation gradient during late 
summer of the middle Holocene relative to the early Holocene 
(Fig. 7) and emphasize a positive feedback between insolation gra-
dient, SST, and wind speeds in the Indian Ocean as the primary 
mechanism for the amplification of middle Holocene pIOD, as also 
invoked by other simulation studies (Iwakiri and Watanabe, 2019; 
Zhao et al., 2005). Compared to the early Holocene, it stands out 
that the insolation gradient between 5◦S-0◦ and 20◦N-15◦N dur-
ing the middle Holocene is positive and stronger starting around 
mid August (Day 225 in Fig. 7) with the northern Indian Ocean re-
ceiving more insolation (Fig. 7). A difference of about two months 
between the substantial increase of insolation gradients in August 
and the development of frequent pIOD in SON, as suggest by our 
simulation results (Figs. 5A–D), is consistent with a delayed re-
sponse of the mixed layer (Timmermann et al., 2014). Late summer 
and early autumn warming in the northern Indian Ocean, for in-
stance in the Arabian Sea (Figure S7), would cause a delay of the 
ITCZ southward retreat. Consequently, the alongshore winds off So-
malia become weaker, resulting in reduced upwelling off Somalia 
and hence stronger warming of the western Indian Ocean. At the 
same time, the delay of the ITCZ retreat also allows southeast-
erly winds to develop in the southeastern equatorial Indian Ocean. 
The alongshore component of the surface winds off Sumatra likely 
caused coastal upwelling and surface cooling (Fig. 6). In sum-
mary, although we cannot rule out remote oceanic-atmospheric 
influences, we suggest that the occurrence of enhanced middle 
Holocene pIOD-like conditions and the associated ISM intensifica-
tion were driven by changes within the tropical Indian Ocean and 
triggered by increased middle Holocene insolation gradient (Fig. 7).
10
5. Summary and conclusion

The results of this study are distinct from previous hydrocli-
mate reconstructions of the ISM in a number of aspects. The site of 
the climate archive, the application of a multiproxy approach, and 
reconstruction of SST gradient changes across the tropical Indian 
Ocean allowed us to unravel climate changes and their poten-
tial association with changes in the thermal states of the Indian 
Ocean. Our finding has significant implications for the interpreta-
tion of oxygen isotope records within the Indian Summer Mon-
soon region. Furthermore, the results of this study highlight the 
influence of the Indian Ocean’s thermal mean state on the ISM 
response in conjunction with the deglacial meltwater-induced cli-
mate perturbation of the northern high latitude and changes in 
the middle Holocene insolation forcing. Our record suggests that 
the Younger Dryas and Heinrich Event1 impact was spatially het-
erogeneous with a relatively strong ISM precipitation weakening 
over the high elevation region, while the low elevation ISM region 
seems to be less affected. We hypothesize that the north-south 
reversal of SST gradient within the eastern tropical Indian Ocean 
during the deglacial played a role in co-shaping the hydroclimate 
gradient within the ISM domain.

Changes in the insolation-driven mean climate state during the 
middle Holocene produced conditions that led to a reversal of 
zonal SST gradient across the equatorial Indian Ocean. We hypoth-
esize that the zonal SST gradient change was critical for the timing 
and duration of Holocene peak ISM intensification by strength-
ening boreal autumn precipitation, as suggested by the simula-
tion results. Assessing the response of the ISM to an increase of 
pIOD events over the last 50–60 years is complicated by increasing 
aerosols and greenhouse gases and their effects on ISM precip-
itation (Roxy et al., 2015). Our study indicates that changes in 
the zonal and meridional thermal structure of the tropical Indian 
Ocean play a crucial role in shaping the hydroclimatic conditions 
of the GBM Basin.

CRediT authorship contribution statement

Weldeab conceived the research idea, picked the foraminifera, 
conducted foraminifera cleaning for trace element analysis, per-
formed the stable isotope analysis, wrote the draft of the manu-
script. Rühlemann provided access to the SO188-KL342 samples. 
Gray assisted with data analysis. Ding performed the δ18O-enabled 
ECHAM simulation. Khon and Schneider performed the KCM simu-
lation. All authors discussed data interpretation and contributed to 
the final text.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

Data reported here are stored in the Pangaea database (https://
doi .pangaea .de /10 .1594 /PANGAEA.937423).

Acknowledgements

We thank Professor James P. Kennett and Dr. Dorothy K. Pak for 
constructive discussion and feedback on an earlier version of this 
manuscript. S.W. acknowledges supports by UCSB (start-up), the 
Hellmann Family Foundation, and NSF (grant NSF-OCE 1260696). 
Q.D. was supported by NSF (grant NSF-OPP1443144). B.S. was 
supported support by the German Research Foundation through 

https://doi.pangaea.de/10.1594/PANGAEA.937423
https://doi.pangaea.de/10.1594/PANGAEA.937423


S. Weldeab, C. Rühlemann, Q. Ding et al. Earth and Planetary Science Letters 578 (2022) 117327
the Collaborative Research Centre Climate-Biogeochemistry Inter-
actions in the Tropical Ocean (SFB754) and the Excellence Cluster 
Future Ocean (grant FO EXC 80/2). We thank Dr. Luisa Palamenghi 
for sharing the parasound image with us. We thank Georges Par-
adis and Tom Guilderson for the operation of the ICP-MS and ra-
diocarbon datings, respectively.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2021.117327.

