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Abstract Ocean‐land thermal feedback mechanisms in the Indian Summer Monsoon (ISM) domain are
an important but not well understood component of regional climate dynamics. Here we present a δ18O
record analyzed in themixed‐layer dwelling planktonic foraminiferGlobigerinoides ruber (sensu stricto) from
the northernmost Bay of Bengal (BoB). The δ18O time series provides a spatially integrated measure of
monsoonal precipitation and Himalayan meltwater runoff into the northern BoB and reveals two brief
episodes of anomalously low δ18O values between 16.3±0.4 and 16±0.5 and 12.6±0.4 and 12.3±0.4 thousand
years before present. The timing of these events is centered at Heinrich event 1 and the Younger Dryas,
well‐known phases of weak northern hemisphere monsoon systems. Numerical climate model experiments,
simulating Heinrich event‐like conditions, suggest a surface warming over the monsoon‐dominated
Himalaya and foreland in response to ISM weakening. Corroborating the simulation results, our analysis of
published moraine exposure ages in the monsoon‐dominated Himalaya indicates enhanced glacier
retreats that, considering age model uncertainties, coincide and overlap with the episodes of anomalously
low δ18O values in the northernmost BoB. Our climate proxy and simulation results provide insights into
past regional climate dynamics, suggesting reduced cloud cover, increased solar radiation, and air warming
of the Himalaya and foreland areas and, as a result, glacier mass losses in response to weakened ISM.

Plain Language Summary Indian SummerMonsoon rainfall and Himalayan glacier/snowmelts
constitute the main water source for the densely populated Indian subcontinent. Better understanding of
how future climate changes will affect the monsoon rainfall and Himalayan glaciers requires a long climate
record. In this study, we create a 13,000‐year‐long climate record that allows us to better understand the
response of Indian Summer Monsoon rainfall and Himalayan glaciers to past climate changes. The focus of
our study is the time window between 9,000 and 22,000 years ago, an episode where the global climate
experienced large and rapid changes. Our sediment record from the northern Bay of Bengal and climate
change simulation indicate that during episodes of weak monsoon, the melting of the Himalayan glaciers
increases substantially significantly. This is because the weakening of the monsoon results in less cloud
cover and, as a result, the surface receives more sunlight and causes glacier melting.

1. Introduction

Indian Summer Monsoon (ISM) precipitation, seasonal snowmelt, and Himalayan glaciers are the main
components of the hydrological budget of the Indian subcontinent, home to 1.7 billion people
(Bookhagen & Burbank, 2010; Smith & Bookhagen, 2018). Modern observation and proxy records reveal that
the strength of ISM and size of Himalayan glaciers are sensitive to increase in greenhouse gases, aerosols, sea
surface temperature (SST) in the Indian Ocean, and freshwater‐induced perturbation of the Atlantic meri-
dional overturning circulation (AMOC; Bolch et al., 2012; Brun et al., 2017; Dutt et al., 2015; Finkel et al.,
2003; Immerzeel et al., 2010; Kääb et al., 2012; Kudrass et al., 2001; Pausata et al., 2011; Pratt‐Sitaula
et al., 2011; Sinha et al., 2005; Tierney et al., 2016). Climate models suggest that the current increase of green-
house gas concentration strengthens the ISM (Polson et al., 2014, Wu et al., 2013). However, over the last 50
years ISM rainfall (rainfall over the Indian peninsula) declined, on average, by approximately 4.5% (38
mm/year) relative to the average rainfall of 852 mm/year between 1930 and 1960 (Gautam et al., 2009;
Sinha et al., 2015), although the spatial pattern of rainfall trends is complex (Malik et al., 2016). Though it
appears to be within the window of natural variability (Sinha et al., 2015), the multidecadal precipitation
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decline is largely attributed to the influence of anthropogenic‐induced
increase of aerosols, suggesting that the effect of the latter on the ISM
more than offsets the effect of greenhouse gas increase on the IMS
(Polson et al., 2014). In contrast, over the last two decades mass loss of
the Himalayan glaciers increased in response to global warming (Bolch
et al., 2012; Brun et al., 2017; Finkel et al., 2003; Immerzeel et al., 2010;
Kääb et al., 2012; Singh et al., 2014). Though a seasonally consistent sam-
pling is required to unambiguously document a trend of increased melt-
water input, Singh et al. (2014) suggest that the current increase of
meltwater has a measurable δ18O signature in the northern Bay of
Bengal (BoB) surface water. While it is known that the ISM is controlled
by large‐scale ocean‐atmosphere interaction in the tropical Indo‐Pacific
Ocean (Chakraborty et al., 2006), changes in the latent and sensible heat
flux over the Himalayan mountains and foreland provide feedback
mechanisms between Himalayan climate and the ISM (An et al., 2015).
Understanding these feedback mechanisms and their contribution to
regional climate changes at decadal to millennial time scales is important,
but their evaluation remains challenging and debated (An et al., 2015).

