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ABSTRACT

High-resolution multi-proxy records are pivotal to analyze Indian monsoon variability and its linkages
with socio-economic growth in South Asia. To constrain short-term shifts in the Indian monsoon, we
analyzed a speleothem sample from Meghalaya, northeastern India encompassing ~15.4 to 10.1 kilo year
before the Present (kyr BP). Our new speleothem data from Meghalaya suggests wet conditions in
northeastern India during ~15.4 to 12.9 kyr BP and ~11.3 to 10.1 kyr BP, punctuated by a dry phase during
~12.9 to 11.3 kyr BP including the Younger Dryas (YD) cold interval. We suggest a southward shift of the
Intertropical Convergence Zone (ITCZ) in addition to weak Atlantic Meridional Overturning Circulation
and land-sea heat contrast during the YD event leading to a weak Indian summer monsoon. The
Northern Hemisphere atmospheric heating shift the ITCZ northward, but our data shows high-frequency
shifts in the ISM during ~11.3 to 10.1 kyr BP following termination of the YD cold event. This interval also
shows a higher growth rate of the studied speleothem sample.

Bolling-Allerad period
Abrupt wet and dry intervals
Umsynrang cave
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1. Introduction

The Younger Dryas (YD) was an abrupt climatic cold event that
impacted the regional and global climates including the Indian
monsoon system during ~12.9 to 11.6 kyr BP (before 1950 CE,
hereafter; Dansgaard et al., 1989; Mayewski et al., 1993). The
weakening of the Atlantic Meridional Overturning Circulation
(AMOC) due to the sudden enhanced influx of freshwater into the
North Atlantic has been suggested as a driver for the YD cold event
(Partin et al,, 2015; Schlolaut et al., 2017). In the Arctic, the YD
terminated abruptly as marked by a sudden shift in the oxygen
isotope ratios towards heavier values and reduction in dust con-
centration (Dansgaard et al., 1989). Both the Indian summer
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monsoon (ISM) and East Asian summer monsoon (EASM) show a
pronounced weakening during YD (Wang et al., 2001; Yuan et al,,
2004; Dutt et al., 2015; Cheng et al., 2020).

The ISM is dynamically linked to the latitudinal migration of the
Inter-Tropical Convergence Zone (ITCZ) and high latitude climate
events as possible drivers (Schulz et al., 1998; Gupta et al., 2003;
Fleitmann et al., 2003; Yancheva et al., 2007). Numerous model and
observational studies indicate weak ISM and EASM, and strong
westerlies during the YD (Wang et al, 2001; Dutt et al.,, 2015;
Lechleitner et al., 2017). Gupta et al. (2003) found teleconnections
between millennial-scale cold events in the North Atlantic, better
known as Bond events (Bond et al., 2001) and weakening of the ISM
during the Holocene. The sun-climate link has been suggested
playing a vital role in driving interannual to decadal-scale vari-
ability in the Earth’s climate including the North Atlantic climate
and the ISM (Neff et al., 2001; Shindell et al., 2001; Gupta et al,,
2005, 2013). Late Pleistocene speleothem records from the Hulu
and Dongge caves of China and Mawmluh cave of India indicate
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centennial to millennial-scale changes in the EASM and ISM
strength, respectively during the late Quaternary (Wang et al.,
2001; Yuan et al., 2004; Dutt et al., 2015). Centennial-scale vari-
ability in ISM wind strength during the Allerad interstadial was
linked to intense solar irradiance (Gupta et al., 2013).

The ISM significantly impacts the socio-economic and cultural
advancement in the Indian subcontinent. Extreme changes in the
ISM thus impact human societies with economic and ecological
implications owing to severe floods and droughts (Dutt et al., 2018,
2019, 2021; Gupta et al., 2019). It is therefore pertinent to under-
stand the response of the ISM to abrupt climatic changes during
cold and warm intervals in the late Quaternary. Speleothem based
high resolution annual to interannual records of ISM precipitation
is sparse, especially during the YD interval. Most of the high-
resolution speleothem records from India are either younger
(Berkelhammer et al., 2012) or older (Sinha et al., 2005) than the YD
with an exception of a study by Dutt et al. (2015) and a discontin-
uous record by Lechleitner et al. (2017) from the Mawmluh cave
Meghalaya. Speleothems from Meghalaya, northeastern Indian
Himalaya hold promise to assess sub-decadal to centennial-scale
Indian monsoon variability (Breitenbach et al, 2010;
Berkelhammer et al., 2012; Dutt et al., 2015; Myers et al., 2015;
Lechleitner et al., 2017; Huguet et al., 2018; Gupta et al., 2019) as the
state receives ~75% of its annual rainfall during June, July, August
and September (JJAS) also known as the summer monsoon season
(Murata et al., 2007; Breitenbach et al., 2010). Annual rainfall
amount in northeastern India does not show any significant
negative or positive correlation with other regions of the Indian
subcontinent (Parthasarathy et al., 1993). However long term vari-
ability of the ISM in northeastern India is quite similar to other
regions of the Indian subcontinent as evidenced in proxy records
showing early Holocene ISM strengthening, 4.2 ka weakening and
so on (Berkelhammer et al., 2012; Dutt et al., 2015; Kathayat et al.,
2018 and references therein). Stable isotopes of meteoric precipi-
tation in the region and in turn the cave drip water is also biased
towards the ISM as this season delivers most of the precipitation. A
significant negative shift in 880 values of meteoric precipitation,
river water and cave drip water is observed with the onset of ISM
season and a positive shift is evident from November onwards
following the summer monsoon season (Breitenbach et al., 2010,
2015; Lechleitner et al., 2017).