References

Abram, N.J., Gagan, M.K., Liu, Z., Hantoro, W.S., McCulloch, M.T., Suwargadi, B.W., 
2007. Seasonal characteristics of the Indian Ocean dipole during the Holocene 
epoch. Nature 445, 299–302.

Abram, N.J., Gagan, M.K., McCulloch, M.T., Chappell, J., Hantoro, W.S., 2003. Coral 
reef death during the 1997 Indian Ocean dipole linked to Indonesian wildfires. 
Science 301, 952–955.

Achyuthan, H., Deshpande, R.D., Rao, M.S., Kumar, B., Nallathambi, T., Shashi Kumar, 
K., Ramesh, R., Ramachandran, P., Maurya, A.S., Gupta, S.K., 2013. Stable isotopes 
and salinity in the surface waters of the Bay of Bengal: implications for water 
dynamics and palaeoclimate. Mar. Chem. 149, 51–62.

Behringer, D.W., Xue, Y., 2004. Evaluation of the global ocean data assimilation sys-
tem at NCEP: the Pacific Ocean. In: Eighth Symposium on Integrated Observ-
ing and Assimilation Systems for Atmosphere, Oceans, and Land Surface AMS 
84th Annual Meeting. Washington State Convention and Trade. Center, Seattle, 
Washington, pp. 11–15.

Bemis, B.E., Spero, H., Bijma, J., Lea, D.W., 1998. Reevaluation of oxygen isotope 
composition of planktonic foraminifera: experimental results and revised pa-
leotemperature equations. Paleoceanography 13, 150–160.

Bowen, G.J., Revenaugh, J., 2003. Interpolating the isotopic composition of mod-
ern meteoric precipitation. Water Resour. Res. 39. https://doi .org /10 .1029 /
2003wr002086.

Breitenbach, S.F.M., Adkins, J.F., Meyer, H., Marwan, N., Kumar, K.K., Haug, G.H., 2010. 
Strong influence of water vapor source dynamics on stable isotopes in precip-
itation observed in Southern Meghalaya, NE India. Earth Planet. Sci. Lett. 292, 
212–220.

Cai, W., Santoso, A., Wang, G., Weller, E., Wu, L., Ashok, K., Masumoto, Y., Yama-
gata, T., 2014. Increased frequency of extreme Indian Ocean dipole events due 
to greenhouse warming. Nature 510, 254–258.

Carroll, J., Falkner, k.K., Brown, E.T., Moore, W.S., 1993. The role of the Ganges-
Brahmaputra mixing zone in supplying barium and 226Ra to the Bay of Bengal. 
Geochim. Cosmochim. Acta 57, 2981–2990.

Cheng, H., Sinha, A., Wang, X., Cruz, F., Edwards, R., 2012. The global paleomonsoon 
as seen through speleothem records from Asia and the Americas. Clim. Dyn. 39, 
1045–1062.

Clemens, S.C., Holbourn, A., Kubota, Y., Lee, K.E., Liu, Z., Chen, G., Nelson, A., Fox-
Kemper, B., 2018. Precession-band variance missing from East Asian monsoon 
runoff. Nat. Commun. 9, 3364.

Contreras-Rosales, L.A., Jennerjahn, T., Tharammal, T., Meyer, V., Lückge, A., Paul, A., 
Schefuß, E., 2014. Evolution of the Indian Summer Monsoon and terrestrial veg-
etation in the Bengal region during the past 18 ka. Quat. Sci. Rev. 102, 133–148.

Dayem, K.E., Molnar, P., Battisti, D.S., Roe, G.H., 2010. Lessons learned from oxygen 
isotopes in modern precipitation applied to interpretation of speleothem records 
of paleoclimate from eastern Asia. Earth Planet. Sci. Lett. 295, 219–230.

DiNezio, P.N., Tierney, J.E., Otto-Bliesner, B.L., Timmermann, A., Bhattacharya, T., 
Rosenbloom, N., Brady, E., 2018. Glacial changes in tropical climate amplified 
by the Indian Ocean. Sci. Adv. 4. https://doi .org /10 .1126 /sciadv.aat9658.

DiNezio, P.N., Puy, M., Thirumalai, K., Jin, F.-F., Tierney, J.E., 2020. Emergence of an 
equatorial mode of climate variability in the Indian Ocean. Sci. Adv. 6. https://
doi .org /10 .1126 /sciadv.aay7684.

Durand, F., Papa, F., Rahman, A., Bala, S.K., 2011. Impact of Ganges–Brahmaputra in-
terannual discharge variations onorthern Bay of Bengal salinity and temperature 
during 1992–1999 period. J. Earth Syst. Sci. 120, 859–872.

Dutt, S., Gupta, A.K., Clemens, S.C., Cheng, H., Singh, R.K., Kathayat, G., Edwards, R.L., 
2015. Abrupt changes in Indian summer monsoon strength during 33,800 to 
5500 years B.P. Geophys. Res. Lett. 42, 5526–5532.

Fore, A.G., Yueh, S.H., Tang, W., Stiles, B.W., Hayashi, A.K., 2016. Combined ac-
tive/passive retrievals of ocean vector wind and sea surface salinity with SMAP. 
In: IEEE Transaction on Geoscience and Remore Sensing, vol. 54, pp. 7396–7404.