The last deglacial period was punctuated by millennial‐scale returns to
near glacial conditions, providing an opportunity to study the response
of regional climate to rapidly changing climate forcings and the interac-
tion between the ISM and Himalayan environmental conditions.
Reconstructions of surface exposure ages reveal the sensitivity of
Himalayan glaciers to deglacial climate changes that, for instance, modu-
lated the moisture supply by the Asian monsoon system (Amidon et al.,
2013; Finkel et al., 2003; Pratt‐Sitaula et al., 2011). Extrapolating
catchment‐scale Himalayan glacier reconstructions to a regional scale is,
however, compounded by valley hypsometry‐ and longitude‐dependent
disparate responses of Himalayan glaciers (Amidon et al., 2013, Finkel
et al., 2003, Pratt‐Sitaula et al., 2011). Glacial‐interglacial‐ and stadial‐
interstadial‐scale reconstructions of changes in Ganges‐Brahmaputra
river (GBR) and Irrawaddy runoff extracted from BoB sediment sequences
provide spatially integrated insights into ISM variability (Gebregiorgis

et al., 2016; Govil & Naidu, 2011; Kudrass et al., 2001; Marzin et al., 2013; Rashid et al., 2011; Saraswat
et al., 2013; Sijinkumar et al., 2016). However, relative to the GBR mouth, the core location of available
records is likely not close enough to fully capture meltwater signatures and disentangle them from
monsoonal imprints.

In this study, we present proxy‐based evidence for centennial‐scale episodes of enhanced meltwater input
from the GBR catchment into the northern BoB at times of freshwater‐induced North Atlantic surface
water cooling and weakened ISM phases. The results of our modeling study suggest that a weakening
of the ISM has a strong impact on the radiative budget at high elevations and, as a result, on the extent
of Himalayan glaciers.

2. Study Area

The northern BoB presents a unique repository of a spatially integrated record of monsoonal rainfall and
Himalayan meltwater runoff from the GBR that drains a large part of the ISM domain including the south-
ern flank of the central and eastern Himalaya (Figure 1). The GBR runoff varies annually between 1,067 and
813 km3/year as well as seasonally, with 161±73 km3 and 1,451±774 km3 during the dry (January–March)
and the ISM season (July‐September), respectively (Hasson et al., 2013). Though the spatial and temporal
variation is significant, the glacier meltwater (snowmelt) contribution to the annual Brahmaputra
(620±57 km3) and Ganges (320±77 km3) runoff is estimated at 15.9% (9%) and 11.5% (8.6%), respectively
(Bookhagen & Burbank, 2010; Hasson et al., 2013; Lutz et al., 2014). Precipitation and evaporation over

Figure 1. Oceanographic setting of the core site and topography of the GB
river basin. Topographic map of the Indian Summer Monsoon domain
with the Ganges and Brahmaputra (B) catchment basins indicated by bold
black lines, international borders in white, and sea surface salinity (sum-
mer) of the Bay of Bengal (Zweng et al., 2013). The red star indicates the
location of SO126‐39KL (this study); the black stars indicate the location of
SO93‐126 KL (Kudrass et al., 2001), SK218/1 (Govil & Naidu, 2011), and off
MD161/17 (Panmei et al., 2017). The gray arrows indicate a simplified
depiction of the East India Coastal Current during summer (dashed) and
winter (solid), respectively (Shankar et al., 2002).
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the northern BoB are estimated at 2,200 and 880 mm/year, respectively (Midhun et al., 2013; Sengupta &
Sarkar, 2006; Singh et al., 2014). Relative to the southern and central BoB, the enormous amount of
runoff from the GBR as well as from local rivers and precipitation over the northern BoB lowers the
surface salinity (28‐32 practical salinity unit) and δ18O values (‐2.5 to ‐1.5‰) of northern BoB surface
water, resulting in a positive hydrologic balance (precipitation + runoff – evaporation) and a strong
stratification of the upper 11–40 m of the water column (Achyuthan et al., 2013; Delaygue et al., 2001; Li
et al., 2017; Midhun et al., 2013; Sengupta & Sarkar, 2006). The contribution of runoff to the salinity
lowering is about 6 times larger than the precipitation over the northern BoB. The East India Coastal
Current and its seasonal reversal is estimated to transport 3×105 km3/year water mass, roughly 10 times
more than the runoff, in and out of the BoB during the summer and winter season, respectively (Shankar
et al., 2002). Between November and January, a southward flow of East India Coastal Current (0‐ to 55‐m
depth) moves low‐salinity water out of the bay (Shankar et al., 2002) and is replaced by upward pumping
of saline subsurface water. Although the vertical mixing is considered a major mechanism for maintaining
BoB salinity (Vinayachandran et al., 2013), the extremely low surface salinity in the northern BoB (Figure 1)
indicates that the intensity of vertical mixing is likely suppressed by a relatively stable salinity stratification
(Parampil et al., 2010). As a result, a large amount of riverine runoff, precipitation over the northern BoB,
and weak vertical mixing lead to extremely low salinity and relatively low stable oxygen isotope (δ18O)
values of surface water (Achyuthan et al., 2013; Delaygue et al., 2001; Midhun et al., 2013; Sengupta &
Sarkar, 2006). Past change in the δ18O signature of northern BoB surface water is archived in the tests of
mixed layer‐dwelling planktonic foraminifers and, thus provide a key tool for the reconstruction of regional
hydroclimate changes.