We have produced a high-resolution record of ISM variability
using stable oxygen isotope ratio from a speleothem sample UMS-1
of Umsynrang cave, Meghalaya to understand sub-decadal to
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centennial-scale ISM variability during ~15.4 to 10.1 kyr BP
encompassing the YD cold event (Fig. 1). Further, we have corre-
lated YD and early Holocene data with high resolution published
speleothem records from the Mawmluh cave, Meghalaya situated
near Umsynrang cave (Fig. 1; Berkelhammer et al., 2012), Hulu and
Dongge Cave records of EASM variability (Fig. 1; termed as Chinese
cave; Cheng et al., 2009, 2016), Palawan cave, western Philippines
reflecting western Pacific variability (Fig. 1; 10.2°N and 118.9°E;
Partin et al., 2015; not during early Holocene), Liang Luar cave,
Indonesia reflecting Australian-Indonesian monsoon rainfall (Fig. 1;
8° 32'N, 120° 26'E; Griffiths et al., 2009), and Sofular cave, Turkey
(Fig. 1; 41°25'N, 31°56’E; Fleitmann et al., 2009) reflecting mid-
latitude Northern Hemisphere (NH) precipitation. Further to
investigate the role of sea surface temperature (SST) during the YD
and early Holocene, we have correlated our data with reconstructed
SST of Malabar Coast, eastern Arabian Sea (Fig. 1; SK237-GC04; 10°
58.65'N, 74° 59.96'E; Saraswat et al., 2013), western Bay of Bengal
(Fig. 1; MD 161/17; 16° 03.63'N, 82° 01.29'E; Panmei et al., 2017)
and western equatorial Pacific (Fig. 1; MD98-2188; 14° 82'N, 123°
49’E Dang et al., 2012, data modified at NOAA site on 06-05-2020).

2. Material and methods

A 319 mm long inactive stalagmite sample (UMS-1) was
collected from the Umsynrang cave (25°13’N, 92°21’E; 825 m asl),
~25 Km SE of Jowai Meghalaya, northeastern India from a narrow
chamber around ~300 m inside the cave entrance (Fig. 2).
Umsynrang cave is a 5.6 Km long network of caves in a scarcely
populated area (Kharpan Daly, 2006; Breitenbach, 2009) rich in
active and inactive stalagmites found at different levels (Fig. 2). The
limestone host rock of the middle Eocene Jaintia Group is overlain
by ~40 m sandstone intercalated by a 50 cm thick coal seam. The
vegetation over the cave consists of both grassland and tropical
evergreen forests (Breitenbach, 2009). The chamber has almost a
hundred percent relative humidity and a stable temperature of
around 20.6 + 0.6 °C (Breitenbach, 2009). The sample was split into
two halves, polished and subsampled for analysis.

A total of nine 22°Th dates were obtained using Thermo Finnigan
‘Neptune’ multi-collector inductively coupled plasma mass spec-
trometry at the Department of Earth Sciences, University of Min-
nesota, USA following the procedure described by Cheng et al.
(2013; Table 1). The age model has been established using the
StalAge package (Scholz and Hoffmann, 2011) in R-software (Fig. 3;
R Core Team, 2017). The 3'80 measurements were carried out for
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Fig. 1. Location of Umsynrang cave, Meghalaya (Red dots) along with the locations of Mawmluh cave Meghalaya, India, Hulu and Dongge caves of China, Palawan cave, western
Philippines, Liangluar cave, Indonesia, and Sofular cave, Turkey (Black dots). The position of ODP Hole 723A (Gupta et al., 2013), Core sites SK 237-GC-04 (Saraswat et al., 2013), MD
164/17 (Panmei et al., 2017) and MD 98-2188 (Dang et al., 2012) are marked by black stars, (a) Mean Summer Sea Surface Temperature (b) Mean Winter Sea Surface Temperature
(2002—2018; Source: NASA, MODIS). The colour bar on the right side represents the temperature scale in °C. The light pink colour shaded portion is the position of the Intertropical
Convergence Zone (ITCZ). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (A) & (B) - Narrow vertical entrance of the Umsynrang cave, Meghalaya, India. (C) & (D) - Chamber inside the Umsynrang cave, from where UMS-1 samples were collected.

