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ARTICLE INFO ABSTRACT

Keywords: High-resolution proxy records help to understand natural forcing of climate variability and improving our

MCA capability to predict climate variability on decadal to centennial time scales. Present study from the Mawmluh

LIA . . cave, northeastern India shows sudden shifts in speleothem oxygen isotope values, indicating several abrupt

t::; I}‘:;ll]oecr::;m changes in the Indian summer monsoon (ISM) during ~212 BCE to 1986 CE. Moderate ISM conditions prevailed

Indian subcontinent during ~212 BCE to 400 CE punctuated with weak intervals, strong ISM during 400 and 500 CE and from 640 to

Speleothems 1060 CE, whereas weak ISM conditions prevailed during 520-540 CE, 820-850 CE and 940-980 CE and after
1060 CE. The interval from 1060 to 1986 CE witnessed decreased precipitation than the previous millennium.
The latter phase of the Medieval Climate Anomaly (MCA; 1060 to 1200 CE) was quite drier in contrast to the
earlier intervals. The ISM was generally weak during the Little Ice Age (LIA; 1350 to 1850 CE) with short-term
pulses of high precipitation when sun-spot activity was high. The data shows the weakest ISM condition during
1640-1740 CE (Maunder Minimum) of the last two millennia. Variations in extra-tropical northern hemisphere
temperatures due to volcanic activity and solar insolation, and accompanying northward/southward shifting of
the Inter-Tropical Convergence Zone played a pivotal role in modulating the strength of the ISM during the past
two millennia.

1. Introduction intensity of extreme events, e.g. increased environmental droughts,

more frequent and intense heat waves in Europe and north America, rise

The last two millennia have been crucial concerning the climate-
human interaction, witnessing a sequential rise of human interference
in Earth’s climate (IPCC, 2013). Several studies indicate a rapid rise in
global temperature after the mid-nineteenth century as a result of nat-
ural climate cycle as well as enhanced industrial and other develop-
mental activities and forest clearing, etc. (Thompson et al., 2000; Mann
and Jones, 2003; Mann et al., 2009). This rapid rise in the global tem-
perature with increased greenhouse gases in atmosphere has had pro-
found effects on global climate leading to increase in the frequency and
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in forest fire activity in boreal forests, etc., which can get further
intensified in near future (Meehl and Tebaldi, 2004; Kelly et al., 2013;
Feurdean et al., 2020; Vicente-Serrano et al., 2020) Both observational
and model studies suggest an intensification of monsoon systems
including the Indian summer monsoon (ISM) with the increased global
warming implying risk of more frequent precipitation extremes (IPCC,
2013; Kitoh et al., 2013; Marcott et al., 2013; Gupta et al., 2019). The
risk of more frequent flash floods in the higher reaches is also suggested
because of enhanced precipitation in the form of rain (Kitoh et al.,
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2013).

Such predictive and future projection studies are possible with good
understandings of natural processes, occurrence and frequency of cli-
matic events in the past and forcing mechanisms. Availability of long
term observational data and high resolution paleoclimate records in
Europe and America have imparted confidence for such kind of future
climate projections. But such studies are lacking in other parts of the
world due to non-availability of long-term meteorological data.