Gebregiorgis, D., Hathorne, E.C., Sijinkumar, A.V., Nath, B.N., Nürnberg, D., Frank, 
M., 2016. South Asian summer monsoon variability during the last ∼54 kyrs 
inferred from surface water salinity and river runoff proxies. Quat. Sci. Rev. 138, 
6–15.
11
Gray, W.R., Evans, D., 2019. Nonthermal influences on Mg/Ca in planktonic 
foraminifera: a review of culture studies and application to the last glacial max-
imum. Paleoceanogr. Paleoclimatol. 34, 306–315.

Gray, W.R., Weldeab, S., Lea, D.W., Rosenthal, Y., Gruber, N., Donner, B., Fischer, G., 
2018. The effects of temperature, salinity, and the carbonate system on Mg/Ca in 
globigerinoides ruber (white): a global sediment trap calibration. Earth Planet. 
Sci. Lett. 482, 607–620.

Guptha, M.V.S., Curry, w.B., Ittekkot, V., Muralinath, A.S., 1997. Seasonal variation in 
the flux of planktic foraminifera; sediment trap results from the Bay of Bengal, 
northern Indian Ocean. J. Foraminiferal Res. 27, 5–19.

Harris, P.G., Zhao, M., Rosell-Mele, A., Tiedemann, R., Sarnthein, M., Maxwell, J.R., 
1996. Chlorin accumulation rate as a proxy for quaternary marine primary pro-
ductivity. Nature 383, 63–65.

Hren, M.T., Bookhagen, B., Blisniuk, P.M., Booth, A.L., Chamberlain, C.P., 2009. δ18O 
and δD of streamwaters across the Himalaya and Tibetan Plateau: implica-
tions for moisture sources and paleoelevation reconstructions. Earth Planet. Sci. 
Lett. 288, 20–32.

Huffman, G., 2017. GPM IMERG Final Precipitation L3 1 month 0.1 degree x 0.1 de-
gree V05, Greenbelt, MD, Goddard Earth Sciences Data and Information Services 
Center (GES DISC), Accessed: March 2021..

Iwakiri, T., Watanabe, M., 2019. Strengthening of the Indian Ocean dipole with 
increasing seasonal cycle in the Middle-Holocene. Geophys. Res. Lett. 46, 
8320–8328.

Kathayat, G., Cheng, H., Sinha, A., Spotl, C., Edwards, R.L., Zhang, H., Li, X., Yi, L., 
Ning, Y., Cai, Y., Lui, W.L., Breitenbach, S.F., 2016. Indian monsoon variability on 
millennial-orbital timescales. Sci. Rep. 6. https://doi .org /10 .1038 /srep24374.

Kaufman, D., McKay, N., Routson, C., Erb, M., Datwyler, C., Sommer, P.S., Heiri, O., 
Davis, B., 2020. Holocene global mean surface temperature, a multi-method 
reconstruction approach. Sci. Data 7, 201. https://doi .org /10 .1038 /s41597 -020 -
0530 -7.

Khon, V.C., Schneider, B., Latif, M., Park, W., Wengel, C., 2018. Evolution of East-
ern Equatorial Pacific seasonal and interannual variability in response to orbital 
forcing during the Holocene and eEmian from model simulations. Geophys. Res. 
Lett. 45, 9843–9851.

Kudrass, H.R., Hofmann, A., Doose, H., Emeis, K., Erlenkeuser, H., 2001. Modulation 
and amplification of climatic changes in the Northern Hemisphere by the Indian 
summer monsoon during the past 80 k.y. Geology 29, 63–66.

Kuhnert, H., Kuhlmann, H., Mohtadi, M., Meggers, H., Baumann, K.-H., Pätzold, J., 
2014. Holocene tropical western Indian Ocean sea surface temperatures in co-
variation with climatic changes in the Indonesian region. Paleoceanography 29, 
423–437.

Lambeck, K., Rouby, H., Purcell, A., Sun, Y., Sambridge, M., 2014. Sea level and global 
ice volumes from the last glacial maximum to the Holocene. Proc. Natl. Acad. 
Sci. USA 111, 15296–15303.

Laskar, J., Robutel, P., Joutel, f., Gastineau, M., Correia, A.C.M., Levrard, B., 2004. A 
long-term numerical solution for the insolation quantities of the Earth. Astron. 
Astrophys. 428, 261–285.

Leduc, G., Sachs, J.P., Kawka, O.E., Schneider, R.R., 2013. Holocene changes in eastern 
equatorial Atlantic salinity as estimated by water isotopologues. Earth Planet. 
Sci. Lett. 362, 151–162.

Lee, K., Tong, L.T., Millero, F.J., Sabine, C.L., Dickson, A.G., Goyet, C., Park, G.-H., Wan-
ninkhof, R., Feely, R.A., Key, R.M., 2006. Global relationships of total alkalinity 
with salinity and temperature in surface waters of the world’s oceans. Geophys. 
Res. Lett. 33. https://doi .org /10 .1029 /2006gl027207.

Li, Y., Han, W., Wang, W., Ravichandran, M., Lee, T., Shinoda, T., 2017. Bay of Bengal 
salinity stratification and Indian summer monsoon intraseasonal oscillation: 2. 
Impact on SST and convection. J. Geophys. Res., Oceans 122, 4312–4328.