Table 1

230Th dating results of stalagmite UMS-1 from the Umsynrang cave, Meghalaya India. The ages are reported with 2 uncertainty.
Sample  Depth (mm) 238U (ppb)  232Th (ppt) 23°Th/?*2Th 334U 230Th 238y 230Th Age (yr) 23°Th Age (yr) 5%**Upniia 2>°Th Age (yr BP)
Number (atomic x107%) (measured) (activity) (uncorrected) (corrected) (corrected) (corrected)
UMS-1-8 6+ 1 1535+ 3 613 + 13 36044 +77.1 —-182+1.9 0.0873 +0.0003 10155 + 43 10143 + 44 -19+2 10081 + 44
UMS-1-1 19+1 1257 + 3 2166 +43 859+ 18 —28.1+1.6 0.0877 +0.0005 10312 + 69 10261 + 78 —-292 +2 10198 + 78
UMS-1-2 50+1 1402 + 2 1815 +£37 111924 —-259+ 1.6 0.0879 +0.0004 10312 + 58 10273 + 64 —27+2 10210 + 64
UMS-1-3 78 +1 1245 + 2 1748 +36 1057 + 22 —-179 + 1.7 0.0901 + 0.0005 10492 + 64 10451 + 71 —-18+2 10388 + 71
UMS-14 151 +1 1191 £ 2 1199 + 25 1489 + 32 —459 + 1.5 0.0910 + 0.0005 10939 + 65 10908 + 68 —47 + 2 10845 + 68
UMS-1-5 207 =1 1334 +3 3842+ 78 533 +11 —434 + 1.7 0.0932 + 0.0005 11183 + 64 11095 + 89 —45 + 2 11032 + 89
UMS-1-6 263 +1 9066 + 19 1619 +34 9778 + 206 —39.6 + 1.5 0.1059 + 0.0003 12747 + 43 12747 + 44 —41+2 12685 + 44
UMS-1-7 289 +1 15514+ 73 1117 +23 2620 + 56 —-373+34 0.1144 + 0.0007 13806+ 109 13784+ 110 -39+4 13722 + 110
UMS-1-9 310+1 6235 +36.3 5993 + 125 2212 +48 —-255+29 0.1289 +0.0011 15487 + 146 15458 + 148 27 +3 15396 + 148

318 subsamples, which were sampled at every 1 mm interval, and
analyzed at Brown University, USA using MAT 252 equipped with
Kiel carbonate III system. Out of these 318 samples, 264 samples are
from 12.6 to 10.1 kyr representing YD and early Holocene intervals
with an age resolution of ~9.5 yr per sample, which increases to
~46 yr in the samples in the interval older than the YD. The in-
house standards of Carrara marble (n = 58) and Blue Yale marble
(n = 31) were analyzed repeatedly during the analysis showing a
precision (1s) of 0.05 and 0.06%o, respectively. The results are re-
ported against the VPDB standard in standard delta (3) notation
(Fig. 4i, ii).

The speleothem 3'80 data of Umsynrang cave (this study),
Mawmluh cave, Chinese cave record (Dongge and Hulu cave), Liang
Luar cave, and Sofular cave have continuous record between 12.4
and 10.1 kyr BP with an age resolution of less than 9 yr except for
Chinese cave where it is 11.8 yr per sample (Fig. 5). The Palawan
cave has a continuous record up to 10.8 kyr BP with an age reso-
lution of less than 9 yr and hence not considered for analysis during