The ISM has crucial importance for survival and socio-economic
growth of one third of world’s population living in the Indian sub-
continent. Any major change in the monsoon behaviour is likely to
adversely affect not only the agriculture-based regional economies but
global community as is evident from the paleo records of the last few
millennia (Yadava et al., 2016; Kathayat et al., 2017; Dutt et al., 2018,
2019). In past few decades, the occurrence of floods have become
frequent in India with more intense rains in short intervals and long
durations of non rainy seasons due to rising atmospheric temperature
and enhanced convective activities (Anderson et al., 2002; Goswami
et al., 2006; Singh et al., 2014). Another study suggests a weakening of
the south Asian monsoon in some parts of India during the last century
due to decrease in land-sea thermal contrast between the Indian Ocean
and Indian landmass with warming of the Indian Ocean (Roxy et al.,
2015). Therefore there is a need to understand the ISM behaviour in
different regions regarding the changing climatic scenario.
High-resolution paleoclimatic records indicating the impacts of
short-term forcing mechanisms on ISM variability are sparse from the
South Asian region. The instrumental records of last one and half cen-
tury show quasi-oscillatory multi-decadal ISM variability (Krishnamur-
thy et al., 2000; Goswami et al., 2006), however the number of data sets
are not enough to characterise multi-decadal to centennial scale vari-
ability in the ISM record. The simulated modelling study suggests that
the anthropogenic aerosol loading over southeast Asia has caused
summer time drying (Bollsina et al., 2011) but has large uncertainty in
the role of aerosol (Gautam et al., 2019). Further, Sinha et al. (2015)
have suggested that it is difficult to ascertain the role of anthropogen-
ically forced changes against multi-decadal to centennial-scale natural
variability. Hence it is important to assess natural ISM variability in high
resolution records from the Indian sub-continent over the last two
millennia and forcing mechanisms. To determine changes in the ISM
precipitation and the forcing factors which impacted the ISM strength in
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the last two millennia, we have produced cave carbonate 520 record
from the Mawmluh cave (25°15'44"N; 91°52'54"E; altitude 1290 m),
which is located near Cherrapunji, Meghalaya, northeastern India
spanning in age from ~212 BCE to 1986 CE with age uncertainties
(Fig. 1). The study region presently receives most of its annual precipi-
tation (~75%) during the summer monsoon season (June to September)
through the ISM having its source in the Arabian Sea as well as the Bay of
Bengal (Parthasarathy, 1960; Murata et al., 2007; Breitenbach et al.,
2010, 2015). The speleothems (cave carbonates) from Meghalaya are
one of the best and widely analyzed climate proxies to track changes in
the ISM strength on sub-decadal to centennial time scales (Sinha et al.,
2011; Berkelhammer et al., 2012; Dutt et al., 2015; Myers et al., 2015;
Kathayat et al., 2018; Kaushal et al., 2018). Earlier speleothem studies
from this region suggested a strong ISM during the Bglling-Allerpd
period, early Holocene and late marine isotope stage 3 (Dutt et al., 2015;
Lechleitner et al., 2017a). In contrast, weak ISM conditions were
observed during the Henrich events, Last Glacial Maximum (LGM), and
the Younger Dryas (YD) and 4.2 ka cold events (Berkelhammer et al.,
2012; Gupta et al., 2013; Dutt et al., 2015; Lechleitner et al., 2017a;
Kathayat et al., 2018).

2. Material and methods

A 23 cm long stalagmite sample MU-1 was collected from the
Mawmluh cave, ~4 km inside the cave entrance from a poorly ventilated
chamber having stable temperature and more than 95 percent relative
humidity. In the laboratory, the stalagmite sample was cut into two
halves longitudinally and polished on cut surfaces. The subsamples for
various analysis were then extracted along the central growth axis.

The chronology was constrained using eight absolute U-Th series
dates determined using the technique as described by Cheng et al.
(2013). Each subsample of ~100 mg weight was extracted parallel to the
growth of layers. The subsamples were treated with 7 N HNOs and then
spiked with the known amount of 236U, 2*U and 22°Th spikes for the
accurate measurements of U and Th concentrations and isotopes
(Kathayat et al., 2017). U and Th fractions were separated and purified
with column chromatography (Edwards et al., 1987). The isotopic
compositions of U and Th were analyzed using Thermo Finnigan
‘Neptune’ multi-collector inductively coupled plasma mass spectrom-
etry (MC-ICPMS) at Xi’an Jiaotong University, China. As the stalagmite

Fig. 1. Location of the Mawmluh cave (blue circle),
Meghalaya, northeastern India. Also shown are loca-
tion of other cave and lake records (red circles) from
India whose data has been compared with that from
the Mawmluh cave (MU-1). Curved arrows from the
Arabian sea and Bay of Bengal show two branches of
the Indian summer monsoon (ISM), i.e. Arabian sea
branch and Bay of Bengal branch. MLWs represent
mid latitude westerlies. (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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was growing and drip water was active at the time of sample collection,
the time of stalagmite collection (2009 CE) has been considered as the
top age of the sample and used in the age modelling. The age model was
initially established using the StalAge program (Scholz and Hoffmann,
2011) in statistical software R (R Development Core Team, 2010).
However, considering high age uncertainty, the age model was recal-
culated using “intra-site correlation age modelling” proposed by Fohl-
meister (2012). The published record from the nearby Wah Shikar cave
(Sinha et al., 2011; Gupta et al., 2019) were considered for the intra-site
correlation and age modelling.