Madec, G., NEMO Team, 2008. NEMO ocean engine. In: Note du Pole de Modelisa-
tion, vol. 27. Institut Pierre-Simon Laplace (IPSL), France, pp. 1288–1619.

Martin, P.A., Lea, D.W., 2002. A simple evaluation of cleaning procedures on fossil 
benthic foraminiferal Mg/Ca. Geochem. Geophys. Geosyst. 3, 1–8.

Marzin, C., Kallel, N., Kageyama, M., Duplessy, J.C., Braconnot, P., 2013. Glacial fluctu-
ations of the Indian monsoon and their relationship with North Atlantic climate: 
new data and modelling experiments. Clim. Past 9, 2135–2151.

McManus, J.F., Francois, R., Gherardi, J.-M., Keigwin, L.D., Brown-Leger, S., 2004. Col-
lapse and rapid resumption of Atlantic meridional circulation linked to deglacial 
climate changes. Nature 428, 834–837.

Middlehun, M., Lekshmy, P.R., Ramesh, R., 2013. Hydrogen and oxygen isotopic com-
positions of water vapor over the Bay of Bengal during monsoon. Geophys. Res. 
Lett. 40, 6324–6328.

Mohtadi, M., Prange, M., Oppo, D.W., De Pol-Holz, R., Merkel, U., Zhang, X., Steinke, 
S., Luckge, A., 2014. North Atlantic forcing of tropical Indian Ocean climate. Na-
ture 509, 76–80.

Moore, S.M., 1997. High fluxes of radium and barium from the mouth of the Ganges-
Brahmaputa River during low discharge suggest a large groundwater source. 
Earth Planet. Sci. Lett. 150, 141–150.

Moossen, H., Bendle, J., Seki, O., Quillmann, U., Kawamura, K., 2015. North Atlantic 
Holocene climate evolution recorded by high-resolution terrestrial and marine 
biomarker records. Quat. Sci. Rev. 129, 111–127.

Noska, R., Misra, V., 2016. Characterizing the onset and demise of the Indian sum-
mer monsoon. Geophys. Res. Lett. 43, 4547–4554.