the early Holocene. The reconstructed SST record of the eastern
Arabian Sea (EAS), western Bay of Bengal (BoB) and western Pacific
(WP) have a resolution of ~60—70 yr (Fig. 6). Hence to assess the
statistical similarity in these cave records and their relationship
with the SST of EAS, BoB and WP during the YD and early Holocene,
a separate Pearson Correlation and Principal Component Analysis
(PCA) were performed for the period between 12.4 and 11.3 kyr BP
(Fig. 7) and between 11.3 and 10.1 kyr BP except for Palawan cave
(Fig. 8). These data were linearly interpolated for 10 years interval
using Analyseries software (Paillard et al., 1996) prior to Pearson
Correlation and Principal Component Analysis (PCA) using Facto-
MineR package in R-software (Das et al., 2021; Dutt et al., 2021;
Kassambara, 2017; Lé et al., 2008; R Core Team, 2017, Tables 1s, 2s,
3s, 4s). PCA biplot variables (Caves 3'30 and SST) is further grouped
using K-mean clustering algorithm using the same package (Figs. 7
and 8; Das et al,, 2021; Dutt et al., 2021; Kassambara, 2017). The
individual Cos2 and Contribution of dimension 1 (Dim 1 or PC1)
and dimension 2 (Dim 2 or PC2) were plotted against time-series to
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Fig. 3. Age-Depth relation of Stalagmite UMS-1 from the Umsynrang cave, north-
eastern India. Half cut section of UMS-1 stalagmite.

assess their variability with time (Figs. 9 and 10). The Cos2 is the
quality representation of an individual on the factor map and
calculated as the squared coordinates. The high Cos2 indicates a
good representation of individual on the Principal Component and
the value of Cos2 is between 0 and 1. The individual contribution to
the Principal Component (in percentage), which sum to 100 is also
plotted against time series (Lé et al., 2008; Kassambara, 2017).

3. Results and interpretation of proxy data

The U—Th measurements of nine subsamples of stalagmite
UMS-1 indicate an age uncertainty of less than 90 yr (25), except for
the bottom two ages (Table 1). The age-depth model suggests
continuous growth of UMS-1 between ~15.4 and 10.1 kyr BP (Fig. 3).
The collected stalagmite formation ceased at 10.1 kyr BP and did not
preserve the younger record. There is no hiatus visible in the
deposition of the stalagmite sample, and high variations occurred
in the growth rate because of significant shifts in the regional
climate (Fig. 3).

The 3'80 of sample UMS-1 varies from —6.56 to —4.94%o be-
tween ~15.4 and 10.1 kyr BP (Fig. 4ii). This variability is almost
similar to an earlier record from the Mawmluh cave by
Berkelhammer et al. (2012), Dutt et al. (2015), Lechleitner et al.
(2017) and Huguet et al. (2018) during the same interval
(Fig. 4iii). The drip water isotope behaviour depends on the thick-
ness of the overburden and vegetation above the cave (Lechleitner
etal., 2017). The individual cave temperature and CO5 also affect the
drip water 3'80 value, which is reflected in the stalagmite record
(Breitenbach et al., 2015). The §'80 values in different chambers of
Umsynrang cave are between —6.8 and —5.2%o, while 380 value in
different chambers of Mawmluh cave is between —5.5 and —7.7%o,
(Breitenbach et al., 2015; Tiwari et al., 2015). The Mawkhyrdop river
water before entering the Mawmluh cave has a 3'30 value of —6.4%o
(Tiwari et al., 2015). After long term (2007—2013) seasonal obser-
vation of Mawmluh cave, Breitenbach et al. (2015) concluded that
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drip water 3'80 is closely related to monsoon rainfall, but vary at a
seasonal scale. Hence 8'80 of individual speleothem has different
values within the range, but have an almost similar trend. Further,
the Mawmluh cave is situated around 400 m above the level of the
Umsynrang cave and imparts more negative isotope ratios to the
meteoric precipitation at Mawmluh cave and in turn the drip water
and speleothems in the cave.

The 5'80 in speleothems, deposited in isotopic equilibrium, re-
flects the isotopic signature of regional precipitation, which in itself
is influenced by changes in moisture source, distance travelled by
moisture, amount of precipitation and freshwater plume in the Bay
of Bengal (Breitenbach et al.,, 2010, 2015; Gupta et al., 2019). All
these processes relate lighter oxygen isotope ratios with higher
rainfall (Breitenbach et al., 2015; Dutt et al., 2015, 2021; Kathayat
et al.,, 2018; Lechleitner et al., 2017). We interpret changes in the
speleothem 580 value as variations in the isotopic composition of
source waters and processes occurring along transport pathways,
all of which, in turn, reflect changes in the ISM strength. Different
phases are observed in the 3'80 time series of UMS-1, (i) the 5'20
value are generally depleted between 15.4 and 12.9 kyr BP varying
from —6.56 to —5.69%o, the least value centred at ~14.8 kyr BP, (ii) at
~12.9 kyr BP there is a sudden enrichment in the oxygen isotope
ratio which ended at ~11.3 kyr BP, and (iii) following ~11.3 kyr BP
the 880 values show depletion until 10.1 kyr BP with high-
frequency shifts (Fig. 4ii and 5i). The 5'3C value of the Meghalaya
cave is generally similar to 3'80 reflecting local hydroclimatic
condition and suggesting a weak/strong ISM in the Meghalaya cave
(Lechleitner et al., 2017). However, the 3'3C in Umsynrang cave
shows heavier values during and prior to YD event. During the early
Holocene conditions reversed with lighter 5'C values corre-
sponding with strong ISM and heavier 3!3C values corresponding
with the period of weak ISM (Fig. 4i).