A total of 454 subsamples were extracted for §'%0 measurements at
1 mm interval for the top 3 mm and at every 0.5 mm increment for the
rest of the sample. Samples were extracted using a handheld drill,
Marathon 3 champion having burs of 0.3 mm diameter. The 580
measurements were carried out at Brown University, USA using MAT
252 stable isotope ratio mass spectrometer equipped with a Kiel car-
bonate III system. The in-house standards of Carrara marble (CM) (n =
58) and Blue Yale marble (BYM) (n = 31) were analyzed repeatedly
during the analysis. Replicate analyses of CM and BYM show a precision
(1s) of 0.05 and 0.06%o, respectively for oxygen isotopes and 0.02%. for
carbon isotopes during the measurements. The results are reported
relative to the VPDB standard in standard delta (5) notation.

Spectral analysis of the oxygen isotope time series was carried out at
95% confidence level in PAST software using Red Fit and Monte Carlo
methods with oversample 1 and number of segments 1 in Blackmann-
Harris window (Hammer et al., 2001).

3. Results and proxy interpretation

Results of the age measurements for MU-1 are given in Table 1. The
age model suggests a continuous growth of stalagmite MU-1 between
212 BCE and 2009 CE without any hiatus. (Fig. 2). Our record from the
Mawmluh cave has an average age uncertainty of ~100 yrs. Such a large
age error may not allow to reveal any hiatus of decadal or lower time
scale during the deposition. However, northeastern India is one of the
highest rainfall regions on earth, and any cessation in stalagmite growth
due to no rainfall is very unlikely during the past two millennia,
although it may reduce significantly at times. Further, the composite
record also does not show any sign of hiatus until 1120 CE and help in

Table 1
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Fig. 2. 2°Th age-depth relationship and the age model of MU-1 stalagmite. The
age model and corresponding 95% confidence limits are calculated by a Monte
Carlo simulation fitting ensembles of red line to subsets of the age data. The age
model is established by using >*°Th dates (Table 1) and StalAge program in R
software. The vertical error bars depict 230TH dating errors (20). Green line
shows age-depth relation drawn by the StalAge programme. The dotted black
line is age-depth relation after making the composite 5!%0 time series for
northeastern India and used for plotting the MU-1 time series in this study. An
image of the stalagmite MU-1 is also shown. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

230Th dating results of stalagmite MU-1 from the Mawmluh cave, northeastern India. The ages are reported in yr BP = years before the Present (A.D. 1950) with 26

uncertainty. The method is based on Cheng et al. (2013).

Sample Depth 238y 2327 230y, 2321y 524U 2307y, ,238(; 20Th Age (yr) OTh Age (yr) 5% Upminar™ 230Th Age (yr
Number (mm) (ppb) (ppt) (atomic x107%) (measured) (activity) (uncorrected) (corrected) (corrected) BP)***
(corrected)