3. Materials and Methods

Sediment core SO126‐39KL was recovered from the center of the runoff‐induced low salinity plume in the
northern BoB (20°12.4′N/89°42.5′E, 318‐m water depth; Figure 1). The age model of SO126‐39KL is con-
strained by 8 radiocarbon dates analyzed in mixed planktonic foraminifers (Globigerinoides ruber and
Globigerinoides sacculifer, test size of 250‐400 μm) at the Leibnitz Institute for Radiometric Dating and
Isotope Research, Kiel (Germany), and at the National Ocean Sciences AMS Facility, Woods Hole (USA;
Table 1). Radiocarbon dates are converted to calendar ages using Calib7.01 version (Stuiver & Reimer,
1993), the Marine13 data set (Reimer et al., 2013), and a regional reservoir correction ΔR of 76±120 years
(Dutta et al., 2001; Southon et al., 2002). Uncertainties associated with the analysis of radiocarbon and the
conversion of radiocarbon ages to calendar ages under the assumption of temporally constant reservoir
age cumulatively contribute to the age model uncertainty of up to ±0.4 kyr. While assessing a potential tem-
poral variation of the reservoir age in the northern BoB is not possible, the use of mixed layer‐dwelling G.
ruber and G. sacculifer (0‐50 m) for 14C‐dating and the relatively weak mixing between the upper and deeper
part of the water column, as suggested by the overall relatively negative δ18O, may reduce large changes in
the reservoir age of northern BoB surface water. Nonetheless, our inability to assess a possible temporal var-
iation of the reservoir age of northern BoB surface water posits a caveat in the age model. We constructed
two age models for comparison. First, using the calendar age control points and the associated 2σ error esti-
mates (Table 1), we created an age model based on a polynomial fit of all age model control points
(Figure 2c). Clearly, this approach has a smoothing effect on the reconstructed sedimentation rate that

Table 1
Radiocarbon and Calendar Age of Globigerinoides ruber s.s. and sacculifer in samples from SO126‐39KL

Lab code Sampling interval (cm) Material 14C age (year) and uncertainty 2σ cal age range kyr (BP) Median probability cal age (kyr, BP)

KIA 37759 170–177 G. ruber and sacc 8,685 ± 45 9–9.5 9.2
KIA 37760 205–207 G. ruber and sacc 9,815 ± 45 10.3–11 10.7
KIA 37761 265–267 G. ruber and sacc 10,830 ± 45 11.7–12.6 12.2
KIA 37762 325–330 G. ruber and sacc 11,975 ± 55 13.1–13.7 13.4
KIA 37763 345–350 G. ruber and sacc 12,690 ± 55 13.8–14.8 14.2
OS‐126759 381–385 G. ruber and sacc 13,300± 55 14.8‐15.7 15.2
KIA 37764 435–440 G. ruber and sacc 14,310 ± 70 16.3–17.2 16.7
KIA 37765 685–687 G. ruber and sacc 16,360 ± 90 18.8–19.5 19.2

Note. Also shown is the upper and lower ranges of the calendar age (2σ) of each radiocarbon age.
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gradually declines parallel to the trend of global sea level rise (Figures 2d and 2e). Second, we established an
age model that is based on a linear fit between two adjacent age control points (Figures 2c). In this age
model, we assume a constant sedimentation rate between two adjacent age control points. The δ18O
analysis of 17‐22 individuals of finely crushed, well‐homogenized tests of Globigerinoides ruber sensu
stricto (250‐300 um) was carried out using a Stable Isotope Ratio Mass Spectrometer MAT253 online
coupled to Kiel IV (carbonate sample preparation device) at the University of California at Santa Barbara.
δ18O data are reported in the Vienna Pee Dee Belemnite scale with an analytical uncertainty of 0.07‰.
The low abundance of G. ruber s.s. due to dilution by an extremely high sedimentation rate of terrigenous

