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Introduction
The teleconnection between the Asian Monsoon and North-
Atlantic climate is a well-documented expression in the glacial 
and Holocene environments of the Earth (Mohtadi et al., 2014). In 
particular, marine sediments (Deplazes et al., 2013; Gupta et al., 
2003), speleothems (Band et  al., 2018; Liu et  al., 2013; Wang 
et al., 2005a), peat sequences (Rawat et al., 2015), loess deposits 
(Liu et al., 2020b), from the Asian monsoon region provide strong 
evidence on North-Atlantic forcing of the Indian and East-Asian 
monsoons.

Considering the last interglacial period, numerous paleo-mon-
soon records from the Asian monsoon domain have revealed marked 
changes in response to a quasi-periodic, ‘1500 years cycle’ detected 
by Gerald Bond and his team (Bond et al., 1997) based on North-
Atlantic deep-sea sediments. They used three proxies in sea bed 
deposits –the percentage of lithic grains, fresh volcanic glasses and 
haematite-stained grains to infer ice-rafted debris (IRD) events. 
These petrologic tracers detected peak IRD activity at around 1400, 
2800, 4300, 5900, 8200, 9500, 10,300 and 11,000 years BP, showing 
different pacing on a millennial scale with a recurrence interval of 

about 1500 years. Later, this millennial-scale cyclicity was detected 
in North-Atlantic’s Holocene climate was called ‘Bond Events’ and 
considered counterparts of Pleistocene Dansgaard-Oeschger (D-O) 
events (Alley and Agustsdottir, 2005).
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Notably, both the Indian Summer Monsoon (ISM) and East 
Asian Summer Monsoon (EASM) have significantly weakened 
through the intervals of increased ice rafting activity recorded in 
North Atlantic deep-sea sediments during the Holocene. In the 
Indian monsoon domain, for instance, weakened ISM in response 
to the 8.2 Bond event was well-documented in the Arabian Sea 
(Gupta et al., 2003), NW Himalaya (Rawat et al., 2015), Central 
India (Band et al., 2018). In addition, 0.5 ka Bond Event (the Lit-
tle Ice Age), 1.4 ka event (the Dark Age cold period), 2.8, 4.2, 5.5, 
9.4 and 10.3 ka events were detected as periods of declined ISM 
activity (Band et al., 2018; Gupta et al., 2003; Rawat et al., 2015). 
Similarly, as evidenced in southern, western and central China, 
North-Atlantic cold spells left their signature as weakened EASM 
(Liu et al., 2013, 2020a; Wang et al., 2005b). In these paleocli-
mate records, the signal of weakened summer monsoon has been 
inferred by decreased abundance of G. bulloides in marine sedi-
ments (Gupta et al., 2003), increased δ18O values or asynchronous 
increase of 18O and Mg/Ca values in spelaeothem carbonates 
(Band et al., 2018; Liu et al., 2013; Wang et al., 2005a), low total 
organic carbon (TOC) values along with increased δ13C and 
decreased pollen assemblages in peat sequence (Rawat et  al., 
2015) and by elemental proxies Rb/Sr and Zr/Rb in loess deposits 
(Liu et al., 2020b).

In contrast, several studies have shown an asynchronous 
intensification of the East Asian Winter Monsoon (EAWM) dur-
ing Holocene IRD events (Hao et al., 2017; Hu et al., 2012). In 
particular, strong EAWM events recorded in grain size proxy of 
Central Yellow Sea Mud, China (Hu et al., 2012), terrestrial lig-
nin phenols from South Yellow Sea, China (Hao et al., 2017) and 
elemental proxies Rb/Sr and Zr/Rb in loess deposits from West-
ern China (Liu et al., 2020a) are well correlated with Bond events 
0–5, 0–4 and with 2–8 respectively. Accordingly, on the centen-
nial to millennial scale, EASM and EAWM exhibit an inverse-
phase relationship linked to North-Atlantic cooling since the last 
glacial period (Henry et al., 2016; Liu et al., 2020a). However, 
the sensitivity of the winter counterpart of the Indian monsoon in 
association with North Atlantic cold spells is still elusive to the 
present knowledge due to a lack of comprehensive evidence. In 
such circumstances, this study aims to reconstruct the deglacial 
Indian Winter Monsoon signals and its tele-connective response 
during Holocene IRD events based on sedimentary archives from 
Sri Lanka- an Island located in the core of the Indian monsoon 
domain.