MU1-1 18+1 6179 68140 14 +£1 664.0 + 2.4 0.0094 + 620 + 8 427 +£137 665 + 2 364 + 137
+ 12 + 1370 0.0001

MU1-2 27 +1 5571 48206 19+1 669.2 + 2.7 0.0101 + 659 + 10 508 + 107 670 £ 3 445 + 107
+13 +971 0.0002

MU1-7 31+1 5717 59257 18+1 711 + 8 0.0113 + 723 +£10 547 + 125 712+ 9 485 + 125
+ 39 + 1237 0.0002

MU1-3 66 + 1 3649 22831 39+1 572.6 + 3.1 0.0150 + 1041 + 14 925 + 83 574+ 3 862 + 83
+10 + 461 0.0002

MU1-4 86 +1 3856 58075 20+1 563.6 + 3.3 0.0178 + 1249 + 14 969 + 199 565 + 3 906 + 199
+ 11 + 1173 0.0002

MU1-8 120+1 6128 10418 185 + 4 648 + 6 0.0191 + 1270 + 12 1240 + 25 651 + 6 1178 + 25
+33 + 214 0.0002

MU1-5 150 £1 5876 69199 33+1 639.1 + 3.0 0.0238 + 1593 £ 11 1384 + 148 642 +£ 3 1321 + 148
+15 +1397 0.0002

MU1-6 212+1 4525 51983 50 £ 1 718.4 £ 3.5 0.0350 + 2238 + 16 2044 + 138 723 + 4 1981 + 138
+ 15 + 1053 0.0002

U decay constants: Ap3g = 1.55125 X 10710 (Jaffey et al., 1971) and Ao34 = 2.82206 X 10°° (Cheng et al., 2013). Th decay constant: 2230 = 9.1705 x 10°° (Chengetal.,

2013).

*§234U = ([234U/238U]activity — 1)x1000. **82**Uinitial was calculated based on 230Th age (T), i.e., 6234Uinitial = §234Umeasured x eA234xT.
Corrected 23°Th ages assume the initial 22°Th/?32Th atomic ratio of 4.4 + 2.2 x 107°. Those are the values for a material at secular equilibrium, with the bulk earth

232Th/2%8( value of 3.8. The errors are arbitrarily assumed to be 50%.
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**B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.
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minimizing the age uncertainty of MU-1 record. Although some proba-
bility of non-deposition due to factors other than rainfall always exists.
The average sampling resolution is ~4.8 yr per sample.

The 680 ratio from sample MU-1 varies from —6.33 to —2.55%0 with
a mean value of —4.1%o (Fig. 3b). Three different phases are observed in
the 580 time series of the Mawmluh cave, (i) the highly variable 51%0
ratio has been observed between 212 BCE and ~400 CE but remained
close to the mean value except for an interval of much depleted 520
values centred at ~130 BCE and highly enriched values during 20-60 CE
and slightly enriched during 240-330 and 360-380 CE. The pre and post
changes to 20-60 CE and 360-380 CE events are abrupt (Fig. 3b). (ii)
Between 400 and ~1060 CE, the §!80 values remained depleted than the
mean value most of the times except an abrupt enrichment at ~500 CE,
and others during 820-850 CE and 940-980 CE. The abrupt enrichment
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Fig. 3. Indian Summer Monsoon (ISM) proxy record from the Mawmluh cave,
Meghalaya, northeastern India compared with other regional paleoclimatic
records. (a) 830 record for MU-1, Mawmluh cave, northeastern India (this
study) for the interval 212 BCE to 1986 CE, (b) 5'80 record of ISM variability
from the Mawmluh cave (this study) for the interval 212 BCE to 1986 CE, (c)
5'%0 for composite record of Mawmluh and Wah Shikar caves (Sinha et al.,
2011 and Gupta et al., 2019) data from Meghalaya, northeastern India, (d) 5'%0
record of ISM changes from Dandak and Jhumar caves (Berkelhammer et al.,
2010; Sinha et al., 2011), (e) 5'80 record of ISM strength from the Sahiya cave
(Sinha et al., 2015), (f) Rb/Sr ratio indicating ISM related changes from the Tso
Moriri lake (Dutt et al., 2018). Inverted triagnes in the bottom panel indicate
U-Th age measurements of sample MU-1. Grey shaded areas are some of the
major weak ISM intervals including the Maunder Minimum.
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at ~500 CE centred at around 530 CE shifted towards mean value
gradually till ~640 CE. (iii) The 5'80 show a shift towards enriched
values after ~1060 CE. The 5!%0 values show a general trend of
enrichment between 1060 and ~1740 CE with some short spells of
lighter values. The most enriched '®0 values have been observed
during ~1640-1740 CE, coinciding with the Maunder Minimum. A
trend towards depletion of the 5'%0 values is evident after 1740 CE. Due
to error in ages, timing of short term climatic events may vary.