Figure 2. Setting, age model and the proxy record of SO126‐39KL. (a) Bathymetric setting of SO126‐39KL site. (b) δ18OG

ruber record of SO126‐39KL plotted versus sediment depth. (c) Age models based on polynomial (red line) fit of all age
model control points (black dots with vertical black lines indicate 2σ error estimates) and linear fit between two adjacent
age control points (bold black line and gray area indicates a mean age and 2σ error estimates, respectively). (d)
Sedimentation rate (cm/year) calculated using age models based on the linear (black line) and polynomial fits (red curve).
(e) The black line and black dots indicate global sea level changes derived from benthic foraminiferal δ18O (Waelbroeck
et al., 2002) and relative sea level changes based on compiled coral data (Clark et al., 2009; Deschamps et al., 2012),
respectively. (f) The δ18OG ruber record of SO126‐39KL plotted versus age models based on linear and polynomial fits.
Triangles along the x axis indicate age control points and their 2σ uncertainty estimates.
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sediments and postdepositional precipitation of coatings (most likely
Fe‐Mn‐hydroxides) does not allow a robust foraminiferal trace element
analysis.

We performed a simple isotope (δ18O) mass balance calculation with the
aim to provide a conceptual understanding of how changes in runoff from
low‐to‐mid altitude (0‐2200 m) ISM precipitation and glacial/snow melt-
water affect the isotope composition of the northern BoB mixed layer.
We consider the volume of five water masses and their δ18O signatures
as major components that shape the δ18O of northern BoB mixed layer
(δ18Omixed layer). Those five components are runoff frommeltwater, runoff
frommonsoon rainfall over the low‐to‐middle altitude (<2200m), precipi-
tation over the northern BoB, evaporation from the northern BoB, and
advection of water masses from eastern, central, and western BoB into
the northern BoB mixed layer (40 m). By varying the runoff volume of
low‐mid altitude (including the precipitation over the northern BoB)
and meltwater and their isotope composition systematically and keeping
all other parameters constant (see Table S1 in the supporting informa-
tion), we explored scenarios that would give rise to the reconstructed
δ18Omixed layer of the Younger Dryas (YD) the Heinrich event 1 (H1)
anomalies. The details, equations, assumptions, and caveats of the mass
balance calculation are extensively discussed in the SM.

To better understand the climate dynamics associate with Heinrich 1 and
its effect on the ISM, we use the model results from Pausata et al. (2011) in
which the Community Atmospheric Model version 3 (CAM3; Collins
et al., 2006] is employed to simulate the Last Glacial Maximum (LGM)
and a Heinrich‐like event. CAM3 has a horizontal resolution of roughly
2.8° by 2.8° (T42), and it has 26 vertical levels. As a starting point, the
model uses insolation, carbon dioxide concentration, ice sheets, and con-
tinental geometry of the LGM, SST, and sea ice from the coupled simula-
tion performed by Otto‐Bliesner et al. (2006), which followed the
Paleoclimate Model Intercomparison Project phase II protocol. A second
experiment was performed in which SST is prescribed from a coupled
simulation in which freshwater is abruptly added to the North Atlantic
to mimic an H‐event (H1), causing an extensive expansion of sea ice in
the northern North Atlantic (Bitz et al., 2007). Bitz et al. (2007) added a
16‐Sv‐year volume of freshwater to the upper 970 m of the North
Atlantic and Arctic Ocean to the control LGM simulation. The freshwater
input caused a drop in salinity of 2 psu. The uncoupled experiments (LGM
and H1) were run for 15 years.

We synthesized previously compiled and published 10Be moraine surface
exposure ages from the GBR catchment (Amidon et al., 2013; Heyman
et al., 2011). We applied standardized production rates (Amidon et al.,
2013), removed sample sites with large uncertainties following descrip-

tions in Amidon et al. (2013) and use Kernel probability distribution function with a smoothing window
of 0.5 kyr to synthesize moraine ages within the Himalayan GBR catchments. Figure S4 in the supporting
information provides information about the age uncertainty and latitudinal distribution of the 10Be moraine
surface exposure ages. Based on these data and in combination with digital topographic information, we cal-
culated the equilibrium line altitude (ELA) and the size of glaciated areas for discrete time intervals.

4. Results

At our site, millennial‐to‐orbital scale change in bulk sediment accumulation is likely controlled by the gra-
dual and occasionally rapid rise in global deglacial sea level change (Deschamps et al., 2012; Waelbroeck