Hendy test suggests a non-significant relationship between
speleothem 3'3C and 80 values indicating that the isotopic
signature of speleothem has not been affected by the kinetic frac-
tionation due to changes in cave temperature, ventilation or car-
bonate precipitation in soil horizon before the speleothem
deposition, etc. (Hendy, 1971; Dreybrodt, 2008). The correlation
between 3'3C and 5'80 of sample UMS-1 shows no significant
correlation (r = 0.16), suggesting that isotopic signatures of this
sample primarily reflect isotopic equilibrium with the meteoric
precipitation and hence regional climatic signal (Fig. 11; Hendy,
1971; Dreybrodt, 2008; Wiedner et al., 2008).

Pearson Correlation Coefficient analysis of speleothem 3'80
value of UMS-1 shows a positive correlation with the Mawmluh
and Chinese caves, and a negative correlation with the Palawan and
Liang Luar caves, WP and EAS SST during 12.4 to 11.3 kyr BP. No
significant correlation between UMS-1 and BoB SST has been
observed (Table 1s). The correlation is similar during 11.3—10.1 kyr
BP, except that Liang Luar cave has a positive correlation during this
interval and no significant correlation with any SST record
(Table 2s). The PCA analysis for the period between 12.4 and 11.3
kyr BP extracted two factors that explain 73% of data variance
(Table 3s). The PCA biplot variables grouped using K-mode clus-
tering are suggesting three groups. Umsynrang, Mawmluh and
Chinese caves having a positive score on PC-1 form the 1st group,
Sofular cave and BoB SST having a negative score on PC-2 form the
2nd group and the Palawan and Liang Luar caves along with EAS
and WP SST form the 3rd group having negative scores on PC-1
(Fig. 7; Table 3s). The PCA analysis for the period between 11.3
and 10.1 kyr BP also extracted two factors that explain just 58% of
the data variance (Table 4s). Umsynrang, Mawmluh, Chinese and
Liang Luar caves having a positive score on PC-1 form the 1st group,
BoB and EAS SST having a negative score on PC-2 form the 2nd
group and the Sofular cave along with WP SST form the 3rd group
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having negative scores on PC-1 (Fig. 8; Table 4s). The time series
plot of Dim 1 Cos2 is exhibiting a low amplitude periodic shift with
a declining trend between 12.4 and 11.6 kyr BP, which sharply in-
creases and has a very high value between 11.6 and 11.3 kyr BP
(Fig. 9). The Dim 2 Cos2 is exhibiting high amplitude variability

between 12.4 and 11.6 kyr BP and has a low value between 11.6 and
11.3 kyr BP (Fig. 9). The contribution of Dim 1 and Dim 2 is
maximum between 11.6 and 11.3 kyr BP and between 12.4 and 12.2
kyr BP, respectively (Fig. 9). For the period between 11.3 and 10.1
kyr BP, both Dim 1 and Dim 2 Cos2 values are exhibiting very high
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Eastern Arabian Sea SST were grouped using k-means cluster analysis.

amplitude periodic variability and contribution is low except for a
few intervals (Fig. 10).

4. Discussion
4.1. Pre YD period (~15.4—12.9 kyr BP)

The varying but lighter 880 values (—6.56 to —5.69%0) between
15.4 and 12.9 kyr BP suggest strong and variable summer monsoon
conditions in the study region. Our record could not constrain
Bolling-Allerad (B-A) interval distinctly due to low sample resolu-
tion owing to decreased carbonate deposition during 15.4 and 12.9
kyr BP (Fig. 4ii). However, numerous proxy records have earlier
suggested extreme ISM conditions during warm and moist inter-
stadial Bplling-Allerad (B-A) interval following Henrich
interstadial-1 driven by the rapid rise of CO; in the atmosphere and
release of heat from the deep North Atlantic (Kohler et al., 2011;
Gupta et al., 2013; Thiagarajan et al., 2014; Dutt et al., 2015). The
convective activities enhanced during the B-A interstadial in the
tropics, resulting in a northward shift of the ITCZ that led to an
increase in summer precipitation across the Indian subcontinent
(Dykoski et al., 2005; Cheng et al., 2009; Gautam et al., 2019). The
period between 14.6 and 12.9 kyr BP is marked by higher precipi-
tation in Timta, Hulu and Dongge cave records as well as at Arabian
Sea ODP Hole 723A (Fig. 4ii, 4iv; Yuan et al,, 2004; Gupta et al,,
2013; Sinha et al., 2005) except for few intervals of a cold period
during the Allersd period. Gupta et al. (2013) argued that the