The 5'%0 ratios in speleothems in northeastern India reflect isotopic
signature of the regional precipitation which in itself is influenced by
distance travelled by moisture promoting lighter 5'%0 at cave site from
the farther source due to strong Rayleigh fractionation (Breitenbach
et al., 2010), amount of precipitation in large rainstorms giving deple-
tion of 880 values (Dansgaard, 1964; Lawrence et al., 2004; Brei-
tenbach et al., 2010), and contribution of isotopically depleted water
from freshwater plume in the Bay of Bengal during summer monsoon
times (Sengupta and Sarkar, 2006; Singh et al., 2007; Breitenbach et al.,
2010). All these processes resulted into depleted §'%0 values in pre-
cipitation and cave drip water during and after the ISM season and
enriched values during dry season months (Breitenbach et al., 2015a;
Myers et al., 2015). The stronger ISM season is characterized by highly
negative 5'%0 signal, typical to the ISM, in cave drip water and in turn
the speleothems deposited at that time (Breitenbach et al., 2015b;
Lechleitner et al., 2017a). Therefore, stalagmite 5'80 at Mawmluh cave
can be used as a reliable proxy for deducing ISM strength in northeastern
India. In this study, more negative 5'80 values of stalagmite have been
interpreted as time intervals of strong ISM seasons with higher precip-
itation in the region and enrichment is suggested as weak ISM accom-
panying lower rainfall in northeastern India.

The 8'3C values of sample MU-1 are also included in this study. The
5'3C ratios for speleothems reflect changes in the vegetation type (C3
and C4), vegetation intensity, soil processes and kinetic fractionation
when combined with the 520 values, etc. (Genty et al., 2001; Denniston
etal., 2001; Lechleitner et al., 2017a). Changes in vegetation type can be
ruled out at quasi sub-decadal scale generally as those changes require
longer timescale to change. Vegetation growth above the cave occurs
mainly during and post monsoon season due to abundance of water
supply, which dissolve 53¢ depleted CO; in the percolating water from
the soil zone, before dripping in the cave. Observation record from the
Mawmluh cave suggests lighter 5'3C values in dripping water during
ISM months due to higher vegetation growth above the cave, less
ventilation and more close system conditions inside the cave resulting
into less degassing from dripping water and less kinetic fractionation
(Lechleitner et al., 2017a). In contrary, weak ISM periods witnessed the
enriched 5'3C values in cave drip water due to more open system, more
ventilation and less vegetation growth above the cave (Lechleitner et al.,
20172). Changes in 8'C values for MU-1 stalagmite from the Mawmluh
cave are more prominent on a short time scale than that of the 5'80 ratio
(Fig. 3a). No point to point correlation exists between 5!3C and §'%0
values (R (Anderson et al., 2002) = 0.14) (Fig. 3a and b). The 5'3C values
were generally heavier than the mean value between 212 BCE and 330
CE (Fig. 3a). Lighter 8'3C values were observed from 330 to 1400 CE
with some multi-decadal scale episodes of enrichment than the mean
value, during 720-780CE, 960-980 CE, 1160-1220 CE and maximum
enriched value occurred at about 540 CE (Fig. 3a). A long-term trend
towards the enrichment of 5!C values is visible after 1400 CE till 1986
CE.

4. Discussion

The 8'®0 record from the Mawmluh cave suggests a significant
variability in summer monsoon behaviour during ~212 BCE to 1986 CE
(Fig. 3b). Present record suggests moderate summer monsoon conditions
prevailed in northeastern India between ~212 BCE and ~400 CE
interrupted by weak ISM phases during 20-60 CE, 240-330 and
360-380 CE (Fig. 3b). A long term trend for increasing precipitation is
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observed during that period (Fig. 3b). An event of very strong summer
monsoon conditions was observed at ~130 BCE (Fig. 3b). Enriched s'3¢
values suggest pronounced changes in vegetation growth over the
Mawmluh cave (Fig. 3a). This indicates less vegetation growth and more
open ventilation in the cave system, indicating less precipitation con-
ditions in northeastern India during 212 BCE to 330 CE (Fig. 3a). From
~212 BCE and ~400 CE, our record suggest moderate to weak ISM
conditions in northeastern India, whereas strong ISM conditions were
observed in other parts of the Indian subcontinent as indicated by proxy
records from Sahiya cave (Fig. 3e), Tso Moriri lake (Fig. 3f), Rewalsar
lake (Sinha et al., 2015; Dutt et al., 2018; Singh et al., 2020), and
increased Globigerina bulloides abundances in the northwestern Arabian
Sea indicating an enhanced intensity of summer monsoon winds (Gupta
et al., 2003). Proxy record from the Dongge cave also suggests increased
monsoonal precipitation during 212 BCE to 400 CE (Wang et al., 2005).
This interval is also synchronous with high solar irradiance accompa-
nying high atmospheric temperature in the northern hemisphere (NH)
(PAGES 2k, 2013), and northward migration of the Inter Tropical
Convergence Zone (ITCZ) (Haug et al., 2001) (Fig. 4). The northward
migration of the ITCZ allows movement of strong winds from the Indian
Ocean and higher precipitation in the continental interiors (Fleitmann
et al., 2003; Dutt et al., 2018). But the summer monsoon conditions
observed in northeastern India were not pronounced like other parts of
the Indian sub-continent (Fig. 3).