In chasing the Holocene monsoon, Sri Lanka provides an 
excellent repository, owing to its unique geographical position in 
the Indian monsoon domain. Sri Lanka is affected by both summer 
and winter monsoon circulation as it lies directly in the monsoon 
trajectory across the Indian Ocean (Figure 1), thus having a classic 
tropical monsoon climate. During Boreal summer, the atmospheric 
pressure gradient across the warm Tibetan Plateau and cooler 
Indian Ocean causes south-westerly winds, which bring summer 
rainfall over the Indian Ocean and southern and south-west regions 
of the Asian continent (Rashid et al., 2007). This is known as the 
Indian Summer Monsoon (ISM) or Southwest Monsoon (SWM). 
In May, summer rainfall is triggered across Sri Lanka as the Inter-
Tropical Convergence Zone (ITCZ) crosses the island during its 
northerly displacement. The mid-tropospheric wind movements, 
that is, cyclonic circulations, cause heavy rains primarily across 
southwestern parts of the island during the summer months. Due to 
the orographic effect, the highest summer rainfall lies on the west-
ern slopes of the central highlands (Figure 1). Summer monsoon 
fades in Sri Lanka in September when the ITCZ moves towards 
the south. In September, the high-pressure zone over the cooler 
north Indian landmass and the low atmospheric pressure over the 
warmer Indian Ocean generate north-easterly winds that blow 
from the Himalayas and Indo-Gangetic Plain towards the Indian 
Ocean (Rajmanickam et al., 2017). This is referred to as the Indian 
Winter Monsoon (IWM) or Northeast Monsoon (NEM). The 

winter rainfall hits Sri Lanka in December as ITCZ crosses the 
Island in its’ southerly migration. During the northern hemisphere 
winter, the specific circulation conditions in the easterly wind 
stream and cyclonic wind circulations of the mid-troposphere 
bring heavy rainfall to the eastern half of Sri Lanka. In particular, 
the eastern slopes of the highlands receive the highest winter rain-
fall, owing to the orography of the Island. The winter monsoon 
season in Sri Lanka usually lasts until around February.

The southeastern coastal lowlands of Sri Lanka serve as an 
excellent archive of Indian winter monsoon variability because 
the area is influenced by the dominant winter monsoon variant 
and is shielded by summer rainfall. The central highlands of Sri 
Lanka, with a maximum height of about 2400 m, obstruct the 
propagation of summer monsoon winds towards the eastern ter-
rain, creating a rain shadow around the east-southeast parts of the 
Island (Figure 1). Thus, paleoclimate records from the east-south-
east parts of the island predominantly represent the winter mon-
soon signatures. Further, sedimentary deposits from coastal 
lagoons in this region enable paleoclimate investigations span-
ning the Holocene, as the lagoons are thought to have resulted 
from the late Quaternary marine transgression and sea-level rise 
(Silva et al., 2013). In this context, we used an AMS 14C dated 
sediment core from the Pottuvil lagoon in south-eastern Sri Lanka 
to trace the Indian winter monsoon variability and its association 
with North Atlantic cooling episodes during the Holocene.

Reconstruction of the monsoon signal was based on lithogenic 
proxies of sediments. This study used K, Rb, Mg, Al, and Ti as 
indicators of terrigenous detrital flux (monsoonal discharge) to 
the lagoon. These elements have been widely used as monsoon 
proxies, which reflect the responses of the catchment to changing 
climate (Achyuthan et al., 2014; Bhushan et al., 2018; Gayantha 
et  al., 2017; Ning et  al., 2017). Monsoon dynamics could be 
traced with reference to rainfall intensity and/or the amount of 
precipitation, rates or intensity of chemical weathering and ero-
sion in the catchment, surface runoff from local watersheds, and 
fluvial discharge based on detrital elements such as Al, K, Rb, Mg 

Figure 1.  Geomorphology of Sri Lanka (modified after 
Chandrajith, 2020) and orographic effect of Central Highlands. The 
elevated landscape above 1000 m makes up the central mountains 
of the island.
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(Gayantha et al., 2017; Lone et al., 2018; Ning et al., 2017). In 
addition, detrital Ti is frequently used as a proxy for catchment 
erosion driven by climate (Ning et al., 2017). The Ti-bearing min-
erals are highly resistant to weathering and are considered a 
refractory element in surface environments (Chen et al., 2020). 
Since Sri Lanka has a classic tropical monsoon climate due to its 
unique geographical position in the Indian monsoon domain, we 
surmise that the lithogenic proxies in Pottuvil lagoon sediments 
might be closely reflected in induced changes.