Figure 3. Comparison of SO126‐39KL record to records of adjacent cores.
(a) δ18O of G. ruber sensu stricto tests analyzed in SO126‐39KL samples
(this study). The triangles and horizontal lines indicate age model control
points and their 2σ uncertainty estimates, respectively. The thin black line
shows a smoothed trend obtained using a localized regression function
(loess fitting); color shading provides 2σ uncertainty estimates based on
Monte Carlo simulations (103 runs around the smoothed trend line). (b) The
strongly smoothed δ18OG. ruber record (SO93‐126KL) of Kudrass et al.
(2001); note only a smoothed record is available). (c) Time series of sea
surface temperature (SST) estimates based on Mg/Ca analysis in G. ruber
from the Bay of Bengal. The SST record of Govil and Naidu (2011) is indi-
cated by a red line and the SST record of Panmei et al. (2017) is indicated by
an orange line (brown line: 5‐point‐running average). Mg/Ca is converted to
SST estimates using the equation of Gray et al. (2018), and salinity and
pH effects are assessed using the approach developed by Gray and Evans
(2019). The timing and duration of the Younger Dryas and Heinrich event 1
events are indicated by gray bars. Roman numerals indicate phases of
Heinrich event 1 as defined by Stanford et al. (2011). The green bars indicate
intervals of prominent negative δ18O values in SO126‐39KL within episodes
of weak ISM phases.
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et al., 2002). Changes in sediment load due to rapid changes in precipitation and vegetation cover over the
catchments also likely contribute to variation in sediment accumulation rate over the core location. The
calculated sedimentation rate dropped abruptly and significantly at 16.8 kyr before present (BP;
Figure 2d) most likely related to a combination of actual changes in sedimentation rate and an artifact

Figure 4. Results of a simple isotope mass balance calculation showing variation of δ18O in the northern Bay of Bengal
mixed layer (δ18Omixed‐layer) as a function of changes in monsoonal (0‐ to 2,200‐m elevation) and Himalayan melt-
water (>2,500‐m elevation) runoff and the isotope composition of monsoonal (δ18Omr) and Himalayan meltwater
(δ18Omelt) runoff. (a–c and d–f) Different scenarios during Younger Dryas (YD) and Heinrich event 1 (H1) δ18O
anomalies, respectively. The depth of mixed layer is assumed to be 40m. The red contour line indicates the reconstructed
δ18O value of northern Bay of Bengal mixed layer (δ18Omixed‐layer) during the YD and H1 anomalies. δ18Omixed‐layer (red
contour line) is calculated using the average value of the negative δ18OG. ruber peaks within the YD and H1 intervals and
Bay of Bengal sea surface temperature (SST) using Mg/Ca data from Govil and Naidu (2011). The magenta square
on the upper left corner of each figure indicates the average monsoonal (865 km3/year) and meltwater (188 km3/year)
runoff of the last 60 years. More parameters used in the calculation, assumption, and caveats are provided and discussed in
the SM.
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associated with the assumption of a constant sedimentation rate between two adjacent age control points.
We compare both the polynomial and linear fit models and, considering an age model uncertainty of ±
0.4 kyr, the results of both models are fairly similar. Because it is more likely that the linearly fitted age
model is able to capture rapid sediment accumulation changes, we use this age model.

The δ18OG.ruber record of SO126‐39KL presents a composite imprint of changes in global ice volume, riverine
runoff, precipitation and evaporation over the northern BoB, and calcification temperature of G. ruber.
Between 21.7±0.5 and 14.2±0.4 kyr BP, the δ18OG.ruber varies between ‐0.24 and ‐1.67‰ with an average
value of ‐0.99±0.25‰ (n=79). Following a rapid decline at 14.2±0.4 kyr BP, δ18OG.ruber decreases continu-
ously and reaches an average value of ‐3.16±0.18‰ (n=16) in the early Holocene. The LGM‐early
Holocene changes in δ18OG.ruber account for ‐2.06‰ (Figure 3). Superimposed on the orbital‐to‐millennial
scale deglacial trend, the δ18OG.ruber record reveals several centennial‐scale episodes of relatively negative
δ18O values within the YD and H1 events (Figure 3). Here we focus on the most prominent negative δ18O
peak that are centered between 16.3±0.4 and 16±0.5 and between 12.6±0.4 and 12.3± 0.4 cal kyr BP.
Noting that the short duration (~300 years) of the events and an age model uncertainty of ±400 years (2σ)
present a caveat in pinpointing the timing of the events more precisely, the two negative δ18O excursions
occurred within the YD (12.9‐11.6 cal kyr BP) and Heinrich event 1 (H1: 19‐14.6 cal kyr BP), both prominent
episodes of weakening of the northern hemisphere monsoon systems (Dutt et al., 2015; Sinha et al., 2005;
Wang et al., 2001; Weldeab et al., 2007).

5. Discussion

As discussed below and summarized in a flow diagram (Figure 8), the inference of this study is that episodes
of freshwater‐induced weakening of the AMOC and, as a result, weakening of ISM and reduction of cloud
cover caused an increased melting of Himalayan glaciers.