Strong ISM conditions prevailed in northeastern India between 400
and 1060 CE (Figs. 3 and 4). After ~500 CE, a sudden increase in 5180
values from —4.66 to —3.33%. was observed indicating an abrupt
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weakening of the ISM and marked reduction in regional precipitation
with weakest ISM conditions at ~530 CE, which changed to moderate
precipitation gradually up to 630 CE (Fig. 3b). A large enrichment in
513C values at about the same time also testify a sudden weakening of
the ISM resulted into lower vegetation growth above the cave site and
higher cave ventilation, etc. (Fig. 3a). A forcing mechanism for this
sudden ISM weakening is unclear at this point with no evidence of strong
ENSO event, reduction in atmospheric temperature or southward
migration/contraction of the ITCZ is as observed in the paleoclimatic
proxy records (Haug et al., 2001; Rein et al., 2005; Pages2k, 2013)
(Fig. 4). This sudden weakening could be related to reduced atmospheric
temperature due to large sulphur loadings in the atmosphere as a result
of volcanic eruptions, as suggested by Gupta et al. (2019) for some in-
tervals during the LIA. Plummer et al. (2012) suggest extensive volca-
nogenic sulphur loading to the atmosphere at about the same time
(Fig. 4), which might be linked to this ISM weakening. Neverthless, we
have poor age constraints to comment on this potential connection and
also there is a lack of evidence. This reduced precipitation phase grad-
ually shifted towards moderate summer monsoon at ~640 CE.

Strong ISM conditions between 640 and 1060 CE were interrupted by
slightly reduced but moderate precipitation conditions during the eighth
and early ninth century CE. Two intervals of slightly below-average
precipitation were observed during 820-850 and 940-980 CE. The
513C values were also lighter than the mean values during 640-1060 CE
and even up to ~1400 CE with multidecadal scale episodes of §!3C
enrichment, prominent at 720-780 , 960-980 and 1160-1220 CE. The
period between 640 and 1060 roughly corresponds to the Medieval
Climate Anomaly (MCA). Several proxy records suggest a general strong
ISM condition during the MCA in the Indian sub-continent (Berkel-
hammer et al., 2010; Singh et al., 2015; Sinha et al., 2015; Banerji et al.,
2020). The westerlies dominated regions of the western Himalaya
though represent a dry phase during the MCA (Sharma et al., 2020). The
strong monsoon phase between 640 and 1060 CE is linked to high solar
insolation, increased temperature in the northern hemisphere and
associated northward shifting of the ITCZ (Stuiver et al., 1995; Haug
et al., 2001; Tan et al., 2003; Anderson et al., 2004; Pages 2k, 2013)
(Fig. 4). During the eighth and ninth centuries CE moderate precipita-
tion conditions, the ITCZ showed a slight southward shift contempora-
neous with the cooling in the Arctic and North Atlantic (Fig. 4, Stuiver
etal.,, 1995; Anderson et al., 2004; Pages 2k, 2013), suggesting their role
in driving monsoon variability at centennial time scale. The influence of
the North Atlantic cooling and NH temperature variability on global
climate conditions had earlier been established during the Younger
Dryas and Henrich events (Gupta et al., 2003; Broccoli et al., 2006; Jo
et al., 2014; Dutt et al., 2015).