Material and methods
Study area
Pottuvil Lagoon is a brackish-water lagoon located in the Ampara 
District of the Eastern Province of Sri Lanka (Figure 2), which 
covers an area of about 25 km2 in south-eastern coastal lowlands. 
It is connected to the sea on its eastern border by a 170 m-long 
narrow channel. The lagoon was formed by back-barrier forma-
tion along the southeastern coast during the Holocene (Silva 
et  al., 2013). Located in the dry zone of Sri Lanka, the mean 
annual temperature and precipitation around the Pottuvil area are 
27.4°C and 700–1000 mm, respectively. The lagoon receives 
freshwater mainly from direct winter (northeast) monsoon pre-
cipitation from December to February. During the summer 
months, the Pottuvil coastal stretch experiences an arid climate. 
At present, monthly total rainfall around Pottuvil during the 
May-September period is as low as 50 mm, and from December 
to February, monthly total rainfall exceeds 250 mm. Therefore, 
the area is influenced by the dominant winter monsoon variant. 
In addition, the Pottuvil lagoon is also fed by several perennial 
streams, while tidal fluctuations affect the lagoon, and the salin-
ity can be over 30‰, depending on the season. Pottuvil Lagoon 
has a watershed of about 479 km2i, entirely underlain by 

crystalline, high-grade metamorphic rocks. The southeastern 
coastal sector is underlain by amphibolite-facies rocks rich in 
hornblende and biotite. These basement rocks and outcrops in 
this area have been weathered and configured on the island dur-
ing Holocene submergence (Silva et al., 2013).

Sediment core collection
Coring was carried out in the Pottuvil Lagoon using a mechani-
cally driven piston corer fixed in a floating barge. The piston cor-
ing method extracts sediments with minimum disturbances to the 
recovered sample. The sampling location (6° 53′ 27″N; 81° 50′ 
18″E) was selected by considering the deepest point of the lagoon 
(Figure 2). The drilling depth was approximately 5.2 m, and the 
core was acquired into polyvinylchloride (PVC) tubes with 6.5 cm 
diameter. The core was sliced at 1.0 cm, and geochemical analysis 
was carried out for sub-samples selected at a 5 cm interval.

Age-depth modelling
Bulk organic carbon in sediments and mollusc shells extracted 
from the core were analysed for 14C ages to construct the age-
depth model for the Pottuvil sediment core. Altogether, five bulk 
dates and one shell date were used to establish the chronology. 
The entire core was dominated by terrestrial sediment input. 
Hence, we used five 14C ages derived from bulk organic carbon in 
sediments, representing the core. The bulk sediment samples 
were pre-treated to remove the inorganic content, so we used only 
the bulk organic carbon fraction for 14C dating (Table 1). Radio-
carbon analysis was performed using an Accelerator Mass Spec-
trometer (AMS) at the Radiocarbon Laboratory, Max Planck 
Institute of Biogeochemistry, Jena, Germany and Institute of Sur-
face Earth System Science (ISESS), Tianjin University, China, 
adapting the sample preparation method described by Steinhof 

Figure 2.  Location of Pottuvil Lagoon in the southeastern coastal plain of Sri Lanka and the sampling location.
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et al. (2017). Further, the mollusc shell used for the age dating 
was extracted from the 340 to 420 cm depth section of the core, 
where shells and shell fragments are mainly abundant. The age-
depth model of the core was established using the R-software 
package BACON (r-bacon), which uses Bayesian statistics to 
construct the sediment chronology (Blaauw and Christen, 2011). 
In this approach, the core is divided into vertical sections, and the 
accumulation rate (in years/cm) for each section is estimated 
through Markov Chain Monte Carlo (MCMC) iterations. Com-
bined with an estimated starting date for the first section, the 
accumulation rates for the individual sections give the age-depth 
model (Blaauw and Christen, 2011). All the bulk (organic) 14C 
dates were calibrated using the Northern Hemisphere Terrestrial 
Calibration Curve (IntCal20). Due to possible marine influence in 
the lagoon, the mollusc shell date was calibrated using the North-
ern Hemisphere Marine Calibration Curve (MarineCal20) 
(Reimer et al., 2013). It was corrected for the reservoir age effect. 
We used 133 ± 65 as the local marine reservoir age, according to 
the online Marine Reservoir Database (http://calib.org/marine/).