Our records show two prominent negative δ18O anomalies (enriched in 16O) that are centered at 16.3±0.4‐to‐
16±0.5 and 12.6±0.4‐to‐12.3± 0.4 kyr cal BP, as highlighted in Figure 3a. The timing and duration of these

Figure 5. Results of a model simulation from Pausata et al. (2011). Average land surface temperature (left panel) and pre-
cipitation (right panel) difference between Heinrich event 1 (H1) and Last Glacial Maximum (LGM) for the period
between November to March (upper panel) and May to September (lower panel). The blue marker indicates the SO129‐
39KL site.
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two events are well constrained by relatively narrowly spaced age model control points (Figure 2 and
Table 1). During the two δ18O events, the rate of sediment accumulation does not show large changes,
indicating the absence of an allochthonous sediment contribution. This is consistent with our visual
examination of the core sediment. These two events occurred within well‐known episodes of weak
northern hemisphere monsoon systems, as indicated by strong δ18O enrichment in Indian and Chinese
stalagmite records (Cai et al., 2015; Dutt et al., 2015; Kathayat et al., 2016; Sinha et al., 2005; Wang et al.,
2001). The weakening of the ISM during the YD and H1 is also manifested by relatively heavy δ18O
(enriched in 18O) values in numerous BoB core sediments (Figures 3 and S1; Gebregiorgis et al., 2016;
Govil & Naidu, 2011; Kudrass et al., 2001; Marzin et al., 2013; Rashid et al., 2011; Sijinkumar et al., 2016].
We compare our δ18OG. ruber record with that of SO93‐126KL, which is located 42 km southeast of our site
(Figures 1 and 3b; Kudrass et al., 2001]. On a millennial scale, the comparison indicates that the onset of
the Bølling‐Allerød in SO126‐39KL is delayed by 0.4 kyr relative to that of SO93‐126KL. Noting that the
lag of 0.4 kyr is within the uncertainty of the age model, we do not assume that there is a climate lead‐lag
pattern between the sites with regard to the onset of Bølling‐Allerød. In contrast to the gradual increase of
δ18O after the early phase of the Bølling‐Allerød and abrupt δ18O increase during the YD, as recorded in
stalagmites and sediments from the central and southern BoB (Figures 3 and S1), the δ18O record of
SO93‐39KL (this study) shows a continuous enrichment of 16O (negative δ18O value) until 11 kyr BP
(Figure 3). This observation indicates that in addition to the monsoonal runoff and mixed layer
temperature increase, the deglacial δ18O record in the northernmost BoB is strongly modulated by a
centennial‐scale glacier meltwater input with an extremely low δ18O signature (Singh et al., 2014).
Because only a strongly smoothed δ18OG. ruber record of SO93‐126KL is available (Figure 3), we limit our
centennial scale comparison to the H1 interval where the smoothing appears to have less effect on the

Figure 6. Changes in the position of the snow line and in the size of glaciated areas within the southern Himalayan front
and the GBR basin. (a) Hypsometry and estimate of cumulative catchment area and rainfall volume below and above
the equilibrium line altitude (ELA) at present and at 12 kyr BP. (b) Estimated glaciated area at southern Himalayan front
at 12 kyr BP. The green line indicates the area above the ELA, and blue line indicates the percentage glaciation of the
Ganges‐Brahmaputra catchment (b).
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centennial scale features (Figure 3). While during H1 the millennial scale
δ18OG. ruber trend in both SO93‐126KL and SO126‐39KL records is similar,
on centennial scale an outstanding negative δ18O peak in the SO93‐126KL
record is not developed (Figure 3). In SO126‐39KL (this study), relative to
the immediately preceding intervals, the magnitude of centennial‐scale
δ18OG.ruber decrease within the YD and H1 accounts for 0.5 ‰ (n=7)
and 0.7 ‰ (n=7), respectively. If the δ18O decrease were solely caused
by SST changes, it would require a centennial scale mixed layer warming
by 2 and 3.5°C during YD and H1, respectively. The resolution of available
temperature reconstructions of the BoB mixed layer is insufficient to
unravel centennial‐scale changes in SST (Figure S2; Gebregiorgis et al.,
2016; Govil & Naidu, 2011; Kudrass et al., 2001; Saraswat et al., 2013).
The δ18O record of SO93‐126KL does not support a warming of 3.5 and
2°C during YD and H1, respectively. A relatively well resolved BoB SST
record covering the YD (but not H1) suggests a 1°C increase during the
second half of the YD episode and the warming persists throughout the
early Holocene (Panmei et al., 2017; Figure 3c). The timing, magnitude,
and duration of the warming are inconsistent with the pattern of the cen-
tennial scale anomalously negative δ18O peak in our record. For instance,
while the onset of SST rise overlaps with the end of the negative δ18O
anomalies during YD, the SST persists at an elevated level when the
δ18O abruptly increases (Figure 3c). This discrepancy indicates that the
SST trend in the Panmei et al. (2017) record is not the dominant factor that
shaped the centennial scale anomalously negative δ18O event in the
northernmost BoB.