Gradual enrichment in 5'80 values suggests decreasing precipitation
and weak ISM conditions after 1060, until 1740 CE (Fig. 3b). A delayed
enrichment trend in the §'3C values (Fig. 3a) indicates that the surface
vegetation related changes required longer time intervals to respond
(Fig. 3a and b). The extra-tropical northern hemisphere also witnessed a
decrease in temperature after 10th century CE indicating colder condi-
tions during 1000-1800 CE than the previous millennium (Moberg
et al., 2005; Mann et al., 2008; Ljungqvist, 2010). It suggests a close
relationship between ISM strength in northeastern India and
extra-tropical NH temperatures on multi-centennial to millennial-scale.
Long-term global cooling caused the Arctic cooling, increased sea ice in
the North Atlantic, weakened Atlantic meridional overturning circula-
tion and southward shift of the ITCZ (Lechleitner et al., 2017b). Our
record indicates a dry phase during ~1060-1200 CE, the latter phase of
the MCA (Fig. 3b) which has, otherwise, generally been observed as a
wet phase in South Asia (Anderson et al., 2002; Wang et al., 2005; Sinha
et al., 2011; Sinha et al., 2015). But the timing of the duration of the
MCA is highly debatable. Some records also suggest a significant cooling
in the 11th century CE ascribed to the Oort solar minimum (Lechleitner
et al., 2017b). The decreased global temperature pushed the ITCZ
southward and decreased the ISM precipitation in northeastern India. A
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record from the Tso Moriri lake suggests a long term decline in ISM
precipitation after 1000 CE (Dutt et al., 2018). An age uncertainty can
also be held responsible for recording weak ISM during 1060-1200 CE
but a long term decline in precipitation is clearly evident linking to the
lowered temperatures in the extratropical NH (Figs. 3 and 4). Regional
variability is another important aspect in the precipitation conditions
throughout the Indian sub-continent during the past two millennia. The
PCA analysis of our Mawmluh cave and reconstructed composite 580
record of the region between 620 and 1990 CE at decadal resolution
suggest no significant correlation with Sahiya cave and composite
Dandak and Jhumar cave 5'%0 records (Sinha et al., 2011 ; 15; Dutt et al.,
2018, Fig. 5). Similar observations are available from the recent mete-
orological precipitation data showing no significant correlation between
the northwestern and northeastern parts of India (Parthasarathy et al.,
1993). Also, the other major climate events such as 4.2 ka event vary
temporally and spatially different regions of the Indian sub-continent.
This suggests different local forcing factors driving regionally varied
precipitation during the last two millennia as observed in the terrestrial
proxies from central and northern India (Mishra et al., 2018).

A highly variable but generally a weak summer monsoon was
observed in the younger intervals from 1200 to 1740 CE, the LIA
occurred between 1350 and 1740 CE with the weakest phase lasting
~100 years during ~1640 to 1740 CE coinciding with the Maunder
Minimum (Figs. 3 and 4). A similar weakening of ISM conditions during
the Maunder Minimum is evident from a recent speleothem record from
the same region (Gupta et al., 2019) and multiple proxy records from the
Tso Moriri Lake (Dutt et al., 2018). The Maunder Minimum (1645-1710
CE) was a period of very low temperature when the sun-spot activity was
almost absent (Eddy, 1976; Mann and Jones, 2003). The records from
the Sahiya cave, Dongge cave and Ganga basin also witnessed a dry
phase during the LIA, but timings vary slightly in paleo-records possibly
owing to age uncertainties (Wang et al., 2005; Zhang et al., 2008; Sinha
etal., 2011; Sinha et al., 2015; Dutt et al., 2018). Records of wet climate
are also present from different parts of the Indian sub-continent due to
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Fig. 5. Principal Component Analysis (PCA) of MU1, Composite Meghalaya
(Comp_Megh; comprising of Mawmluh cave and Wah Shikar Cave; Gupta et al.,
2019; Sinha et al., 2011), Combined Jhumar and Dandak (CMZC; Sinha et al.,
2011) and Sahiya Cave (Kathayat et al., 2018) 5'80 record. Table within the
figure are correlation among these data. PCA biplot are grouped by K-means
clustering using FactoMiner package in statistical software R (R core team,
2019; Le et al., 2008).
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enhanced winter precipitation mostly through mid-latitude westerlies
(Riihland et al., 2006; Kotlia et al., 2012; Banerji et al., 2019; Sharma
et al., 2020). Following the Maunder Minimum, the ISM regained its
strength with enhanced precipitation in northeastern India (Fig. 3). The
trend of variations is almost similar in both the Wah Shikar and
Mawmluh caves with slight shifting due to age error.