https://doi.org/10.1016/j.epsl.2021.117327
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib98CB195B70583E496E701CECCF84209Ds1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib98CB195B70583E496E701CECCF84209Ds1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib98CB195B70583E496E701CECCF84209Ds1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5167DB96178F4DD9599B6E31A184B09Ds1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5167DB96178F4DD9599B6E31A184B09Ds1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5167DB96178F4DD9599B6E31A184B09Ds1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib751AF271FCB7383A82282FBC7C88F62Es1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib751AF271FCB7383A82282FBC7C88F62Es1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib751AF271FCB7383A82282FBC7C88F62Es1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib751AF271FCB7383A82282FBC7C88F62Es1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCA5B1E6A7EF2A115339BE0FAAE93F510s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCA5B1E6A7EF2A115339BE0FAAE93F510s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCA5B1E6A7EF2A115339BE0FAAE93F510s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCA5B1E6A7EF2A115339BE0FAAE93F510s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCA5B1E6A7EF2A115339BE0FAAE93F510s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD73730E18543F6297D9C2A0905788AF0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD73730E18543F6297D9C2A0905788AF0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD73730E18543F6297D9C2A0905788AF0s1
https://doi.org/10.1029/2003wr002086
https://doi.org/10.1029/2003wr002086
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib55CB67BF58FC9F0D185E5D716FDF0CE2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib55CB67BF58FC9F0D185E5D716FDF0CE2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib55CB67BF58FC9F0D185E5D716FDF0CE2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib55CB67BF58FC9F0D185E5D716FDF0CE2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD7A892212675C523F35712239BBEEAD3s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD7A892212675C523F35712239BBEEAD3s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD7A892212675C523F35712239BBEEAD3s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibF4D8B076CE5EE77E79D2880AB166B7DDs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibF4D8B076CE5EE77E79D2880AB166B7DDs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibF4D8B076CE5EE77E79D2880AB166B7DDs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD7063F3814FD19E9DA1A4D998D40E0B2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD7063F3814FD19E9DA1A4D998D40E0B2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD7063F3814FD19E9DA1A4D998D40E0B2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib3FF782E0E7AE936A8F64F63FAA8F5784s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib3FF782E0E7AE936A8F64F63FAA8F5784s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib3FF782E0E7AE936A8F64F63FAA8F5784s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCE8854F4FFD510C3340404B62357E3FDs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCE8854F4FFD510C3340404B62357E3FDs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCE8854F4FFD510C3340404B62357E3FDs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib07A0E69B5604DCF6803F6848AC1DDE5As1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib07A0E69B5604DCF6803F6848AC1DDE5As1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib07A0E69B5604DCF6803F6848AC1DDE5As1
https://doi.org/10.1126/sciadv.aat9658
https://doi.org/10.1126/sciadv.aay7684
https://doi.org/10.1126/sciadv.aay7684
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibFBF32CA5D0E456E0379D1B18FF072D5Fs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibFBF32CA5D0E456E0379D1B18FF072D5Fs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibFBF32CA5D0E456E0379D1B18FF072D5Fs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib473B631BEA23EC51C486C2BC4FDD20C2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib473B631BEA23EC51C486C2BC4FDD20C2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib473B631BEA23EC51C486C2BC4FDD20C2s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib76DEF68EB097F9208BAC45FE1BA0D6EFs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib76DEF68EB097F9208BAC45FE1BA0D6EFs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib76DEF68EB097F9208BAC45FE1BA0D6EFs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib023FE6D422189CDED67F0A69623599BBs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib023FE6D422189CDED67F0A69623599BBs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib023FE6D422189CDED67F0A69623599BBs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib023FE6D422189CDED67F0A69623599BBs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib50BDFECE035B6758F73DC33F21AC0817s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib50BDFECE035B6758F73DC33F21AC0817s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib50BDFECE035B6758F73DC33F21AC0817s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibAE4A1D76F51E30D02874F5D429534887s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibAE4A1D76F51E30D02874F5D429534887s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibAE4A1D76F51E30D02874F5D429534887s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibAE4A1D76F51E30D02874F5D429534887s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib1C7C0D173BF2ABC2733DC500D7A77ED0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib1C7C0D173BF2ABC2733DC500D7A77ED0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib1C7C0D173BF2ABC2733DC500D7A77ED0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5CDF96F1655AC07312B06AE07EDA1937s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5CDF96F1655AC07312B06AE07EDA1937s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5CDF96F1655AC07312B06AE07EDA1937s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib3C9B97A3CD747BDEF9B31F1899733E93s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib3C9B97A3CD747BDEF9B31F1899733E93s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib3C9B97A3CD747BDEF9B31F1899733E93s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib3C9B97A3CD747BDEF9B31F1899733E93s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib24F23FB6ED2EED16CDED5E0427774FECs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib24F23FB6ED2EED16CDED5E0427774FECs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib24F23FB6ED2EED16CDED5E0427774FECs1
https://doi.org/10.1038/srep24374
https://doi.org/10.1038/s41597-020-0530-7
https://doi.org/10.1038/s41597-020-0530-7
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibBAB53A8E8943A38CD9D9910A9AFE42F1s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibBAB53A8E8943A38CD9D9910A9AFE42F1s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibBAB53A8E8943A38CD9D9910A9AFE42F1s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibBAB53A8E8943A38CD9D9910A9AFE42F1s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibA291F766D8A6DE861ACACB5DCBE410FEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibA291F766D8A6DE861ACACB5DCBE410FEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibA291F766D8A6DE861ACACB5DCBE410FEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCB9973C637926BE168FB7EA3A81EC4AEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCB9973C637926BE168FB7EA3A81EC4AEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCB9973C637926BE168FB7EA3A81EC4AEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCB9973C637926BE168FB7EA3A81EC4AEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5D162BDA1C31D455A1BC4513BA5CE363s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5D162BDA1C31D455A1BC4513BA5CE363s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5D162BDA1C31D455A1BC4513BA5CE363s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib8AA0C6C09F85FD76051446059845DB47s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib8AA0C6C09F85FD76051446059845DB47s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib8AA0C6C09F85FD76051446059845DB47s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib9CCE0192A01C0624A61054A3BEA36CC1s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib9CCE0192A01C0624A61054A3BEA36CC1s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib9CCE0192A01C0624A61054A3BEA36CC1s1
https://doi.org/10.1029/2006gl027207
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCE6C8115E39FE50866180A4A10CFFEB0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCE6C8115E39FE50866180A4A10CFFEB0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibCE6C8115E39FE50866180A4A10CFFEB0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib0A8ED1DAC55F291E83B9A5326F2C48C5s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib0A8ED1DAC55F291E83B9A5326F2C48C5s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib52B2DBD56420514EBA8360BC7A5E4FDBs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib52B2DBD56420514EBA8360BC7A5E4FDBs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib17C26C556BE730FEDDD253CA0117A945s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib17C26C556BE730FEDDD253CA0117A945s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib17C26C556BE730FEDDD253CA0117A945s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib33CE6C9D398370BB65909A29D941EB70s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib33CE6C9D398370BB65909A29D941EB70s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib33CE6C9D398370BB65909A29D941EB70s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib395E9F5340E2D4AD2638162970B8BE26s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib395E9F5340E2D4AD2638162970B8BE26s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib395E9F5340E2D4AD2638162970B8BE26s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibDD72700F5B13A1209D9BC9A639EA7A2Bs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibDD72700F5B13A1209D9BC9A639EA7A2Bs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibDD72700F5B13A1209D9BC9A639EA7A2Bs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib9CDAF3C11FF2FAB91548DF87DD4C2B12s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib9CDAF3C11FF2FAB91548DF87DD4C2B12s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib9CDAF3C11FF2FAB91548DF87DD4C2B12s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibFCCE556B9C0D06698189D64329DAFE49s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibFCCE556B9C0D06698189D64329DAFE49s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibFCCE556B9C0D06698189D64329DAFE49s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib65E4057EFEF52615F7EC32B9E02ECD60s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib65E4057EFEF52615F7EC32B9E02ECD60s1


S. Weldeab, C. Rühlemann, Q. Ding et al. Earth and Planetary Science Letters 578 (2022) 117327
Panmei, C., Naidu, P.D., Mohtadi, M., 2017. Bay of Bengal exhibits warming 
trend during the Younger Dryas: implications of AMOC. Geochem. Geophys. 
Geosyst. 18, 4317–4325.