Culture experiments and field observations (Bijma et al., 1990; Ufkes
et al., 1998) indicate that the abundance and survival of G. ruber white
are dramatically reduced in extremely low salinity environments. A
weakening of the ISM during the YD and H1, as indicated by several
terrestrial and marine (northern BoB) δ18O records, reduces riverine
runoff into the northern BoB and shrinks the depth of an extremely
low salinity layer to few meters of the surface water and, as result,
expands the mixed layer upward, as indicated by modern observations
(Li et al., 2017). Based on the above factors, we argue that the anoma-
lously low δ18O values within H1 and YD are unlikely to reflect a shift
of G. ruber habitat depth to a very narrow range and extremely shallow
depth. Instead we hypothesize that the most likely scenario for the sig-
nificantly low δ18O values within the episodes of H1 and YD is an
increase of Himalayan meltwaters (extremely low δ18O values) and a
simultaneous decrease of monsoonal runoff in response to a ISM weak-
ening. Relative to the isotope composition of ISM precipitation over low‐
to‐mid elevations (<2,200 m) and ISM precipitation over the BoB with
an average δ18O value of ‐7.4±2,5‰ and ‐5‰, respectively
(Breitenbach et al., 2010; Sengupta & Sarkar, 2006), the δ18O signature

of snow and glacier meltwater over the east‐west trending Brahmaputra drainage basin (4‐ to 5‐km eleva-
tion) is significantly negative and varies between ‐21 and ‐13‰ (Hren et al., 2009; Yao et al., 2013). To test
our hypothesis, we performed a simple oxygen isotope mass balance calculation. Because of the several
assumptions we had to make and the uncertainty associated with the assumptions, the results of our mass
balance calculation should be considered as a semiquantitative estimate. Consistent with our hypothesis,
a key feature of all scenarios is that in order to obtain the reconstructed δ18Omixed‐layer values, the
decrease of low‐to‐mid elevation monsoonal precipitation must be accompanied by a relative increase
of meltwater runoff (Figure 4). The impact of meltwater on the δ18Omixed‐layer values primarily arises from
the extremely low δ18O value of the meltwater, while the volumetric increase of the meltwater is

Figure 7. Comparison of SO126‐39KL record with records from the ISM
and Asian monsoon domains and the northern high latitude. (a) The
δ18OG.ruber record of SO126‐39KL. The thin black line shows a smoothed
trend obtained using a localized regression function (loess fitting); color
shading provides 2σ uncertainty estimates based on Monte Carlo simula-
tions (103 runs around the smoothed trend line). (b) Kernel probability
density function (with a smoothing window of 0.5 kyr) of 10Be exposure
surface ages compiled from sites within the Ganges and Brahmaputra
catchment (see AM for more details). (c) As in Figure 3c. (d) δ18O record of
stalagmites Hulu (Wang et al., 2001), Mawmluh (Dutt et al., 2015), and
Timta (Sinha et al., 2005) caves. (e) Stacked record of ice rafted detritus (IRD,
arbitrary unit) from the North Atlantic (Stern & Lisiecki, 2013). (f) δ18O
record of NGRIP (NGRIP‐members, 2004).
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relatively small compared to the runoff decrease of the low‐to‐mid ele-
vation monsoonal rainfall (Figure 4).

To explore underlying physical causes for our proxy observation, we ana-
lyzed the model simulations used in Pausata et al. (2011). The results of
the simulation show a decline of precipitation and warming over the high
elevations of the GBR catchment in both summer and winter (Figure 5)
during archetypal Heinrich events relative to the LGM. Though limited
to southeastern India, another H1‐like hosing experiment (Marzin et al.,
2013) also indicates summer warming. The winter warming is due to
the weakening of the winter monsoon in the H1 experiment compared
to the LGM experiment, which is associated with the cooling of Arabian
Sea surface water (Pausata et al., 2011; Tierney et al., 2016) and leads to
anomalous warm advection into northern India (Pausata et al., 2011).
The summer warming is related to a reduced cloud cover (weak ISM)
and therefore increased radiation affecting the surface energy budget
(Mölg et al., 2012; Rupper & Roe, 2008). Summer warming is essential
to expanding the seasonal snow‐melt regime and enhancing snow and
glacier meltwater that would have downstream impacts on the δ18O signa-
ture of northern BoB surface water, providing a viable mechanism for
our observation.

To further test our hypothesis of increased meltwater input, we compiled

published 10Be moraine surface exposure ages from the GBR catchment
(Amidon et al., 2013; Heyman et al., 2011) and calculated the ELA and
the size of glaciated areas for discrete time intervals (Figure 6). Because
of the steep elevation‐area relation in the Himalaya, elevation changes
of the ELA of a few hundred meters have a large impact on the glaciated
area of the Himalaya (Figure 6). For example, the downward shift from
the present‐day ELA at 5.4 km to the 12‐kyr BP ELA at 4.9‐km elevation

increases the area above the ELA fourfold from 45.3 ×103 km2 to 165.2

×103 km2 (Figure 6). This supports significantly larger glaciers and causes
significant runoff during glacial melting.