Grain size analysis
Grain size analysis was conducted for sediment samples selected 
at 5 cm intervals. About 1.5 g wet bulk sample was pre-treated 
with 30% HCl and 30% H2O2, and sodium hexametaphosphate 
(0.05%) was used as the wet dispersant for particle size analysis. 
Pre-treated samples were sonicated in an ultrasonic stirrer for 
1–2 min and then introduced to a Laser Diffraction Particle Size 
Analyzer (Malvern Mastersizer 3000) through a Hydro LV wet 
sample dispersion unit. The results were expressed as weight per-
centages of sand, silt and clay.

Geochemical analyses
Approximately 100 mg of dried and powdered samples were 
digested at 180°C using 3: 1 ratio of 65% nitric acid (Merck Supra-
pur®) and 30% hydrochloric acid (Fluka TraceSELECT®) in a 
microwave reaction system (CEM- MARS-6) equipped with Easy-
Prep + high-pressure vessel system. In samples, K, Rb, Mg, Al, and 
Ti were quantified using an Inductively Coupled Plasma Mass Spec-
trometer (ICP-MS; Thermo ICapQ). For the ICP-MS analysis, we 
used a five-point calibration curve based on certified NIST traceable 
ICP grade stock solutions. The instrumental drift was checked with 
the 21Sc (1.0 µg/L) internal standard, and the method validation was 
performed using certified reference materials (CRM).

Signal processing and statistical analyses
Signal processing and statistical analyses were carried out using 
Microcal Origin Ver. 7 for Windows. The fast Fourier transform 
(FFT) filter facility of the ‘Signal Processing’ package in Origin 
was used to acquire a smoothed signal from the original data. The 
FFT low pass filter removes high-frequency noises from the sig-
nal, which helps identify long-term fluctuations in data. In this 
study, Fourier transformed Low Pass fit filter was applied on each 
proxy (K2O, Rb2O, MgO, Al2O3 and TiO2) with a cut-off fre-
quency of 0.0245 Hz for depth variations and 0.0037 Hz for time 

series. The cut-off frequencies were selected by granting the mini-
mum distortion of the original signal. In the FFT low pass filter, 
the frequencies higher than the cut-off frequency were discarded 
from the signal. The filtered values were plotted in 2D graphical 
format and superimposed on the original signal for better visuali-
sation of the results.

The time series of oxide contents in the sediment core was 
compared with the Hematite Stained Grains (HSG) record of the 
North Atlantic deep-sea core MC52-VM29-191 (Bond et  al., 
2001). In the HSG record, cold events were indicated by high 
percentages of hematite-stained grains in sediments (Bond et al., 
2001). The chronology of the Pottuvil core spans within the range 
of 2, 3, and 4 cold events detected in the MC52-VM29-191 core. 
Pearson’s correlation analysis was performed to identify potential 
relationships among geogenic elements. All the correlations are 
significant at 0.01 level (2-tailed).

Results and discussion
Stratigraphy, grain size distribution and chronology
The Pottuvil sediment core was primarily composed of massive 
dark grey clay-rich layers with intermittent silt and sand layers 
of greyish to pale greyish colour. The silt and clay content of 
the core ranged from 40 to 60% and 30 to 50%, respectively, 
but sand content was relatively low (<14%) (Figure 3). Unbro-
ken shells and shell fragments were scattered throughout the 
core. In particular, large intact shells were more abundant in the 
340–420 cm depth section. Macro shells in the core mainly 
were either gastropod (shell height; approx. 0.4–2.0 cm) or 
bivalve molluscs (shell width; approx. 0.3 cm to 2.3 cm). The 
sediments spanned from 5.5 (500 cm) to 2.2 (0 cm) kyr before 
the present (BP) (model median age) according to the BACON 
age-depth model (Figure 4). In this model, the surface layer 

Table 1.  AMS 14C dates used to establish the chronology of the Pottuvil core.