Park, W., Keenlyside, N., Latif, M., Stroh, A., Redler, R., Roeckner, E., Madec, G., 2009. 
Tropical Pacific climate and its response to global warming in the Kiel climate 
model. J. Climate 22, 71–92.

Pausata, F.S.R., Battisti, D.S., Nisancioglu, K.H., Bitz, C.M., 2011. Chinese stalagmite 
δ18O controlled by changes in the Indian monsoon during a simulated Heinrich 
event. Nat. Geosci. 4, 474–480.

Pausata, F.S.R., Zhang, Q., Muschitiello, F., Lu, Z., Chafik, L., Niedermeyer, E.M., Stager, 
J.C., Cobb, K.M., Liu, Z., 2017. Greening of the Sahara suppressed ENSO ac-
tivity during the middle-Holocene. Nat. Commun. 8. https://doi .org /10 .1038 /
ncomms16020.

Rashid, H., England, E., Thompson, L., Polyak, L., 2011. Late glacial to Holocene Indian 
summer monsoon variability based upon sediment records taken from the Bay 
of Bengal. Terr. Atmos. Ocean. Sci. 22, 215–228.

Roeckner, E., Bauml, G., Bonaventura, L., Brokopf, R., Esch, M., Giorgetta, M., 
Hagemann, S., Kirchner, I., Kornblueh, L., Manzini, E., Rhodin, A., Schlese, U., 
Schulzweida, U., Tompkins, A., 2003. The atmospheric general circulation model 
ECHAM5. Part I: model description. Report 349, Max Planck Institute for Mete-
orology, Hamburg, Germany. 127 pp.

Romahn, S., Mackensen, A., Groeneveld, J., Pätzold, J., 2014. Deglacial intermedi-
ate water reorganization: new evidence from the Indian Ocean. Clim. Past 10, 
293–303.

Rosenthal, Y., Perron-Cashman, S., Lear, C.H., Bard, E., Barker, S., Billups, K., Bryan, M., 
Delaney, M.L., deMenocal, P.B., Dwyer, G.S., Elderfield, H., German, C.R., Greaves, 
M., Lea, D.W., Marchitto, T.M., Pak, D.K., Paradis, G.L., Russell, A.D., Schneider, 
R.R., Scheiderich, K., Stott, L., Tachikawa, K., Tappa, E., Thunell, R., Wara, M., 
Weldeab, S., Wilson, P.A., 2004. Interlaboratory comparison study of Mg/Ca and 
Sr/Ca measurements in planktonic foraminifera for paleoceanographic research. 
Geochem. Geophys. Geosyst. 5. https://doi .org /10 .1029 /2003gc000650.

Roxy, M., Ritika, K., Terray, P., Murtugudde, R., Ashok, K., Goswami, B.N., 2015. Drying 
of Indian subcontinent by rapid Indian Ocean warming and a weakening land-
sea thermal gradient. Nat. Commun. 6. https://doi .org /10 .1038 /ncomms8423.

Saji, N.H., Goswami, B.N., Vinayachandran, P.N., Yamagata, T., 1999. A dipole mode 
in the Indian Ocean. Nature 401, 360–363.

Samanta, S., Dalai, T.K., 2016. Dissolved and particulate barium in the Ganga 
(Hooghly) River estuary, India: solute-particle interactions and the enhanced 
dissolved flux to the oceans. Geochim. Cosmochim. Acta 195, 1–28.

Saraswat, R., Lea, D.W., Nigam, R., Mackensen, A., Naik, D.K., 2013. Deglaciation in 
the tropical Indian Ocean driven by interplay between the regional monsoon 
and global teleconnections. Earth Planet. Sci. Lett. 375, 166–175.

Schmidt, G.A., Bigg, G.R., Rohling, E.J., 1999. Global seawater oxygen-18 database -
v1.22. https://data .giss .nasa .gov /o18data/.

Schubert, C.J., Niggemann, J., Klockgether, G., Ferdelman, T.G., 2005. Chlorin index: a 
new parameter for organic matter freshness in sediments. Geochem. Geophys. 
Geosyst. 6, Q03005. https://doi .org /10 .1029 /2004GC000837.

Sengupta, S., Sarkar, A., 2006. Stable isotope evidence of dual (Arabian Sea and Bay 
of Bengal) vapour sources in monsoonal precipitation over North India. Earth 
Planet. Sci. Lett. 250, 511–521.

Sijinkumar, A.V., Clemens, S., Nath, B.N., Prell, W., Benshila, R., Lengaigne, M., 2016. 
δ18O and salinity variability from the last glacial maximum to recent in the Bay 
of Bengal and Andaman Sea. Quat. Sci. Rev. 135, 79–91.

Singh, A., Mohiuddin, A., Ramesh, R., Raghav, S., 2014. Estimating the loss of Hi-
malayan glaciers under global warming using the δ18O–salinity relation in the 
Bay of Bengal. Environ. Sci. Technol. Lett. 1, 249–253.

Singh, S.P., Singh, S.K., Bhushan, R., 2013. Internal cycling of dissolved barium in 
water column of the Bay of Bengal. Mar. Chem. 154, 12–23.