The synthesized 10Be moraine surface exposure ages indicate that the
timing of hypothesized meltwater spikes during the YD fall within the
time windows of an increasing glacier recession in the GBR catchment
south of the orographic barrier (Figure 7). While the interval of low
δ18O centered at 16.3±0.4 and 16±0.5 kyr BP falls within a phase of

reduced glacier retreat over the GBR catchment south of the orographic barrier (Figure 7), 10Be data from
region north of orographic barrier (within the GBR catchment) and the Indus catchment indicate glacier
retreats during H1 (Figure S4b). While the Indus catchment does not contribute to the runoff input into
the BoB, it is likely that the coarse temporal and spatial resolution of the moraine records and the signif-
icant dating uncertainty of the 10Be surface exposure ages fail to unravel all episodes and sites of
enhanced activities of GBR catchment glaciers. Noting the above uncertainty, our calculation indicates
that at 12 kyr BP the ELA was located at an elevation of 4,900 m (Figure 6). Consequently, an area of
165×103 km2, which makes 10.5% of the total GBR basin, was glaciated and approximately 8% of the total
precipitation volume occurred above the ELA (Figure 6). Relative to the present with an ELA of ~5,400 m
and a glaciated area of 45.3×103 km2 or 2.9% of the total GBR catchment, the glaciated area during YD
and most likely during H1 was substantially larger. As a result, the amount of meltwater input during
the two short episodes within the YD and H1 could have been significantly increased during elevated
summer temperature, as suggested by the results of our simulation. Noting age model uncertainty and
the brief duration of the events, the key finding of our study is that the effect of weak ISM is not limited
to a reduction of moisture supply to the Himalaya and foreland but also caused high‐elevation warming
that led to enhanced meltwaters.

Figure 8. A flow diagram illustrating the inferred sequence of events that
start with a freshwater‐induced AMOC weakening and North Atlantic sur-
face cooling during Heinrich event 1 (H1) and Younger Dryas (YD).
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Air warming over northern India and the southern Himalaya, as suggested by the results of the climate
simulation, and the ISM weakening are linked to the freshwater induced AMOCweakening and, as a result,
surface cooling of the northern high latitude and midlatitude (Marzin et al., 2013; NGRIP‐members, 2004;
Pausata et al., 2011; Shakun et al., 2012; Tierney et al., 2016). According to the results of our and previous
climate simulations (Marzin et al., 2013; Pausata et al., 2011; Tierney et al., 2016), the link is established
via large‐scale atmospheric changes, involving a cooling of the surface temperature over the western
Indian Ocean and a southward displacement of the Intertropical Convergence Zone. Figure 8 summarizes
the inferred sequence of events.

6. Conclusions

Our record provides new insights into the impact of ISM weakening on the monsoon‐dominated
Himalaya and foreland areas. Our proxy record indicates centennial‐scale episodes of an increased melt-
water input into the BoB during YD and H1 episodes of millennial‐scale weakening of the ISM.
Corroborating the proxy‐based evidence, the results of our climate model simulation suggest a surface
warming of the monsoon‐dominated Himalaya in response to millennial‐scale ISM weakening. Our inter-
pretation of the sequence of events is as follows (Figure 8): YD and H1 meltwater input into the North
Atlantic led to a weakening of the AMOC and subsequent North Atlantic surface water cooling. The latter
caused large‐scale atmospheric circulation changes that led to a weakening of the ISM. A weak ISM led to
reduced cloud cover in the high‐elevation monsoon area and, as a result, increased radiative flux and gla-
cier mass loss. We conclude that a weak ISM not only reduces moisture supply to glaciers but causes gla-
cier mass loss due to an increased exposure to solar radiation. Our findings have a broader implication for
understanding the dynamics of Himalayan glaciers during the last glacial and Marine Isotope Stage 3 that
were punctuated by several Heinrich events that caused the ISM to weaken (Kudrass et al., 2001; Marzin
et al., 2013). If surface warming over northern India and the southern Himalaya is a consistent feature of
Heinrich events, as suggested for H1 in this study, then the monsoon‐dominated Himalayan glaciers were
likely subject to repeated advances and retreats, and this could provide a viable explanation for the scat-
tered record of Himalayan glaciation during the LGM (Amidon et al., 2013). Our study highlights the
importance of understanding glacier meltwater contributions to the marine δ18O record in the BoB.
The δ18O data, in turn, have high potential to provide spatially integrated insights into the monsoon‐
dominated Himalayan climate and its thermal and hydrological response to changes in the ISM strength.
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