Depth (cm) Dating material 14C Age BP Cal yr BP Cal yr BP (95% CI)

10 Bulk organic carbon in sediment 2081 ± 15 2287 2077–2874
100 Bulk organic carbon in sediment 2982 ± 49 3130 2962–3336
210 Bulk organic carbon in sediment 3664 ± 15 3943 3850–4061
310 Bulk organic carbon in sediment 4741 ± 16 4498 4319–4666
385 Shell 4773 ± 19 4854 4694–5046
502 Bulk organic carbon in sediment 4858 ± 46 5517 5336–5672

Figure 3.  Variation of sand, silt, and clay (%) in the Pottuvil 
sediment core.

http://calib.org/marine/
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(0 cm) corresponds with an age of 2.2 kyr BP, indicating a pos-
sible hiatus in the depositional history of the last 2.2 kyr BP 
years. One possible reason for the missing record is the impact 
of the tsunami that has eroded the topmost sediment layers. In 
the most recent scenario, many parts of the coastal lowlands of 
Sri Lanka were affected by the 2004 trans-basin Indian Ocean 
Tsunami. However, the tsunami inundation and the impact 
along the coast differed, depending on the coastal geomorphol-
ogy. Therefore, the washout signature of the top sediment lay-
ers may vary with the location of sediment coring. A similar 
depositional hiatus has been reported in sediments from Bol-
goda South Lake, located on the southwest coast of Sri Lanka, 
in which the age-depth model was trimmed at ca. 1410 cal yr 
BP (Gayantha et al., 2020). The 14C age of the shell date used 
for the age-depth model was corrected for the local marine res-
ervoir age (ΔR = 133±65).

Lithogenic proxies and reconstruction of monsoon 
signals
Paleo-monsoon reconstruction was based on the lithogenic prox-
ies present in the Pottuvil lagoon sediments. In this study, K, Rb, 
Mg, Al and Ti were indicators of terrigenous detrital flux (mon-
soonal discharge) to the lagoon. Potassium, Rb and Mg can be 
expressed in the weight scale of each element or as oxide or 
either normalised to Al or Ti as depicted in many studies. Here, 
we present the content of K, Rb, Mg, Al and Ti as oxides  
(mg/kg). The concentrations of K2O, Rb2O, Al2O3, MgO and 
TiO2 in the sediment core showed drastic fluctuations with the 
depth, ranging from 275 to 6063 mg/kg (average 3126), 4 to 
89 mg/kg (average 33), 1576–35,585 mg/kg (average 16,848), 
364–10,496 mg/kg (average 4671), and 96–1635 mg/kg (average 
782), respectively. The Fourier transformed 0.0245 Hz low pass 
fit filter of each proxy is superimposed on the original signal for 
better visualisation of the results (Figure 5). Notable peaks with 

increased levels of K2O, Rb2O, Al2O3, MgO, and TiO2 were 
recorded around 48–116, 254–432, and 457–500 cm depth inter-
vals of the core with corresponding age intervals of 2553–
2984 years BP, 3899–5021 years BP, and 5244–5507 years BP. In 
0–48 cm (2253–2553 years BP), 116–254 cm (2984–3899 years 
BP), and 435–457 cm (5021–5244 years BP) depth sections, 
oxide concentrations were relatively low. Further, the 116–
254 cm section featured a series of troughs with smaller ampli-
tudes extending from 2984 to 3173 years BP, 3255 to 3444 years 
BP, and 3690 to 3899 years BP. From 3899 to 2984 years BP, 
oxide contents were slightly increased.

The periods of increased lithogenic elements in Pottuvil sedi-
ments likely resulted from intense weathering and erosion in the 
catchment and subsequent enrichment in the detrital phase. In 
particular, each oxide strongly correlated with Al2O3 
(r = 0.97 K2O; r = 0.78 Rb2O; r = 0.92 MgO; r = 0.62 TiO2), sug-
gesting their association with the terrigenous detrital flux to the 

Figure 4.  Age-depth model of the Pottuvil core profile based on Bacon 2.2 modelling routines (Blaauw and Christen, 2011). The dotted 
line shows modelled mean ages along the core, and the grey stippled lines indicate the 95% confidence intervals of the modelled age-depth 
relationship. Graph (a) shows the iteration history, and graphs (b and c) show prior (green lines) and posterior (grey histograms) density 
functions for accumulation rate and memory.