stronger westerly winds and southward shift of the ITCZ during the
cold intervals due to increased latitudinal thermal gradient led to
the weakening of the ISM. Several other paleoclimatic records from
the Indian subcontinent and other nearby regions also suggest
overall increased precipitation between 15 and 12.9 kyr BP and
sudden weakening of the summer monsoon during the cold Allerad
period (Thompson et al., 2000; Gupta et al., 2013; Dutt et al., 2015;
Rawat et al., 2015).

4.2. The YD period (~12.9—11.3 kyr BP)

An abrupt enrichment in the oxygen isotope ratio at ~12.9 kyr BP
indicates a weakening of the ISM and decreased summer precipi-
tation in northeastern India at the onset of the YD cold interval.
Earlier studies from the Mawmluh cave (Figs. 4iii, 5ii, 5iii;
Berkelhammer et al., 2012; Dutt et al., 2015; Lechleitner et al.,
2017), Timta cave (Fig. 4iv; Sinha et al.,, 2005), Tso Kar and Tso
Moriri lakes (Mishra et al., 2015; Wiinnemann et al., 2010), and
Chandra peat bog of northwestern Himalaya (Rawat et al., 2015)
also suggest an abrupt decrease in precipitation around 12.9 kyr BP.
The reconstructed precipitation for the eastern Himalaya also
shows a weak ISM during the YD and weakest between ~11.7 and
11.4 kyr BP (~63% drop in rainfall) followed by an abrupt increase in
ISM precipitation (Fig. 6ii; Ali et al., 2018). A similar decline in EASM
precipitation has also been observed (Fig. 4vi, 5iv; Cheng et al,,
2016). The decrease in ISM precipitation coincides with the weak-
ening of the AMOC, which caused sea-ice expansion and a lowering



AK. Gupta, RK. Singh, S. Dutt et al.

Variables — PCA

Quaternary Science Reviews 259 (2021) 106888

I
1
1.0= i
I
I .
Eastern Arabian Sea
N
Western Pacific |
|
|
0.5- : Western Bay of Bengal
Umsynrang
Sy Liang Lyar
X
< . Chinese
P Sofular 1
£ |
o I
1
1
I Mawmluh
Cluster |
1
-0.5- - 1 i
- 2 :
= 3 1
1
I
1
1
1
-1.0- i
1 1 I 1 1
-1.0 -0.5 0.0 0.5 1.0
Dim1 (41.4%)
Fig. 8. Principal Component Analysis (PCA) biplot for the early Holocene (11.3—10.1 kyr BP) (i) Umsynrang cave 3'¥0, (ii) Mawmluh cave, India 3'®0, (iii) Chinese cave 3'*0

(combined Hulu and Donge cave), (iv) Liang Luar cave Indonesia, 3'®0 (v) Sofular cave, Turkey 5'30 (vi) Western Pacific SST, (vii) Western Bay of Bengal SST (viii) Eastern Arabian Sea

SST were grouped using k-means cluster analysis.

of temperature in the NH (Condron and Winsor, 2012). The glacier
expansion in the NH weakens the ISM through increased strength
of the mid-latitude westerlies and their downwind effect in South
Asia (Fig. 6vii; Gupta et al., 2003, 2005; Dutt et al., 2015; Kotlia et al.,
2016).

The YD is poorly understood due to the lack of high-resolution
proxy records spanning YD or owing to poor chronology or hiatus
(Lechleitner et al., 2017; Kotlia et al., 2016). Recently, Cheng et al.
(2020) suggested fast propagation of North Atlantic change via
meridional migration of ITCZ, Hadley circulation and the westerly
jet stream. We have tried to assess the detailed mechanism of a
weak monsoon during the YD by comparing UMS-1 records with
other tropical and mid-latitude NH cave records (Fig. 5) and SST
over WP, EAS and BoB (Fig. 6). The two tropical speleothem records
from the Palawan (Partin et al., 2015) and Liang Luar caves (Griffths
et al., 2009) have an inverse relationship with the Umsynrang cave
record during the YD (Figs. 5 and 7; Table 1s). The Liang Luar cave
record shows increased summer precipitation during the YD cold
event, which was linked to the migration of the ITCZ to the equator
(Griffiths et al., 2009). The Palawan cave record suggests relatively
drier conditions during the YD as represented by a smaller increase
in stalagmite 5'80 values (Partin et al., 2015). However, PCA anal-
ysis, K-means clustering of variables (caves) in PCA biplot (Fig. 7)
and Pearson Correlation (Table 1s) suggest similarities between the
Palawan and Liang Luar cave records. The Umsynrang, Mawmluh
and Chinese cave records suggest a weak ISM during the YD cold

event. The PCA analysis, K-means clustering of variable of PCA
biplot (Fig. 7) and Pearson Correlation of stalagmite 5'0 also
suggest similar monsoon behaviour in these cave records (Table 1s).