Sinha, A., Cannariato, K.G., Stott, L.D., Li, H.C., You, C.F., Cheng, H., Edwards, R.L., 
Singh, I.B., 2005. Variability of Southwest Indian summer monsoon precipitation 
during the Boiling-Allerod. Geology 33, 813–816.

Stott, L., Cannariato, K., Thunell, R., Haug, G.H., Koutavas, A., Lund, S., 2004. Decline 
of surface temperature and salinity in the western tropical Pacific Ocean in the 
Holocene epoch. Nature 431, 56–59.

Stuiver, M., Reimer, P.J., Reimer, R.W., 2019. CALIB 7.1. WWW program at http://
calib .org. (Accessed 24 January 2019).

Timmermann, A., Sachs, J., Timm, O.E., 2014. Assessing divergent SST behavior dur-
ing the last 21 ka derived from alkenones and G. ruber-Mg/Ca in the equatorial 
Pacific. Paleoceanography 29, 680–696.

Weldeab, S., Lea, D.W., Schneider, R.R., Andersen, N., 2007. 155,000 years of West 
African monsoon and ocean thermal evolution. Science 316, 1303–1307.

Weldeab, S., 2012. Bipolar modulation of millennial-scale West African monsoon 
variability during the last glacial (75,000–25,000 years ago). Quat. Sci. Rev. 40, 
21–29.

Weldeab, S., Menke, V., Schmiedl, G., 2014a. The pace of East African mon-
soon evolution during the Holocene. Geophys. Res. Lett. https://doi .org /10 .1002 /
2014GL059361.

Weldeab, S., Lea, D.W., Oberhaensli, H., Schneider, R.R., 2014b. Links between 
southwestern tropical Indian Ocean SST and precipitation over the southwest-
ern Africa over the last 17 kyr. Palaeogeogr. Palaeoclimatol. Palaeoecol. 410, 
200–212. https://doi .org /10 .1016 /j .palaeo .2014 .06 .001.

Weldeab, S., Rühlemann, C., Bookhagen, B., Pausata, F.S.R., Perez-Lua, F.M., 2019. 
Enhanced Himalayan glacier melting during YD and H1 recorded in the 
northern Bay of Bengal. Geochem. Geophys. Geosyst. https://doi .org /10 .1029 /
2018GC008065.

Thompson, L.G., Mosley-Thompson, E., Davis, M.E., Henderson, K.A., Brecher, H.H., 
Zagorodnov, V.S., Mashiotta, T.A., Lin, P.N., Mikhalenko, V.N., Hardy, D.R., Beer, 
J., 2002. Kilimanjaro ice core records: evidence of Holocene climate change in 
tropical Africa. Science 298, 589–593.

Thirumalai, K., DiNezio, P.N., Tierney, J.E., Puy, M., Mohtadi, M., 2019. An El Niño 
mode in the glacial Indian Ocean? Paleoceanogr. Paleoclimatol. 34, 1316–1327.

Weller, E., Cai, W., 2014. Meridional variability of atmospheric convection associ-
ated with the Indian Ocean dipole mode. Sci. Rep. 4. https://doi .org /10 .1038 /
srep03590.

Werner, M., Langebroek, P.M., Carlsen, T., Herold, M., Lohmann, G., 2011. Stable wa-
ter isotopes in the ECHAM5 general circulation model: toward high-resolution 
isotope modeling on a global scale. J. Geophys. Res., Atmos. 116. https://
doi .org /10 .1029 /2011jd015681.

Wang, Y., Liu, X., Herzschuh, U., 2010. Asynchronous evolution of the Indian and East 
Asian summer monsoon indicated by Holocene moisture patterns in monsoonal 
central Asia. Earth-Sci. Rev. 103, 135–153.

Yadav, R.K., Srinivas, R.K.G., Chowdary, J.S., 2018. Atlantic Niño modulation of the 
Indian summer monsoon through Asian jet. Clim. Atmos. Sci. 1. https://doi .org /
10 .1038 /s41612 -41018 -40029 -41615.

Zhao, Y., Braconnot, P., Marti, O., Harrison, S.P., Hewitt, C., Kitoh, A., Liu, Z., Mikola-
jewicz, U., Otto-Bliesner, B., Weber, S.L., 2005. A multi-model analysis of the role 
of the ocean on the African and Indian monsoon during the middle-Holocene. 
Clim. Dyn. 25, 777–800.

Zweng, M.M., Reagan, J.R., Seidov, D., Boyer, T.P., Locarnini, R.A., Garcia, H.E., Mis-
honov, A.V., Baranova, O.K., Weathers, C.R., Paver, C.R., Smolayr, I., 2018. World 
ocean atlas 2018, Volume 2: salinity. In: Mishonov, A.V. (Ed.), NOAA Atlas NES-
DIS, vol. 82. U.S. Government Printing Office, Washington, D.C.
12