Figure 5.  Depth variations of lithogenic oxide concentrations 
in Pottuvil sediments. The solid black line represents the Fourier 
transformed 0.0245 Hz low pass fit filter of each proxy. Three major 
events are denoted as (I), (II), and (III) (shaded), whereas it marked 
notable monsoon troughs in (i), (ii), (iii), and (iv).
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lagoon. Aluminium and Mg are primarily associated with clay 
minerals during weathering, and K is leached into the dissolved 
phase. However, K could also be incorporated into clay minerals. 
In addition, Rb is closely associated with K (Kabata-Pendias and 
Pendias, 1984). The weathered products containing detrital ele-
ments in either dissolved or solid phases were eventually trans-
ported to the lagoon. Chemical weathering is intense under a 
warm, humid climate, and high erosion in the catchment is 
favoured by enhanced surface runoff. Extreme rainfall triggers 
increased surface runoff and, thus, high fluvial discharge (Achyu-
than et al., 2014; Lone et al., 2018; Ning et al., 2017). Elevated 
Al2O3, Rb2O, and MgO levels in sediments indicate increased 
precipitation and surface runoff from the catchment into the 
lakes (Bhushan et al., 2018). Elevated values of K/Al and Mg/Al 
signify an increased rate of weathering and catchment instability 
attributed to warm, wet, and intense rainfall conditions (Gayan-
tha et  al., 2017). Titanium mainly occurs in detrital minerals 
associated with the terrigenous flux resulting from erosion in the 
watershed (Chen et al., 2020). Higher Ti/Al values in sediments 
indicate intense weathering in the catchment during a decisive 
monsoon phase (Gayantha et al., 2017, 2020). Increased Ti con-
tents suggest a high allochthonous input in the drainage basin 
(Ning et al., 2017).

Pottuvil Lagoon receives freshwater mainly from direct precipi-
tation from the Indian winter monsoon. In the Pottuvil core, K2O, 
Rb2O, Al2O3, MgO and TiO2 also exhibited a statistically signifi-
cant correlation with each other and parallel variations in depth 
profiles of each proxy, implying a similar source. Most notably, the 
depth profiles of oxides showed in-phase variations in both the 
original and the smoothed signals. Thus, the major peaks of litho-
genic element contents could be attributed to warm, humid areas 
with intense rainfall and increased fluvial input to the lagoon. 
Amongst, 2553–2984 and 5244–5507 kyr BP peaks were short-
lasting events, while the 3899–5021 kyr BP peak was a prolonged 
episode of intense monsoon activity. In contrast, troughs in oxide 
profiles would reflect suppressed or weak monsoon conditions. The 
troughs were paced at nearly 1300–1500 years intervals apart in the 
filtered signal, implying a distinct millennial-scale variability of the 
winter monsoon climate. Notably, the recurrence interval of major 
monsoon peaks was approximately 1000–1600 years.

Links to North Atlantic cold episodes
The temporal variations of the Pottuvil monsoon record were 
compared with drift ice indices, that is, Hematite Stained Grains 
(HSG) in the North Atlantic deep-sea sediments (core no. MC52-
VM29-1914) (Bond et al., 2001). In the HSG record, cold events 
are indicated by higher percentages of hematite-stained grains 
and the 2.8 (B-2), 4.2 (B-3), and 5.9 (B-4) Bond events showed 
close association with the Pottuvil monsoon record. Each cold 
event was labelled as (a) and (b) doublets for visual correlation. 
Strong coherence was observed between the oxides and HSG 
time series in their general pattern and timing of the peaks and 
troughs in both original and smoothed monsoon signals. In par-
ticular, a close correspondence was revealed between drift ice 
indices and intensified episodes of winter monsoon recorded in 
Pottuvil sediments at B-4 (b), B-2 (a), and B-2 (b) events. During 
the 4.2 Bond event, the original signal of lithogenic proxies was 
closely linked with the B-03(a) peak (Figure 6).