Palawan and Liang Luar cave 880 has a negative correlation
with Umsynrang, Mawmluh and Chinese cave 320 and has an
opposite PCA loading in PC 1 (Fig. 7, Table 1s) suggest a periodic
shift in the ITCZ between 12.4 and 11.6 kyr BP towards the equator
or SH (Fig. 9). The periodic shift in the ITCZ towards the equator
caused higher rainfall at Liang Luar during the YD interval. Sofular
cave 380 also shows a negative correlation with Umsynrang,
Mawmluh and Chinese cave 5'80 values as the Sofular cave may
receive higher precipitation due to strengthened westerlies or
moisture source may be from the Black Sea (Fleitmann et al., 2009).
During the late Pleistocene dominant source of moisture to Sofular
cave was the Black Sea (Fleitmann et al., 2009). The EAS and WP SST
records are closely associated with Palawan and Liang Luar cave
3180 record and negatively correlated with the Umsynrang,
Mawmluh and Chinese cave §'80 values (Fig. 7). The western BoB
exhibits overall warming during the YD (~1.8 °C; Fig. 6; Panmei
et al., 2017) and not significantly correlated either with Umsyn-
rang and Chinese cave 3'80 values or Palawan and Liang Luar cave
3180 values, but has a poor negative correlation with Mawmluh
cave 8'80 values and has a weak positive correlation with the Sof-
ular cave 8'80 values (Fig. 7, Table 1s). Panmei et al. (2017) proposed
that the Northern Indian Ocean did not cool significantly during the
YD due to the weakening of the AMOC. The YD duration observed in
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the Kalakot cave is between 12.7 and 12.2 kyr BP as the cave
location is influenced by the westerlies (Fig. 6vii; Kotlia et al., 2016).
The stronger westerlies did not allow heating of the northern In-
dian subcontinent landmass, and as a result, it has not created
enough pressure difference for continent ward flowing ISM wind.
The weakening of the AMOC decreased upwelling in the western
Arabian Sea marked by the low abundance of upwelling indicator
species G. bulloides (Fig 6iii; Gill et al., 2017; Gupta et al., 2013),
which in turn further supports weak monsoonal wind during the
YD. However, all these changes have a periodic variation and
declining effect between 12.4 and 11.6 kyr BP (Fig. 9). The combined
effect of AMOC weakening and westerlies jet stream have period-
ically moved the ITCZ southward, added with reduced land-sea
heat contrast cause lower monsoonal precipitation during the YD.

The termination of the YD cold interval at ~11.3 kyr BP at
Umsynrang cave roughly coincides with the standard termination
age of the YD event at 11.6 kyr BP. This was followed by a sudden
strengthening of the ISM in the younger interval (Figs. 4 and 5). The
termination of the YD event at ~11.3 kyr BP at Umsynrang cave is
probably due to an age uncertainty in the present study. Earlier cave
records from the nearby Mawmluh cave and eastern Himalaya
precipitation reconstruction also indicate a short event of weak
monsoon during ~11.5—11.3 kyr BP (Figs. 4iii, 5ii, 5iii, 6ii), possibly
linked to the existence of short-lived cold pulses in the North
Atlantic (Fig. 4vii) (Ali et al., 2018; Andersen et al, 2004;
Berkelhammer et al., 2012; Dutt et al., 2015), which is also reflected
in the PC1 time series (Fig. 9).

10

4.3. Post YD (~11.3—10.1 kyr BP)

There is a general long term increase in summer monsoon
precipitation between ~ 11.3 and 10.1 kyr BP with high-frequency
shifts in the ISM (Figs. 4—6) suggested by high amplitude vari-
ability in PC time series of this interval (Fig. 10). The strengthening
of the AMOC and westerlies jet stream may have caused northward
migration of the ITCZ and increased monsoon precipitation in the
Indian subcontinent (Enzel et al., 1999; Gupta et al., 2013). Various
marine, lacustrine and terrestrial records from as well as beyond
the Indian subcontinent also suggest stronger summer monsoon
during the early Holocene (Fleitmann et al., 2003; Ali et al., 2018;
Dixit et al., 2014; Wu et al., 2018). The resumption of strong AMOC
and warming of NH reduced the influence of westerly jet stream
and enhanced land-sea heat contrast.