http://refhub.elsevier.com/S0012-821X(21)00583-5/bib8815E1621D318A01813BDC5965EA7E8Cs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib8815E1621D318A01813BDC5965EA7E8Cs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib8815E1621D318A01813BDC5965EA7E8Cs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib03FE4733722C5A51E159DD7EB95939EDs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib03FE4733722C5A51E159DD7EB95939EDs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib03FE4733722C5A51E159DD7EB95939EDs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibA11B3A248E172D3096F43CFBEE52122Cs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibA11B3A248E172D3096F43CFBEE52122Cs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibA11B3A248E172D3096F43CFBEE52122Cs1
https://doi.org/10.1038/ncomms16020
https://doi.org/10.1038/ncomms16020
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib6B3F0291FAB194BA078238B742D36ED8s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib6B3F0291FAB194BA078238B742D36ED8s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib6B3F0291FAB194BA078238B742D36ED8s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib6C21C785D013487F707DBC67CEFADFA6s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib6C21C785D013487F707DBC67CEFADFA6s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib6C21C785D013487F707DBC67CEFADFA6s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib6C21C785D013487F707DBC67CEFADFA6s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib6C21C785D013487F707DBC67CEFADFA6s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib36EB709DE8A89C08457968542EF26D9Es1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib36EB709DE8A89C08457968542EF26D9Es1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib36EB709DE8A89C08457968542EF26D9Es1
https://doi.org/10.1029/2003gc000650
https://doi.org/10.1038/ncomms8423
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibAF788FEFFA99C1A020686226D7B665EAs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibAF788FEFFA99C1A020686226D7B665EAs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib84D96CDEAD472A74DEAEBD097D5030BFs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib84D96CDEAD472A74DEAEBD097D5030BFs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib84D96CDEAD472A74DEAEBD097D5030BFs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib75E30F1514BAD135D8B8FE3565CE40E6s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib75E30F1514BAD135D8B8FE3565CE40E6s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib75E30F1514BAD135D8B8FE3565CE40E6s1
https://data.giss.nasa.gov/o18data/
https://doi.org/10.1029/2004GC000837
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibAACC5A183AD91467F415055CAAA72C24s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibAACC5A183AD91467F415055CAAA72C24s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibAACC5A183AD91467F415055CAAA72C24s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib7B325CADEC6688B7E3ACC573BDF22DCCs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib7B325CADEC6688B7E3ACC573BDF22DCCs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib7B325CADEC6688B7E3ACC573BDF22DCCs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibACF1CFEBAC0B4E7096430723265A7465s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibACF1CFEBAC0B4E7096430723265A7465s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibACF1CFEBAC0B4E7096430723265A7465s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib62EF44084561D0EA5DABC02709D42DB3s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib62EF44084561D0EA5DABC02709D42DB3s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib31203D4D6BC56621E980EB062FC6E592s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib31203D4D6BC56621E980EB062FC6E592s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib31203D4D6BC56621E980EB062FC6E592s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibADE9940B66A3A3D3D884B046D6429A33s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibADE9940B66A3A3D3D884B046D6429A33s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibADE9940B66A3A3D3D884B046D6429A33s1
http://calib.org
http://calib.org
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD95A86D1C764125108CD98593D126D41s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD95A86D1C764125108CD98593D126D41s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibD95A86D1C764125108CD98593D126D41s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib1AE28CA1E9F4A650459BA1295C4141A8s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib1AE28CA1E9F4A650459BA1295C4141A8s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib9E6E93A104C73FEDF71455CC5C394C21s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib9E6E93A104C73FEDF71455CC5C394C21s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib9E6E93A104C73FEDF71455CC5C394C21s1
https://doi.org/10.1002/2014GL059361
https://doi.org/10.1002/2014GL059361
https://doi.org/10.1016/j.palaeo.2014.06.001
https://doi.org/10.1029/2018GC008065
https://doi.org/10.1029/2018GC008065
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibECF3F047A15BC6F563FCBB0D7F1F3C33s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibECF3F047A15BC6F563FCBB0D7F1F3C33s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibECF3F047A15BC6F563FCBB0D7F1F3C33s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibECF3F047A15BC6F563FCBB0D7F1F3C33s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibFDE0662EB9A006735BFF1E6166B1F148s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibFDE0662EB9A006735BFF1E6166B1F148s1
https://doi.org/10.1038/srep03590
https://doi.org/10.1038/srep03590
https://doi.org/10.1029/2011jd015681
https://doi.org/10.1029/2011jd015681
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib043A3CB2BCA6A0D88DAF3F53F461280Es1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib043A3CB2BCA6A0D88DAF3F53F461280Es1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib043A3CB2BCA6A0D88DAF3F53F461280Es1
https://doi.org/10.1038/s41612-41018-40029-41615
https://doi.org/10.1038/s41612-41018-40029-41615
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5F3097FA1A3EBA3810E3A3EB796653CEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5F3097FA1A3EBA3810E3A3EB796653CEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5F3097FA1A3EBA3810E3A3EB796653CEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bib5F3097FA1A3EBA3810E3A3EB796653CEs1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibF5DC32F52B033E6620258242623E4BA0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibF5DC32F52B033E6620258242623E4BA0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibF5DC32F52B033E6620258242623E4BA0s1
http://refhub.elsevier.com/S0012-821X(21)00583-5/bibF5DC32F52B033E6620258242623E4BA0s1

	Impact of Indian Ocean surface temperature gradient reversals on the Indian Summer Monsoon
	1 Introduction
	2 Materials and methods