Accordingly, the results revealed a strengthening of the Indian 
winter monsoon coeval to the intervals of increased ice rafting 
documented in the North Atlantic region (Bond et al., 1997). In 
addition, the major monsoon troughs also showed a parallel pro-
gression along with the HSG record. The in-phase relationship 
observed between the Pottuvil winter monsoon record and Bond 
events is unlikely to reveal a random coincidence; instead, it might 
reflect a mechanistic link operated on the millennial scale. Several 
convincing pieces of evidence were found in the winter monsoon 

records from many East Asian regions. In particular, monsoon sig-
natures recorded in proxies such as total organic carbon (Yancheva 
et  al., 2007), δ18O (Sagawa et  al., 2014), aeolian dust flux (Yu 
et al., 2011), Ti (Yancheva et al., 2007), and lignin proxies (Hao 
et al., 2017), revealed a notable association with timing and rela-
tive magnitude of Bond events from mid to late Holocene, imply-
ing the impact of North Atlantic cooling on the East Asian winter 
monsoon. Analogous to these observations, several studies show 
an intensification of East Asian winter monsoon during the inter-
vals of increased ice rafting (Hao et al., 2017). Though comparable 
winter monsoon studies are rare from the Indian monsoon domain, 
paleoclimate archives from southern India (Mishra et  al., 2019) 
and the north-eastern Arabian Sea (Lückge et al., 2001) provide 
clues on intensified IWM at around 0.5, 1.4, 2.8 and 4.4 ka BP. In 
these records, a strengthened monsoon signal was inferred as 
decreased FeO% in lake sediments (Mishra et  al., 2019) and 
increased K/Al ratio of marine sediments (Lückge et al., 2001).

Further, the timing of peak IWM activity detected in both 
studies is closely in phase with B03(a & b) Bond events, based on 
visual correlation. However, the link between the Indian winter 
monsoon and North Atlantic cold snaps is less explored than that 
of the summer counterpart due to a lack of comprehensive evi-
dence. Besides, most Indian summer monsoon records reveal an 
abrupt weakening in response to North Atlantic forcing (Band 
et  al., 2018; Gupta et  al., 2003; Rawat et  al., 2015). Thus, this 
study provides a new insight into (a) the existence of a 

Figure 6.  Variations of lithogenic tracers in the Pottuvil sediment 
core compared with Hematite Stained Grains (HSG) record of 
the North Atlantic deep-sea core MC52-VM29-1914. Major ice 
rafting events are denoted as B-2, B-3, and B-4 (shaded), in which 
higher percentages of HSG imply an elevated influx of ice-rafted 
debris and subsequently, referred to as cold events. The solid blue 
line represents the Fourier transformed 0.004 Hz low pass fit filter 
of each proxy. The B-2 and B-3 events appear to have doublets in 
lithogenic proxies, which are labelled as a and b.
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teleconnection between the Indian winter monsoon and the North 
Atlantic climate and (b) an inverse phase climate response of 
Indian winter and summer monsoons during Holocene IRD 
events.

Reportedly, the cooler surface temperatures of the Indian 
Ocean played a crucial role in Indian monsoon failure during 
North Atlantic stadials (Pausata et al., 2011; Tierney et al., 2016). 
In a broad exposition, the tele-connective response of the Indian 
summer monsoon involves a coupled ocean-atmosphere mecha-
nism in propagating the cooling signals from the North Atlantic 
and synchronised changes in tropical mean circulation patterns 
(Mohtadi et  al., 2014). In particular, freshwater hosing experi-
ments based on model simulations have shown a substantial 
deceleration in the Atlantic meridional overturning circulation 
and colder conditions in surface waters of the North Atlantic dur-
ing Henrich-stadials and the Younger Dryas (Mohtadi et  al., 
2014). The atmospheric advection process rapidly transmitted 
this cooling signal through the northern hemisphere (Clement and 
Peterson, 2008). Consequently, anomalous energy flow was gen-
erated from the warm southern hemisphere to the anomalously 
cold northern hemisphere, signifying the response of tropical 
atmospheric circulation to cooling in the North (Mohtadi et al., 
2014). The energy is transported through changes in the Hadley 
circulation in which upper and lower branches  of the Hadley cell 
exhibit unusual northward and southward flows, respectively 
(Frierson et al., 2013). As a result, the rising branch of the Hadley 
cell shift southwards, leading to a dry climate over the equatorial 
and northern Indian Ocean and a humid climate towards the south 
(Mohtadi et al., 2014).