During the early Holocene, the Umsynrang cave 380 value
associated with Mawmluh and Chinese cave remains the same, but
it is also associated and positively correlated with the Liang Luar
cave 3'80 values. The Sofular cave associated with WP SST has an
inverse correlation with the Umsynrang cave 3'30 values (Fig. 8;
Table 4s). The Sofular cave record also suggests weakened west-
erlies as a result of atmospheric warming in NH (Fig. 8). NGRIP data
(Fig. 4vii) suggests the warming of the North Atlantic Ocean during
the early Holocene that marks the decreased influence of the mid-
latitude westerlies on the tropical monsoon systems (Wang et al.,
2001; Anderson et al., 2004; Dutt et al.,, 2015). The interval be-
tween 10.8 and 10.1 kyr BP observed high frequency pronounced
abrupt shifts in the ISM (Fig. 10), the most prominent of which
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occurred during ~10.8 to 10.6 kyr BP (Figs. 4 and 5). The Kalakot
cave 3'80 values representing westerlies intensity also show high
amplitude fluctuation during the early Holocene (Fig. 6vii). This
event is omnipresent in high-resolution records of ISM variability
in the South Asian region (Figs. 4 and 5). The SST record over EAS,
BoB and WP shows an overall increasing trend but does not have

1

one to one correlation with the ISM intensification (Fig. 6iv, 6v, 6vi),
which is further confirmed by the PCA and Pearson correlation
analysis (Fig. 8; Tables 2s and 4s). The significant abundance of
upwelling indicator G. bulloides in the western Arabian Sea further
supports enhanced monsoonal wind (Fig. 6iii; Gupta et al., 2013),
but did not have significant teleconnections with the equatorial
western Pacific SST till 10.1 kyr BP as proposed by Gill et al. (2017).
The 3'3C value is reflecting the significant vegetation growth
similar to modern condition during the period of higher ISM pre-
cipitation (Lechleitner et al.,, 2017). The drip rate in northeastern
India cave does not directly reflect the amount of precipitation, but
increases during and after the summer monsoon. The saturation of
the water reservoir plays a significant role and a saturated epikarst
reservoir can cause higher drip discharge (Breitenbach et al., 2015).
The frequent higher ISM precipitation saturated the epikarst
reservoir and caused higher growth of the stalagmite during the
early Holocene.

The strong/weak ISM intensity generally follows the periods of
intense cooling/warming in the North Atlantic, respectively
(Fig. 4vii). The Southern Hemisphere (SH) rapid warming may have
caused reduced ISM precipitation. The ITCZ position governs the
extent of monsoonal precipitation over the south Asian region and
is very sensitive to a marginal shift in the atmospheric energy
balance. The stronger transport of atmospheric energy towards the
north, shifted the ITCZ southwards during the YD, while during the
early Holocene, boreal summer (Loutre, 2009) transported the at-
mospheric energy southwards that caused farther northward
migration of the ITCZ and thus caused higher precipitation
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(Schneider et al., 2014). Various climate models, as well as paleo-
climate proxies, suggest that the early Holocene ISM strengthening
(Overpeck et al., 1996; Gupta et al., 2003, 2005, 2013; Ali et al.,
2018) and also related to reduced snow cover over Tibetan
Plateau (Marzin and Braconnot, 2009; Dixit et al., 2014).

5. Conclusions

Proxy record from Umsynrang cave suggests high Indian sum-
mer monsoon precipitation in northeastern India during ~15.4 to
12.9 kyr BP (B-A period) and ~11.3 to 10.1 kyr BP (early Holocene)
with high-frequency shifts in the latter interval. The Indian Sum-
mer Monsoon (ISM) strength weakened during ~12.9—11.3 kyr BP
(Younger Dryas or YD cold event) as a result of the weakening of the
Atlantic Meridional Overturning Circulation (AMOC) and
strengthening of the westerlies. The position of the Inter-Tropical
Convergence Zone (ITCZ) modulated ISM variability and it period-
ically shifted towards the equator or SH during the YD. The AMOC,
westerly jet stream and land-sea heat contrast influenced the ISM
precipitation during the YD. Northern Hemisphere atmospheric
warming shifts the ITCZ northward caused enhanced precipitation.
However, a high-frequency shift in ISM precipitation was observed
during the early Holocene. Sea surface temperature over the
western Pacific did not have direct teleconnections with the ISM
during the YD and early Holocene until 10.1 kyr BP.
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