Multiple intervals of weak and strong ISM conditions occurred dur-
ing the LIA with changing northern hemisphere temperatures. The
decrease in precipitation was driven by the southward migration of the
ITCZ resulting from reduced atmospheric temperature because of high
sulphur loadings due to widespread volcanism and decreased solar ac-
tivity, in turn decreasing the atmospheric temperature during the LIA
(Miller et al., 2012; Plummer et al., 2012; Sigl et al., 2015; Gupta et al.,
2019). The weak summer monsoon phases after 1060 CE had profound
effects on the socio-economic conditions in South Asia during the last
millennium (Yadav et al., 2016; Gupta et al., 2019). Low rainfall largely
impacted the agricultural production in the region and in turn, the
economy in the Indian sub-continent. The Pala Empire collapsed in
Bengal during the 11th century CE and Sena Empire in the 12th century
CE (Majumdar et al., 1978). Foreign invasions also became frequent in
India from 11th century CE onwards. Collapse of economy due to less
rainfall, foreign invasions and plunders, and internal strife for resources
led socio-economic conditions and industries in India to very low pro-
ductivity and led to establishment of foreign rules in India. The large
empires with flourishing economies existed during the phases of strong
and equable monsoon conditions but fragmented into small states with
very frequent clashes for resources during low and highly variable
rainfall conditions (Majumdar et al., 1978; Kumar et al., 2013; Gupta
et al., 2019). The disintegration of Gupta Empire into several small
states during the mid-sixth century CE (Majumdar et al., 1978) might
also had some link to the reduced ISM rainfall after 500 CE with very low
rainfall during 520-540 CE in addition to the foreign invasions. After
1740 CE, ISM precipitation began to increase with a rise in atmospheric
warming due to enhanced sun-spot activity accompanying the anthro-
pogenic factors (Eddy, 1976; Steinhilber et al., 2012; Gupta et al., 2019).

A correlation of our record of ISM strength in northeastern India with
the temperature reconstruction from the extratropical NH and lat-
itudinal positioning of the ITCZ indicates a strong linkage of ISM
strength with shifts in the ITCZ and Arctic temperature (Fig. 4) (Haug
et al., 2001; Mann and Jones, 2003). The periods of high/low temper-
ature in the NH are aligned with intervals of northward/southward
migration of the ITCZ and strong/weak summer monsoon conditions in
northeastern India (Fig. 4). The strong periodicity of ~315 yr solar
cycle, and small 16 and 10 yr cycles (sun-spot cycle) further strengthen
our understanding of the sun-monsoon linkages over the Indian
sub-continent (Fig. 6; Fleitmann et al., 2003; Wang et al., 2005).

5. Conclusions

Our speleothem record from the Mawmluh cave indicates highly
variable Indian summer monsoon (ISM) strength during 212 BCE to
1986 CE. Moderate ISM conditions were observed between ~212 BCE
and 400 CE, strong ISM during 400-500 CE and from 640 to 1060 CE,
whereas weak ISM conditions prevailed during 520-540 CE, 820-850
CE and 940-980 CE and after 1060 CE. Multiple phases of strong and
weak ISM were observed during the Medieval Climate Anomaly and
Little Ice Age. ISM precipitation significantly decreased during the 2nd
millennium CE from the 1st millennium CE in northeastern India. The
weakest phase of the ISM occurred during the Maunder Minimum,
following which the ISM has intensified. Changes in high latitude
northern hemisphere temperatures and latitudinal position of the ITCZ
driven by solar activity and volcanism played a pivotal role in driving
ISM variability during the past two millennia.
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