However, this mechanism does not explain how cooling in the 
north could trigger warm, wet monsoons over the equatorial lati-
tudes during northern winters, as recorded in this study and sev-
eral other shreds of evidence from the Indian monsoon domain. 
This observation is pointed towards the Indian winter and sum-
mer monsoons that most likely responded differently to the North 
Atlantic forcing. Nevertheless, compelling observations from the 
Indian monsoon realm are sparse. However, some studies based 
on East Asian monsoons exhibit contrasting responses to cooling 
in the north in summer and winter counterparts. For example, the 
East Asian winter monsoon was strong during cold episodes of 
the Heinrich event-1 and Younger Dryas, whereas the East Asian 
summer monsoon was weak during these cold events (Liu et al., 
2020a). Model simulations further revealed that, on a millennial 
scale, North Atlantic cooling has resulted in an anti-phase rela-
tionship between East Asian summer and winter monsoons (Wen 
et al., 2016). The contrasting response of Indian summer and win-
ter monsoons may have arisen from seasonal dissimilarities in the 
sensitivity of the tropical circulation to diabatic cooling and sub-
sequent cross-hemispheric response. Solid evidence is observed 
from idealised modelling experiments that investigated the Had-
ley cell’s response to localised forcing (Baker et  al., 2018). In 
particular, Hadley cell exhibits seasonal-based, contrasting sensi-
tivities to diabatic heating in a dry idealised atmospheric general 
circulation model.

Further, this model simulation has shown that heating triggers 
an interhemispheric response in the Hadley cell and, conse-
quently, the jet stream. For example, strong associations were 
observed in the Hadley cell extent and jet dynamics in the winter 
(summer) hemisphere once the heating is forced from the summer 
(winter) hemisphere (Baker et al., 2018). The observed seasonal 
contrast in cross-hemispheric response to heating is governed by 
the influence of the dominant winter Hadley cell (Baker et  al., 
2018). The Hadley cell and eddy-driven jet are co-dependent 
(Previdi and Liepert, 2007), and this relationship varies season-
ally (Ceppi and Hartmann, 2013). Furthermore, the Hadley  
cell variability is predominantly led by eddy-driven changes 
(Caballero, 2007).

Similarly, Hadley cell has shown seasonal sensitivities to forcing 
like the El Niño–southern oscillations and global warming (Baker 
et al., 2018). More investigations are needed to verify that diabatic 
cooling causes similar results in tropical atmospheric circulation. 
Thus, these findings peer into a broader perception that the tele-
connective behaviour of north-Atlantic cooling and monsoonal 
response in summer and winter counterparts should be studied in 
comparison with each other to unravel the exact mechanism.

Conclusions
The geochemical approach executed in this study provides new 
evidence on distinct, millennial-scale pacing of the Indian winter 
monsoon variability during the last deglacial period. Further, 
those variations observed in the lithogenic proxy record, and 
thereby the intensified episodes of the Indian winter monsoon, 
were controlled by North Atlantic forcing. This adds to an emerg-
ing evidence that a mechanistic link exists between the North 
Atlantic climate and tropical atmospheric circulation in the the 
winter counterpart. Moreover, IWM showed an inverse phase cli-
mate response with ISM during Holocene IRD events. The mech-
anism by which North Atlantic forcing affects the Indian winter 
monsoon is unclear to the present knowledge. However, a cou-
pled ocean-atmosphere mechanism is known to play a significant 
role in weakening the Indian summer monsoon during the North 
Atlantic cold spells. In this context, the reorganisation of Hadley 
circulation and associated pressure system in response to these 
cold events may lead to changes in the Indian winter monsoon 
over the equatorial Indian Ocean during northern winters. Thus, 
this study signifies the need for comprehensive investigations on 
the seasonal response of tropical atmospheric circulation to dia-
batic cooling, either as climate model simulations or integrated 
with real-time data, to unravel the exact mechanism of North 
Atlantic forcing.
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